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1 Introduction

1.1 Some books on particle physics

The material in these rough notes is not original, it is based on what I have learned from my teachers and
colleagues and material in several fine books (which contain a lot more!), e.g.,

1. F Halzen and A D Martin, Quarks and Leptons: An Introductory Course in Modern Particle
Physics

2. D J Griffiths, Introduction to elementary particle physics
3. K Huang, Quarks, leptons and gauge fields

4. K Gottfried and V F Weisskopf, Concepts in Particle Physics.
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5. D. H. Perkins: Introduction to High Energy Physics

6. Alessandro Bettini, Introduction to Elementary Particle Physics.

1.2 ‘Elementary particles’

e The physics of particles and fields deals with the fundamental constituents of matter and their
interactions. This branch of physics is also called (elementary) particle physics or high energy
physics and sometimes sub-atomic or sub-nuclear physics. Sub-atomic/nuclear means of size
less than atomic/nuclear dimensions, rather than ‘lying inside the atom/nucleus’.

e The word elementary particle has a usage depending on context and era. Around 1934, the
photon, electron, proton, neutron, positron and neutrino were believed to be the only ‘elemen-
tary’ particles. It turned out that there are many more elementary particles like the soon-to-
be-discovered muon. What is more, it turned out that the neutron and proton are not truly
elementary, they have a size of about a fermi (10~!® m) and are composites of quarks and
gluons.

e Roughly, an elementary particle is one that may be treated as a point particle (or at least
one with fixed shape) with fixed properties and with no sub-structure for the purposes under
consideration. Any system (like an atom, nucleus or perhaps even a black hole) in its ground
state could serve as an elementary particle if the energy gap to the first excited state exceeds the
thermal or other energies available, since then, the system will display a fixed shape, size, mass,
angular momentum etc., associated to its ground state.

e In Newtonian and celestial mechanics we often treat billiard balls, the sun and planets as
point particles. In much of biology and some of chemistry, atoms may be treated as elementary
particles, as the energies exchanged are too small to excite atoms. In atomic physics, photons,
electrons and nuclei can be treated as elementary; they are much smaller than atomic sizes of
an angstrom. The eV energies of atomic physics are not sufficient to excite nuclei from their
ground states (that would require 0.1-10 MeV). In nuclear physics, we may often treat pions,
protons and neutrons as elementary, since the available energies of order MeV are too small to
excite them (that would require about a 100 MeV). In fact, even an alpha particle (He —4 nucleus
consisting of 2 protons and 2 neutrons) can be regarded as an elementary particle in much of
low energy nuclear physics, since it is very tightly bound (binding energy of 28 MeV). In the
physics of hadrons (hadrons comprise baryons like n, p and mesons like 7, K'), we deal with
energies of the order of 100s of MeV to 100s of GeV at present. In hadronic physics, quarks,
gluons, photons, electrons, neutrinos, W, Z etc are the relevant elementary particles. Hadrons
are bound states of quarks and gluons, while e, v, v, W, Z etc are relevant when studying decays
and collisions with hadrons. A peculiar feature of hadrons is that quarks and gluons seem to be
permanently confined within them, we haven’t been able to isolate a quark or a gluon from a
hadron, unlike how we ionize atoms.

e The elementary particles we deal with in this course are primarily subatomic or subnuclear.
Aside from its location or energy and momentum (which could change), an elementary parti-
cle is often characterized by its fixed mass, spin/angular momentum, intrinsic parity, charge,



electric and magnetic moments and other quantum numbers like baryon and lepton number,
strangeness, charm, color, weak isospin, weak hypercharge etc. Most of these attributes are
associated with space-time or internal symmetries.

e For some purposes, Wigner’s theorem (1939) gives a way of thinking about an elementary
particle: one whose quantum states (labelled by momentum and spin projection) carry an irre-
ducible unitary representation of the Poincare group of space-time symmetries. The relevant
irreducible representations of the Poincare group are labelled by mass and spin. The group
of space-time symmetries may be extended to include internal symmetries like electromag-
netic gauge symmetry, leading to additional quantum numbers, some of which were mentioned
above.

1.3 Cast of characters: Particles and fields of the standard model

e The standard model (SM) of particle physics is our current theory of elementary particles. It is
a remarkably successful and elegant relativistic quantum field theory based on the ‘gauge prin-
ciple’ and ‘renormalizability’. The principle of local gauge invariance is a generalization of the
gauge symmetry of electromagnetism. Renormalizability is essentially predictive power, i.e.,
that the theory must depend only on a finite number of free parameters, which once determined
from experiment, allow definite predictions for all other physical quantities like scattering cross
sections, decay rates and binding energies of bound states.

e To each elementary particle of the SM, there is associated a quantum field whose elementary
excitation (produced by a creation operator acting on the vacuum) is the particle. Among other
things, this makes it plausible why all photons (or all electrons, etc.) are identical: they are all
produced from the same field. The particles are roughly divided into matter particles (fermionic
spin-half quarks and leptons) and force carriers (spin one gauge bosons) and a spin zero Higgs
boson. All these particles have been experimentally found and are point-like to current precision
(~ 10718 — 1071 m).

1.3.1 Quarks and leptons

e The fundamental fermions (6 flavors of quarks and 6 leptons) may be arranged in three fam-
ilies of mass eigenstates. The quarks (named by Gell-Mann after the 3 quarks in J Joyce’s
Fennigan’s Wake) are

up charm top . 2/3 L
( down) , <s tmnge) , <bo . tom) ,  with charges (_ 1/3 in units of the proton charge. (1)

u, c,t are called up-type quarks while d, s, b are down-type. Quarks feel the electromagnetic
force since they are charged. Each quark comes in three colors (say red, green, blue, e.g.
Uy, Ug, up). Color is to the strong force what charge is to the EM force. So quarks feel the strong
force. In addition, the quarks carry weak-isospin and weak-hyper-charge quantum numbers
which enable them to participate in the weak interactions. The up and down type quarks differ
by one unit of electric charge, which permits weak transitions between them by emission or
absorption of the W¥ particles of unit charge. We are over-simplifying a bit here, unlike EM
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and strong, the weak interactions are not parity invariant, they distinguish left from right-handed
quarks'. A theory/phenomenon that distinguishes left from right (or mirror reflections) is called
chiral. The quarks can be split into their left and right-handed components, which have different
weak isospin T3 and hyper-charge Yy assignments. The up- and down-type left handed quarks?
have T3 = j:% while the right handed ones have 75 = 0. Weak hyper-charges are given by
Y = 2(Q —T3). Quarks also interact gravitationally since they carry energy. Quarks are unique
in that they feel all the 4 forces.

e The leptons (Greek ‘lepton’ for thin/slender) comprise the electron, muon and tau as well as
their neutrinos. They too come in 3 families of mass eigenstates

(i/ee) ’ (715) 7 (VTT ) ,  with charges (_01) in units of the proton charge. 2)

Like the quarks, leptons carry weak isospin and weak-hyper-charge quantum numbers, but no
color quantum numbers. Again, one needs to make a distinction between left handed and right
handed leptons. The left-handed neutrinos and charged leptons have T3 = j:% respectively.
There are no right handed neutrinos in the standard model, while the right-handed charged
leptons have T35 = 0. As before the weak-hyper-charges are determined by Yy = 2(Q — T3).
As a consequence, leptons feel the weak and gravitational forces but not the strong force. The
charged leptons (e, i, 7) feel the electromagnetic force while the neutral neutrinos do not.

e The masses of the charged leptons are m, = 511 keV/c?, m,, = 105.66 MeV/c? and m, =
1.777 GeV/c?. Despite the historical name, lightness/slenderness is not a defining property of
leptons. The tau lepton is almost twice as heavy as the proton (m,, = 938 MeV/c?). The muon
was initially called the ;1-meson. That term is no longer appropriate. The word meson is now
reserved for the subset of hadrons (strongly interacting particles) with integer spin (e.g. 7, K, p
mesons).

e Quark masses are only roughly determined since they have not been isolated from inside
hadrons. However, using weak and electromagnetic probes/currents to look deep inside a pro-
ton, one may estimate their masses. The ‘current’ quark masses of the ‘light’ quarks are roughly

my, ~0—5, mg~6—10, and m, =~ 130 — 200 MeV/c?. 3)
The ‘heavier’ quarks have masses which are increasingly better determined (why?)

me~ 1.3, my~4.2, m;~173 (in GeV/c?). 4)

'Quarks are spin half Dirac particles, associated to 4 component spinor fields. In terms of Dirac’s v matrices,
~® = i7%9142~3 is hermitian traceless and squares to the identity. Its +1 eigenspace is the space of right handed
spinors and its —1 eigenspace consists of LH spinors. Any spinor is uniquely the sum of LH and RH spinors.
Prr= %(1 F ~+°) project to the two subspaces. Helicity is the projection of angular momentum on the direction
of momentum h = J-p, eigenvalues of helicity are j:%h for spin half particles. For massless particles, +/- helicity
corresponds to right and left handedness.

There is a complication due to quantum mechanical mixing. The weak interactions involve weak eigenstates
rather than mass eigenstates. So it is not (u,d)y, that forms a weak isospin doublet but (u,d’);, where d’ is a
linear combination of the d-type quarks. But this does not affect the weak isospin 715 assignments given here. In
particular, a strange quark s has been seen to convert to an up quark in the weak decays of strange particles, this is
allowed since there is a little bit of s inside d’.



In the standard model, the neutrinos were taken to be massless, though oscillation experiments
show that neutrinos have masses, which however have not been determined beyond some upper
limits. Cosmological constraints suggest that the sum of the 3 neutrino masses is less than 1
eV/c?. The huge variation of quark and lepton masses by over 11 orders of magnitude, from
less than an eV/c? to 173 GeV/c? is not understood.

e To each of these quarks and leptons, there is an anti-particle having opposite electric charge,
color, magnetic moment, strangeness, isospin projection etc. Three is the smallest number of
families that can accommodate CP violation, which is believed to be responsible for the pre-
ponderance of matter over anti-matter in the universe. The aesthetically pleasing quark-lepton
symmetry with equal number of quark and lepton families ensures cancellation of possible
anomalies that could render the quantum theory inconsistent. Check that the total charge of
each family (quarks and leptons included) is zero.

e Naturally occurring matter is largely composed of particles from the first family u, d, e, (and
the neutrinos 7, and v, from radioactive beta decay). Members of the 2nd and 3rd family decay
to those of the first family. The muon decays to the electron (and 2 neutrinos) and the 7 lepton
decays to neutrinos and muon/electron or quarks in the first family. Particles (hadrons) contain-
ing the 2nd and 3rd families of quarks c, s, ¢, b are unstable and decay to hadrons containing u
and d quarks.

e The second and third families are at first glance, more massive copies of the first family,
though there is quantum mechanical mixing between the families to form three ‘generations’
of weak eigenstates e.g., (3,) , (5,
(d',s',b') are linearly related to (d, s,b) via the 3 x 3 CKM (Cabbibo-Kobayashi-Maskawa)
mixing matrix. (u,d’),(c,s’) and (¢,0’) each forms a doublet under weak isospin. Charge-
changing weak interactions allow transitions between members of a generation (not a family).
The fact that d’ is a linear combination of d, s, b means that all three can decay to an up quark.
Indeed d — wu is seen in beta decay while s — w is seen in decay of strange particles. If there
were no such mixing, the strange quark could not decay to a u. So mixing is both experimentally
observed and permitted by the linearity of the quantum mechanical state space.

t . . . .
) , ( ,) when they participate in the weak interactions.

e Anti-quarks and anti-leptons have opposite handedness to their matter counterparts. So anti-
quarks come in RH weak-isospin doublets and LH weak-isospin singlets. Similarly, (7., €)g is a
RH weak isospin doublet. LH charged anti-leptons are singlets under weak-isospin €g, lir, Tr.-
Anti-neutrinos are always RH, there are no LH anti-neutrinos in the SM. The weak interactions
treat the left and right-handed components differently (e.g. they have different 75 and Yy ).
We say that the weak interactions are chiral. Weak interactions to violate reflection (parity)
symmetry, as we shall see later.

1.3.2 Hadrons

e Hadrons, though they are not point-like elementary particles like the quarks and leptons (at
current precision), deserve special mention since most of the particles discovered so far are
hadrons, there are hundreds of them. They were named (by L. Okun) after the Greek word



‘adros’ meaning bulky. Hadron is the collective name for strongly interacting particles that
have been isolated. This would include nuclei since they too feel the strong nuclear force,
though nuclei with more than one nucleon are more often referred to as nuclei rather than as
hadrons.

e Hadrons are subdivided into integer spin bosonic mesons like 7, K, 7, p,w, ¢ and half-odd
integer spin fermionic baryons (from Greek word ‘barys’ for heavy) like n, p, A, A, X, =,
Q). The name meson (from Greek ‘mesos’ meaning middle or intermediate) seemed reasonable
since the first discovered mesons (7, K') had masses (mi[ = 140 MeV, mg+ = 494 MeV)
intermediate between that of the electron and of the heavier baryons (n,p with m,,, m,, ~ 938 —
939MeV'). However, mesons with mass more than that of the proton have been discovered.

e Hadrons are bound states of quarks and gluons. Mesons typically consist of a valence quark
and anti-quark, while baryons consist of three valence quarks. Anti-baryons have three valence
anti-quarks. Though quarks and gluons feel the strong interactions, they are not called hadrons,
they have never been detected in isolation. In particle reactions we may produce quarks and
gluons, but we only detect hadrons in detectors. Quarks and gluons either decay or ‘hadronize’
to form bound states, before we can detect them. What is more, it is empirically found (and
theoretically suspected) that all hadrons are color neutral. It appears that color is confined
within hadrons.

e The proton is made of two up and one down quark (its valence quarks), along with an in-
finite sea of virtual quark anti-quark pairs and gluons). For many purposes (determination of
charge, baryon number, isospin, strangeness, magnetic moment etc., but not mass, momentum
or structure) we may treat the proton as simply made of valence quarks. The neutron’s va-
lence quark content is n = udd. The proton and neutron form a strong isospin doublet with
I;(p) = %,13(n) = —3. The up and down quarks also form a strong isospin doublet with
I3(u) = %, I3(d) = —%. Other quarks (c,s,t,b) do not carry strong isospin (i.e., they are singlets
under strong isospin). The anti-proton and anti-neutron are p = uud,n = udd. (n,p) form
an isospin doublet: I3(n) = %,13(13) = —%. Baryons are assigned baryon number B = +1
while anti-baryons have B = —1. Though neutrons and anti-neutrons cannot be distinguished
by their electric charge, they can be distinguished by their isospin, baryon number and magnetic
moment!

e There are four kaons K+, K, K° K° (having masses around 500 MeV/c?). They are
strange mesons (contain a strange quark or strange anti-quark) made of the ‘light’ quarks u,d,s
alone (charm quark with a mass of 1.3 GeV would be too heavy, as would b or t). K+ are
anti-particles of each other, as are K° and K°. KT and K° form an isospin doublet as do K°

and K. Based on this, try to figure out the valence quark content of the kaons. Do you get
Kt =us, K°=ds, K~ =ds and K" = ds?

e The atoms of chemistry are bound states of electrons and nuclei, held together by electrostatic
Coulomb forces between electrically charged electrons and nuclei. Similarly, hadrons are the
atoms of hadronic physics, they are bound states of quarks and gluons, held together by strong
forces between colored particles. Atoms are electrically neutral, and hadrons are color neutral.
A major difference is that an electron can be isolated from an atom, while it has not been
possible to isolate a quark or gluon from a hadron.
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e Molecules of chemistry are bound states of atoms, held together by residual electromagnetic
forces (van der Waal’s forces including dipolar forces) between neutral atoms. Similarly, nuclei
are the molecules of hadronic physics, they are bound states of several hadrons (in fact nucle-
ons), held together by residual strong forces between the quarks and gluons inside different
colorless hadrons. The simplest such hadronic ‘molecule’ (nucleus) is the isospin one deuteron,
an np bound state. It is the nucleus of deuterium, a heavy isotope of hydrogen. It turns out
there are no nn or pp bound states, the deuteron is the only nucleus with baryon number 2.

1.3.3 Force carriers, gauge and Higgs bosons, interactions and Feynman diagrams

e In the quantum field theoretic description, the force between a pair of electrons is (to first
approximation) due to the exchange of a massless photon + (emission and absorption of a pho-
ton), which is called the ‘quantum’ of the EM field. The photon is associated to the EM vector
potential or gauge field A,(x). So the photon is called a vector boson or gauge boson. The
cross section for the scattering of a pair of electrons is calculated using Feynman diagrams
(FD). Each diagram gives an amplitude for a process. Amplitudes are added up and squared
to get probabilities. The legs or lines describe free propagation of particles and vertices de-
scribe interactions. The simplest FD for the scattering of electrons is drawn in the figure. Time
runs upwards. Incoming particles (incoming asymptotic states) are associated with external
lines/legs at the bottom (¢ — —oo) of the FD. Outgoing particles are associated to external
legs at the top of the diagram (t — 00). Incoming and outgoing particles (and anti-particles)
are ‘real’ particles, they come from the source (like a hot filament or a radioactive nucleus or
particle accelerator) and are received in the detector. They are characterized by being on mass
shell, i.e. the square of their 4-momentum is equal to their mass: p,p* = m?. The internal
lines, like the wavy photon line correspond to virtual particles that are exchanged, they are
intermediate states. Virtual particles need not be on mass shell and are not detected, they are
for the purpose of calculating the amplitude. So p,p"* # 0 in general, for the virtual photon
that is exchanged, even though real photons are massless. In fact, to determine the amplitude,
one needs to sum over all possible 4-momenta of the internal lines (virtual particles), subject to
conservation of 4-momentum at each vertex where legs meet. This sum is much like the sum
over intermediate states encountered in calculating energy shifts to second order in quantum
mechanical perturbation theory:

H=Hy+gH,, E,=E94+g¢EV4+?E®+ = where E? = Z <w"|H1‘1éT><¢”Eg{l|w">.
m En _Em
(%)

YA

e The arrows in the FD distinguish between particles and anti-particles. No arrow is placed on
a line for a particle which is its own anti-particle, like the photon. For lines entering (ordered
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by time) a vertex (as in the case of incoming states), the arrow points towards the vertex for
electrons and away from the vertex for positrons. For lines leaving a vertex (as for the out-
states), arrow points away from the vertex for electrons and towards the vertex for positrons.
In the case of electrons and positrons, the arrow also indicates the direction of movement of
negative electric charge.

e The statement that a particle couples or interacts directly (or at tree level) with another par-
ticle is a consequence of the presence of interaction term(s) (cubic or higher order) in the SM
Lagrangian that contains a product of the respective fields. Such an interaction may also be
pictorially represented as a vertex in a Feynman diagram, as in the examples above. In the
case of quantum electrodynamics, the interaction is j*A, where j* = ely*1p. The photon
field A is a linear combination of photon creation and photon annihilation operators a', a while
1 annihilates an electron or creates a positron. Meanwhile, v/ creates an electron or annihi-
lates a positron. Thus the basic photon emission vertex e~ — e~ 7y corresponds to destruc-
tion of an electron and creation of a photon and an electron 1a’y. However, it is important
to recognize that this basic tri-linear interaction vertex does not describe a physical process,
energy-momentum conservation would forbid the electrons and the photon to all be on mass
shell — check this. The trilinear vertex is merely an ingredient that is used to construct dia-
grams describing real processes (i.e., those where all external legs are on-shell, as in the case
of electron-electron scattering by one photon exchange). In particular e~ — e~ does not de-
scribe a real process. But electrons can radiate photons (as happens classically when they are
accelerated). The simplest such process involves two photon emission e~ — e~y — e Y
where the electron in the intermediate state is a virtual electron. See the figure. An electron can
also emit a single real photon in the Coulomb field of a nucleus, which provides the momentum
balance. Draw the two leading order Feynman diagrams for elastic ¢ + e~ — ete™ Bhabha
scattering.

e Photons couple to all quarks and charge leptons in the same way as they couple to electrons,
i.e., through the tri-linear vertex (weighted by the charge) v f f where f is the charged fermion.
So we also have scattering of muons via exchange of a photon.

e Feynman diagrams are a convenient way of depicting interactions and summarizing the pro-
cedure of determining amplitudes in perturbative quantum field theory. Perturbation theory
applied to scattering processes is not the only method of deriving physical consequences from
the SM Lagrangian. In particular, it is not very well-suited to the study of bound states. Never-
theless, a lot of what we know has been determined using perturbation theory.

e The other ‘force carriers’ include 8 massless colored gluons g for the strong interactions, and
the massive weak gauge bosons W= and Z° (my+ = 80 GeV/c?, m, = 91 GeV/c?) which
mediate the charge-changing and charge-preserving weak interactions. All these are spin one

12



gauge bosons associated to gauge fields. They are also called vector bosons since the corre-
sponding gauge fields are vector fields like the electromagnetic vector potential A, (z). The
numbers of these gauge bosons is equal to the dimensions of the Lie algebras of the various
gauge groups. The EM (charge) gauge group U(1)¢ is one dimensional, there is one type of
photon. The color gauge group SU(3) is 8 dimensional, resulting in 8 types of gluons. The
electroweak interactions are governed by SU(2); x U(1)y, corresponding to weak isospin and
weak hypercharge. The cartesian product means the elements of weak isospin group commute
with those of the hypercharge group. This is a 4 dimensional group, with generators corre-
sponding to W T ~, Z° and the photon. The generator corresponding to the third component
of weak isospin ‘73’ and the generator corresponding to weak hypercharge ‘ Yy, ” mix with each
other (i.e. form 2 linear combinations) to give rise to the photon and Z° bosons.

e U(1) is the 1-dimensional circle group of complex numbers of unit magnitude ¢?. SU (n)
consists of n x n unitary matrices g'g = I of determinant det g = 1. Its Lie algebra consists
of matrices that depart infinitesimally from the identity ¢ ~ I + A. Then unitarity becomes
anti-hermiticity A + AT = 0 and unimodularity becomes 1 ~ det(1 + A) ~ 1+ tr A. So
the Lie algebra of SU(n) is the space of traceless anti-hermitian matrices. It is conventional

to work with hermitian matrices by taking A — iA. The space of such matrices is n? — 1
dimensional.

photon e

e Gauge fields at each space-time point are elements of the Lie algebra of the corresponding
gauge group. So they can be written as a linear combination of a set of generators (basis el-
ements of the Lie algebra). E.g. The Pauli matrices o, ,0_, 03 are a basis for SU(2), so the
weak isospin gauge field may be written as W, (x) = W (z)o, + W, (z)o_ + Wi(x)o(3).
Wj(:c) are the gauge fields corresponding to the W* weak gauge bosons. In addition, we have
the gauge field B, (z) for U(1)y . Then the photon and Z° fields are a pair of orthogonal linear
combinations of W2 and B,,:

A, = cosb, B, + sin, W3 and Z, = —sint, B, + cost, I/Vj’ (6)

o
0., ~ 30 degrees is called the weak mixing or Weinberg angle.

e The charge changing W* weak gauge bosons cause transitions between members of a lepton
or quark generation, (v, e), (v, 1)(v-, 7), (u,d'), (¢, s'), (t,b') e.g. the vertex vel} describes
(for instance) transmutation of an electron into a neutrino while emitting a W~ . This is a lot
like the vertex for photon emission by an electron in quantum electrodynamics. As before, this
describes a virtual process, an electron is too light to decay into a W~ . But unlike in QED, the
charge of the leptons changes since W+ are charged. The same interaction term év, W also
describes the decay of a W~ into an electron and anti-neutrino.
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e Similarly we have the charge raising process d — uW ~. Since the weak eigenstate d’ is
a combination of d, s, b mass eigenstates, this means a d quark (mass eigenstate) can make a
transition to a w quark by W~ emission. This is what happens in beta decay of a neutron.
Indeed if we put together d — uWW~ and W~ — e~ v, we get d — ue .

e The photon couples to quarks and charged leptons. The Z° being another linear combination
of the same gauge fields has somewhat similar properties. It is neutral and its own anti-particle.
The Z° boson couples to all quarks and leptons (neutrinos included) through the Z f f vertex:
e~ — e Z v, — v Z or Zu — u or d — Zd etc®. Z° interactions are charge preserving
weak interactions (at any given vertex), they are also called neutral current interactions, they do
not change the flavor of quarks or leptons. One example is neutrino nucleon scattering. The
basic process is neutrino quark scattering, e.g., v.u — v.u. The up quark in the final state
hadronizes and there is typically a shower of hadrons produced. This is seen in the detector
as a sudden hadron shower without the track of any incoming particle (neutrinos do not leave
tracks like charged particles). Another such process is (anti-) neutrino electron elastic scattering
v,e — ,e by Z° exchange. This is a ‘gold-plated’ process since it cannot be mediated by
anything but a Z and has minimal contamination from ‘backgrounds’ (other electron recoil
processes that could mimic it). Since it is a muon-anti-neutrino, it cannot couple to an electron
via W¥, and neutrinos do not couple to photons or gluons either. This is one of the processes by
which neutral currents were first discovered in 1973 at the giant bubble chamber ‘Gargamelle’
at CERN. In the bubble chamber, one photographed the recoil of an electron when exposed to a
beam of muon anti-neutrinos, with missing energy in the final state carried away by the v,,.

e Photons couple directly to the charged leptons and quarks. They do not interact directly
with other photons, or with gluons*. But due to electro-weak mixing, they do couple directly

3Unlike the electromagnetic vertex Aff which is always proportional to the electric charge of f, the Zff
vertex involves both the electromagnetic and weak charges and the weak mixing angle, due to EW mixing. (It is
not just proportional to the weak hyper-charge or weak isospin). There is another difference between v and Z°
interactions, the latter are parity violating.

4But can you draw a higher order ‘loop’ diagram by which photons can scatter off each other?
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to the W* and Z° weak gauge bosons via AWW, AAWW, AZWW . Similarly, the weak
gauge bosons couple to each other ZWW WWWW , WW ZZ too. These interactions are
determined by the gauge principle along with the constraints of renormalizability. The field
strength associated to a (generally non-abelian) gauge field is

F.=0,A,—0,A, +iglA,, A (7)

where g is called the gauge coupling constant. For an SU(2) gauge theory, A,(z) isa 2 x 2
matrix in the SU(2) Lie algebra, and different Lie algebra elements do not commute in gen-
eral. For an abelian gauge group like U(1) of EM, the commutator term vanishes. The field
strength is also a 2 X 2 matrix in the Lie algebra. Now the Lagrangian density includes the term
—i tr F,, F'* just as in E & M, except that we need to take the trace to get a gauge-invariant
real function of z.

e The quartic interaction vertices among gauge bosons arise from the product of a pair of
commutators, one from each field strength. For example, for the SU(2) x U (1) theory, we have
4 gauge fields W W~ Z A leading to quartic terms such as ¢?[W* W~|[W* W~] and
G} (W=, Z][W, A] etc. However, the [A, Z] commutator vanishes since the third component
of weak isospin commutes with the generator of hypercharge as well as with itself (recall that
Z, A are both linear combinations of Wi’ and B, ), which explains the absence of an AZAZ
vertex.

e The cubic interaction vertices AWW and ZWW come from the terms (0A)[W™*, W] and
(0Z)[W*, W] in the Lagrangian. In fact, it is via the AWW (i.e., v — WTW ™) coupling
that the W bosons were produced copiously at CERN and SLAC beginning in the 1990s (They
had been discovered earlier in 1983 at CERN via proton anti-proton collisions). e™e™ annihi-
lation via head on collisions resulted in ete™ — v — WTW~ or ete™ — Z° — WTW . If
one plots the total cross section for e™e™ annihilation as a function of center of mass energy of
the colliding electrons and positrons, there is a peak (called the Z -pole) around m; = 91 GeV.
Such peaks in cross section are interpreted as due to the production of resonances, short-lived
particles. In this case, the short-lived particle is the ‘intermediate’ Z boson. This is analogous
to what happens in quantum mechanical potential scattering. If a particle scatters against an at-
tractive potential well, then one finds a peak in the cross section associated to each of the bound
states that the potential supports. However, this does not mean that Z° is a bound state of e
and e, that would have to be the case in non-relativistic qm, but relativistic QFT allows for the
production of new particles which are not simply bound states of the colliding particles. Note
that there is no W boson peak in the e*e™ scattering cross section since there isno ee™ — W
vertex. On the other hand, the W bosons were originally discovered in 1983 at CERN in pp
collisions, where a quark and anti-quark collided to form a W, ud — Wt — etu,. So one
expects a peak in the ud collision cross section at a CM energy equal to the mass of the W
boson. The Z boson was also discovered in the same pp experiments at CERN via processes
such as uii — Z° — ete™ and dd — Z° — eTe™.

e Gauge invariance alone would permit terms in the Lagrangian such as tr F,,, " F,, 7.
However, the corresponding quantum theory is not renormalizable. Renormalizability precludes
vertices where more than 4 gauge bosons meet.
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e Matter particles aren’t the only ones that can be detected as real particles. Photons too can be
detected and counted. Conversely, the force carriers (gauge bosons) are not the only possible
particles that can mediate processes. Matter particles too can feature as virtual intermediaries
with real gauge bosons in initial/final states. E.g. The leading order FD for e™e™ annihilation
to produce two real photons is shown.

e Another example: at sufficiently high energies, the collision of an electron and positron can
produce a real W*TW ™ pair, the process being mediated by photon or Z exchange. A W
boson, though it typically decays in less than 10~24s, weighs nearly as much as a Rubidium
Rb&2 nucleus (80 GeV /c?), yet it seems to be point-like. On the other hand, a lepton or quark
could occur as an intermediary. Indeed the same process ete~ — WTIW ™ could proceed
through the exchange of a virtual neutrino.

e Since gluons carry color quantum numbers, they feel the strong force both among themselves
via the 3 and 4 gluon vertices ggg, gggg and while interacting with quarks ggq. But gluons do
not participate in electroweak interactions directly.

e The basic quark gluon vertex ggq is a tri-linear vertex just like the photon-electron vertex.
Gluons carry color, so they could change the color of a quark. But gluons do not carry flavor and
strong interactions do not convert d to u or ¢ to d etc (only charge changing weak interactions
can do this). If we label the three colors 7, g, b, then a red up quark could convert to a green up
quark by emitting a red-anti-green gluon. Similarly we could have u, — u, + gs; etc. For a
given quark flavor, there are 8 different types of quark-gluon vertices, which are the independent
terms in the double sum over colors u®Abu,. They correspond to the 8 types of gluons which
form a basis for the space of traceless 3 x 3 hermitian matrices in color space. The gluon field
being a matrix in color space has a row and a column index (A, )y, which may be regarded
as a color and anti-color index. There are also two diagonal gluons, say g, and g,; (with
9o = —9rr — Ypp being a linear combination due to tracelessness.) Gluon legs/propagators in
Feynman diagrams are drawn either in the form of a coil/spring or with a double-line, one each
for the color and anti-color index. In the FD shown, quarks have a color index (e.g. u,) while
anti-quarks (e.g., the down anti-quark d7) have an anti-color index. The direction of arrows
distinguishes between quarks and anti-quarks.

16



u_b u_r u_r
g_r b-bar g_rr-bar
g_rg-bar

e Due to their strong self-interactions, gluons alone (i.e. without any quark ‘matter’), can
combine to form color and charge neutral baryon number zero bound states (glueballs) that can
even be heavier than a proton! However, glueballs have not yet been unambiguously identified
in experimental data possibly due to mixing with mesons having the same quantum numbers,
though there are several candidates.

e In addition, there is a spin zero massive Higgs particle (my = 125 GeV /c?, discovered at
CERN in 2012) associated to the Higgs field. In the SM, the Higgs field is responsible for the
masses of the weak gauge bosons W+, Z°, the quarks and charged leptons. The Higgs particle
couples to all these massive particles with a strength proportional to the corresponding masses.

e At present, there is no quantum theory of the gravitational force (though there are efforts to
understand the issues involved) nor any experimental detection of quantum gravitational effects.
The graviton is hypothesized to be the massless spin-2 quantum of the gravitational field.

1.3.4 General remarks on QCD and the Electroweak standard model

e The standard model is sub-divided into a gauge theory of the strong interactions based on
the SU (3) group (Quantum Chromodynamics - QCD) and the SU(2);,x U(1)y electro-weak
theory, sometimes called the Glashow-Weinberg-Salam model®> which governs the electromag-
netic and weak interactions. Sometimes this is called electroweak unification. Though the elec-
troweak theory involves a unified treatment, it is not a unification in the technical sense since
there are two independent coupling constants, one for SU(2), and one for U (1)y (in addition to
the strong coupling constant for color SU(3))°. However, it involves quantum mechanical mix-
ing between the weak isospin and hypercharge generators to result in gauge bosons with definite
masses: the photon and Z°. While the weak hypercharge group is abelian, the weak isospin
and color groups are non-abelian. The electroweak theory includes Quantum Electrodynamics

(QED).

e Electrons are familiar constituents of matter while muons are detected in cosmic ray showers

>Qccasionally called Quantum Flavordynamics (QFD), though this can be confusing. Charge changing weak
interactions can change the flavor of quarks, say from strange to up, which is the reason for the name. However,
the gauge bosons do not carry flavor quantum numbers and flavor is not a gauge symmetry like color or electric
charge. The gauge symmetries of the GWS model are weak isospin and weak hypercharge.

®There is one independent coupling constant for each simple group or U(1) that appears as a factor in the
gauge group. It appears as g in formulae such as F),, = 9, A, — 0, A, + ig[A,, A,] as well as at vertices (like
electric charge in ey At)). Grand unified theories seek to embed the SM gauge group in a single simple group
resulting in a theory with a single coupling constant. The simplest GUT predicted proton decay with an estimated
half-life of order 103! years, but the experimental lower bound on proton half life is now about 103*y.
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and from particle (pion, kaon) decays in accelerators, 7 leptons have been produced (briefly)
in accelerator collisions. Neutrinos come to us from nuclear reactors, nuclear beta decay, ther-
monuclear fusion in the sun, cosmic ray showers etc. On the other hand, quarks and gluons
have never been detected or isolated. For the first time in physics we have a situation where
some of the fundamental constituents of matter (quarks and gluons) seem to be hidden from
detection, permanently confined inside other particles (the hadrons)! The mechanism for this
confinement is not well understood, though it is likely to be a consequence of QCD’. As men-
tioned, nuclei too are held together by strong forces between nucleons. Thus both hadronic and
nuclear structure are, in principle, described by QCD.

e Knowing the atomic hamiltonian is only a small step along the way to understanding the
structure and interactions of atoms. Similarly, and especially due to confinement, knowing
the Lagrangian of the standard model is but a small step towards understanding the structure,
properties and phenomena associated with the particles of the sub-atomic world. Moreover, to
appreciate why the standard model is as it is and to develop an intuition for subatomic phenom-
ena, one benefits from a study of the evolution of the subject since the 19th century. What is
more, one does not need to know either QCD or the electroweak theory to understand much of
the physics of beta decay or pion nucleon interactions, since there are quantitative (low energy)
effective theories for these phenomena. On the other hand, the consequences that follow from
the Lagrangian of the standard model are only partly understood, especially in relation to the
low energy behavior of the strong interactions and the high energy behavior of the electroweak
interactions (since perturbation theory breaks down in these regimes). In particular, we do not
know how to calculate the masses of pions or nucleons from QCD, nor the ‘wave function’ of
the quarks inside. What is more, it is quite possible that the description of strong interactions
in terms of (unisolated) quarks and gluons, may not be the only possible one. There may be
other ‘dual’ formulations that are better suited to deriving the physical properties of the ob-
served hadrons. Finally, there are many unexplained features and 17 input parameters (quark
and lepton masses, mixing angles, coupling constants) that enter the standard model, which
await a deeper understanding. Are the strong and electroweak interactions unified at some
higher energy? Do quarks and leptons have sub-structure? Quite apart from all of this, there is
a lot of new and deep mathematics and physics involved in understanding the standard model
and related theories. Just as understanding atomic physics was stimulated and accompanied
by many technological developments (semiconductors, lasers, microwave technology etc) there
are numerous technological developments that are associated with particle physics (detector
and accelerator technology, superconducting magnets, use of accelerators for condensed mat-
ter/materials research, medical diagnosis and treatment). All these features make the physics of
particles and fields a very rich, deep and active subject.

1.4 Orders of magnitude and natural units

e In atomic physics the typical energies of radiative transitions are electron volts or tens of eV,
as are ionization energies. Binding energies (energy required to dissociate an atom into electrons

"However, it is possible that at high temperatures and densities present in the early universe, quarks and gluons
were in a different quark-gluon plasma phase, and not confined in hadrons.
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and nucleus) range from 10-1000 eV with increasing atomic number Z. Atomic dimensions
are of order Angstroms (10~8 cm) or tens of angstroms. Lifetimes of atoms in excited states are
typically of order nanoseconds (for electric dipole ‘E1’ transitions), though they can be longer
if forbidden by a selection rule for E1. At these energies and dimensions, nuclei (and electrons)
may be treated as ‘elementary’ point particles, they are in their ground states since the energy is
not adequate to excite nuclei. The electron is point-like to current precision (10718 — 107 m).

e When energy exchanges are of order .1 —10 MeV nuclei may be excited and show a spectrum
of excited states just like atoms. The energies encountered in particle physics range from eV to
TeV at present. The lightest charged particle, the electron, has a mass of 511 keV/c?. Protons
and neutrons have a size of order of a fermi (femtometer, 1 fm = 10~ m). Photons can have a
variety of energies depending on their wavelength. For example, 800-1500 MHz photons from
a mobile phone antenna have an energy of hv ~ micro eV, substantially less than that of UV
or visible light (eV) and insufficient to cause radiation damage by ionizing atoms in our body.
[Recall that h = 6.6. x 10734 Js while 7 = 1073* Js = 6.6 x 10716 eV s]. Photons in the Balmer
emission series (ny = 2) have eV energy corresponding to electronic transitions in hydrogen,
and lie in the visible region of the spectrum (that is why Balmer discovered them first, before
the ny = 1 UV Lyman series). X-ray photons (discovered as radiation emitted by accelerated
Cathode ray electrons) have energies of order keV or 10s of keV. Primary X-rays can ionize
atoms, which then relax producing secondary X-rays. The name gamma rays is often used for
photons of MeV energy and above, initially discovered in gamma radioactive decays of nuclei.

e The SI system takes as basic units a length (meter), a mass (kg) and a time (second). CGS
works with cm, gram and second®. In particle physics, both relativity and quantum mechanics
are relevant and i = 6.6 x 10722 MeV s and ¢ = 3 x 10® m/s are universal constants. So it
is convenient to take the basic units to be a speed (in units of ¢), an action (in units of /) and
a mass (or energy). In these units the speed of light ¢ = 1 and & = 1. Measuring speeds in
units of c¢ is like Mach units in aerodynamics, where speeds are quoted in units of the sound
speed. The unit of mass (or energy) could be the rest mass (or rest energy) of a particle playing
an important role in the discussion or quite often GeV/c? (or GeV) which is quite close to the
rest mass (energy) of a nucleon.

e In natural units (¢, h, mass), all physical quantities are expressed as a numerical factor times
c*hPMP. The powers are all determined by dimensional analysis, there is no ambiguity. In
natural mass units, we say that all quantities (denoted by primed variables below) have dimen-
sions of mass to some power M? in units of ¢ and A to some other powers. E.g., momenta
have dimensions of mass in units of ¢, p = p’c. Energies have dimensions of mass in units
of ¢, E = E'c®. Lengths have dimensions of inverse mass in units of /i/c, [ = I'h/c as is
seen from the de Broglie wavelength A = h/p. Times also have dimensions of A/ ~! in units of
h/c*, t = t'h/c?. Velocities are dimensionless (i.e. M°) when measured in units of ¢, v = v'c.
Action and angular momenta are dimensionless (i.e. M?°) in units of h: L = L'h. Force has
dimensions of M? in units of ¢3/h.

e If instead we use the basic units ¢, i and an energy, then all physical quantities (denoted

8The CGS unit of force is a dyne (1 Newton = 10° dyne) and energy is an erg (1 Joule = 107 ergs) since 1m
=100 cm and 1 kg = 1000 g.
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by tilde variables here) have dimensions of a power of energy in units of appropriate powers
of hand c. Eig. F = E. Masses have dimensions of energy in units of ¢=2, m = m/c?.
Momenta have dimensions of energy in units of 1/c, p = p/c. Lengths have dimensions of
inverse energy in units of fic: | = [hc. Time has dimensions of inverse energy in units of £,
t = th, etc. So quantities in natural energy units may be converted to natural mass units by
multiplying by an appropriate power of ¢?, e.g., tc> = t'. Most often we talk in energy units
where masses, momenta and energies are all quoted in GeV, lengths and times in inverse GeV.

e What is a fermi in energy units? Ans: 5 GeV ~!. To see this note that [ = % Moreover,
hc = 6.6 x 107**MeV s x 3 x 10°m/s = 197 MeV fm (8)

Thus [ = 1/(197 MeV) &~ 1/.2 GeV " ~ 5 GeV 1.

e In natural units, the reduced Compton wavelength of a particle is the reciprocal of its mass

i = - — L ip units of A/c or equivalently the reciprocal of its rest energy in units of Ac.
mc m

A particle of mass 100 GeV/c? (the Higgs particle has a rest mass energy of 125 GeV) has a

reduced Compton wavelength of 10005\/ TE = 1othCev which is 2 x 1072 fm, which is about

a thousandth the size of a proton. Equivalently, a reduced Compton wavelength of 107! m is
(1/200) GeV ! corresponding to a particle of mass 200 GeV/c?.

e If 7 is the mean life-time of an unstable particle or state, its energy width is defined as

= h/7 or ' = 77! in natural units. So an energy width of 1 MeV (or a life-time of 1
MeV ~1) corresponds to a mean life of 6.6 x 10722 s. Indeed many hadronic resonances which
decay via the strong interactions have a life-time of order 10~%s.

e A kilogram is a huge mass of 5.6 x 10?0 GeV/c?. A Joule is 6.24 x 10 GeV. A meter is
5x 10" (GeV)~!. A secondis 1.5 x 10%* GeV ~!. Or a time of an inverse GeV is 6.7 x 10~%°s.

e The physical parameters defining the hydrogen atom are the electron mass and charge, treating
the proton as infinitely massive. The mean speed of an electron in the g.s. of hydrogen is «
in units of ¢, v = «ac. The fine structure constant o = 476510 (in rationalized units) will be
discussed shortly. The binding energy of the g.s. of the hydrogen atom (one Rydberg) is Ry
tmv? = tmc®a? or 3ma? in units of ¢?. Being a length, the Bohr radius is an inverse mass
in natural units, so it must be inversely proportional to the only mass in the problem, that of
the electron, the proportionality factor can be calculated, itis 1/«. So ay = 1/(cm) in natural
units i.e., in units of /i/c. So the Bohr radius is agp = ap? = ‘:{e@. ap — 0 as h — 0,
indicating classical collapse of electron into nucleus. Also ag decreases with growing electric

charge which increases the electrostatic attraction to the nucleus.

e In atomic physics, the binding energies of atoms (of order 10s or 100s of eV) are a very
small fraction of the mass energies of constituents (GeV for the proton and half an MeV for
the electron). So one talks of the energy of the ground state of hydrogen relative to the energy
of far separated proton and electron. In particle physics, binding energies can be comparable
or even more than mass energies of constituents (essentially because we deal with relativistic
rather than non-relativistic bound states). So energies of states in particle physics are usually
total energies £/, including both binding BE and mass energies ME of constituents.

e Using dimensional analysis, factors of & and ¢ can be re-introduced into formulas obtained
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in natural units. E.g. any length [’ given as an inverse mass must simply be multiplied by the
numerical value of //c to get its ST or cgs value. Similarly, a time ¢ given as an inverse energy
must be multiplied by 5.

e Prefixes for powers of 10 include (for small numbers, small letter) micro 1079, nano 1079,
pico 1072, femto 10715, atto 10~'® and for large numbers (capital prefix) mega (million 10%),
giga (billion 10?), tera 10'2, peta 10'°, exa 10'®. For example, PCs with a terabyte of hard disk
storage are common. Collisions at the LHC produce peta bytes of data per year. The global
internet traffic was of order 21 exabytes per month in 2010. The LHC is designed to collide
protons of energy 7 tera eV. The fastest super computers reached 10-20 petaflops (floating point
operations per second) in 2012. ISRO plans to make a 133 exaflops super computer by 2017.
Electrons, photons etc seem to be point-like down to attometer precision. Pulses of light of
femto (and even atto-second) duration have been produced and used to observe chemical reac-
tions. Femtosecond lasers are used in eye surgery. Other small numbers arise as differences.
Experimental tests of the equivalence principle show that the difference between inertial and
gravitational masses is less than one part in 10'2. The difference between the measured value
and QED prediction for the electron anomalous magnetic moment (g — 2)/2 is less than one
part in 108.

e In quantum field theory and particle physics, it is convenient to use rationalized Heaviside-
Lorentz units for charge, In Gaussian units, factors of 47 appear in Maxwell’s equations rather
than in Coulomb’s law, making them convenient in charged particle mechanics and atomic
physics. In HL units (like SI), factors of 47 appear in Coulomb/Biot Savart laws rather than in
Maxwell equations, which makes them convenient in field theory. HL and Gaussian units are
both CGS systems, they only differ in the treatment of factors of 47 for charge. In HL units,
Maxwell’s equations are written as

V-B=0, VxE=——, V-E=p and va:l+18_E

c cot ©)

In HLU, charges are normalized so that Coulomb’s law takes the form F = %. The electric

field of a point charge is E = —%,7 and the Biot-Savart law reads B = -1 ¢ 14X Charges

4mr2 4me r3

in HLU are related to Gaussian (electrostatic units esu or statcouloumb) units via g, = V4mg,

while the fields and potentials are Ej; = \;ETg?’ By = ng—W and A;; = \Ziﬂ. It follows that

the expression for the conjugate momentum © = p — eA/c and the Lorentz force law F =
q(E+ ¥ X B) and fields in terms of potentials E = —V¢ — %%, B = V x A take the same
form in both Gaussian and HL rationalized units. The magnitude of the charge of the electron

in Gaussian units is e, = 4.8 x 107'” statcoul. In going from formulae in SI units to HLU,
€0, /o are put equal to one, since they have been absorbed into the definition of charge, and
all times come with a factor of ¢. Sommerfeld’s dimensionless fine structure constant in HLU

is a = 4;20. Putting in the values ¢ = 3 x 10'° cm/s and A = 1.05 x 10727 erg.s we find

a = % = 7.3 x 107% ~ 1/137. So in these units, electric charge has dimensions of

M? in units of Vhc: e = €'/ he where € = /4.
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e In Gaussian and HL units, £, B and A have different dimensions than in SI. Check that

M VML

/ 3
MECTE M2 g [A] = (9]

) = Ve = VMIY/T, [B] = [B] = [F/g] = “pgm— = ="

So for instance, eA/c has dimensions of momentum as needed in 7 = p — eA/c. In HLU and
Gaussian natural units, charge and current density have the dimensions
B M3c7/2 VML . B M39/2 VM

= and

[p] - h5/2 T3 Lﬂ = [pC] - h5/2 = TQ\/E (10)

Check that these are the dimensions of charge per unit volume and charge per unit area per
unit time. A useful ‘take away’ is that in natural units, charges have dimensions of M°, gauge
potentials have dimensions of M, while electric and magnetic fields (or field strengths F),, )
have dimensions of M? and charge and current densities have dimensions of M?3.

e In Gaussian & HL units, the 4-vector gauge potential is A* = (¢, A). Introduction of
the gauge potential automatically solves the homogeneous Maxwell equations. Faraday’s field
strength is F* = Ot AY — 0¥ A" while the 4-current is j* = (cp,j). The inhomogeneous
Maxwell equations take the form 0, F"" = % g% along with the consistency condition (since
F* is anti-symmetric) 07" = % + V - j = 0 for local charge conservation.

e Cross sections have dimensions of area. A barn = 1072® m? = 100 fm? is a unit of area used
in particle physics, it is a rather large area. The cross sectional area over which the charge of
the proton (charge radius .8 fm) is distributed is about 2 fm? = 20 mb (millibarns). The word
barn is based on a joke/code from the WW?2 days of atom bomb research: the uranium nucleus
looked as big as a barn to incoming neutrons. A uranium nucleus has a cross sectional area of
about 200 fm? or 2 barns. Since 1 fmis 5 GeV ! a cross section of 1 GeV ~2 is 0.4 millibarns.

e When examining a process such as ete™ — Z° at a collider experiment or Higgs production
in pp collisions, one is interested in the expected number of interesting events (per unit time).
Suppose the cross section for the specific process is predicted to be o. Then the luminosity
L of the collider is a quantity with dimensions of L~27T~! in terms of which the event rate
is given by Lo. In the case of a collider, we have two counter rotating beams. The particles
usually go round f times per unit time in 7, bunches, each of which consists of n, particles
and has a cross sectional area A. The beams intersect at detector locations where collisions
occur. Now the number of clockwise rotating particles (say protons) that arrive at the detector
per unit time per unit area normal to the beam is given by fnyn,/A, this is the beam intensity
or flux. Now each of these particles could collide with any of the n, particles (say protons) in
a counter rotating bunch. So the maximum number of collisions per unit area per unit time is
roughly £ = fnbng /A, which is called the luminosity. Not all these collisions are expected
to produce a Higgs, only a fraction determined by the cross section o, so the expected rate of
Higgs events is Lo.

e For example, the design luminosity of the LHC is 10** cm =2 s~!, with 2808 bunches, each
containing 1.15 x 10! protons going round the ring at a frequency of 40 MHz. One can then
estimate the beam cross sectional area. The cross section for Higgs production in pp collisions
at a center of mass energy of 7 TeV at CERN is about 15 picobarns. How many Higgs events
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are expected per year? The integrated luminosity of an accelerator is the time integral of the
luminosity it delivers to the detectors, this is what really matters, accounting for down-time. It
has dimensions of an inverse cross section and is usually quoted in inverse femtobarns.

1.5 Comparison of strong, weak, electromagnetic and gravitational interactions

e We have already mentioned that among the matter particles of the standard model, only
the quarks feel the strong force, which binds them into hadrons like the proton. Quarks and
charged leptons feel the electromagnetic force. All quarks and leptons participate in the weak
interactions. All particles feel the gravitational force. Let us get an idea of the relative strengths,
ranges and time scales associated with these four forces. The forces cause scattering between
particles, decays of unstable particles as well as formation of bound states.

1.5.1 Comparison of ranges of the 4 interactions

e In the quantum field theoretic description, a force between particles can be modeled as due
to the exchange of a mediating particle (typically a boson), the quantum of the force. Photons
mediate the EM force while pions mediate the strong force between nucleons and W+ mediate
the weak force responsible for beta decay. Heuristically, the range of the force transmitted by
a carrier of mass m is of order the reduced Compton wavelength A = //mc of the carrier
(setting aside surprises like confinement). This may be familiar from the form of the Yukawa
potential —%e‘r/ A between a pair of nucleons, which we will derive later (g is a strong
analogue of electric charge, assigned to each of the nucleons). Roughly, a heavier intermediary
exists for a shorter duration and can travel less distance. According to the energy-time relation,
the intermediate state exists for a duration of order (h/mc?)°. In that time it can travel at most
a distance ¢ x hi/mc?. If there is more than one possible intermediary, then exchange of the
lightest one dominates with growing separation.

e The gravitational force between masses has an infinite range (there is no characteristic dis-
tance over which it decays exponentially), as does the electromagnetic force between charges,
both decreasing inversely with the square of separation V' (r) = —GM; My /r and V' = q1qo /477
This is associated with both being mediated by massless quanta, the graviton and the photon,
with infinite Compton wavelengths.

e The strong force between nucleons (within nuclei or when scattered), has a range of about
1-2 fermi. Based on this, Yukawa predicted the existence of m-mesons with a mass in the 100-
200 MeV range which would mediate the inter-nucleon force. Just such pions with masses
my+ = 140 MeV were discovered in 1947. The range of the strong inter-nucleon force is of
order the Compton wavelength of the pions (about 1.5 Fermi).

e Weak interactions (like those responsible for n — p*e~7,.) have the shortest range corre-
sponding to the very massive weak gauge bosons myy = 81 GeV, mz = 90 GeV (their Comp-

20ur estimate for the energy difference between initial and intermediate state as the rest energy mc? of the
mediator is valid when the scattering particles have an energy small compared to the rest energy mc? of the
intermediary and the momentum of the intermediary is small compared to its rest energy.
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ton wavelengths are about 2 x 10~'® m). Weak interactions may be regarded as point/contact
interactions at momentum transfers significantly lower than 80 GeV. As in an optical micro-
scope, the momentum transfer is a measure of the reciprocal of wave length of the probe, as we
will show. So when incoming and outgoing particles have low energies, the momentum transfer
is small and we are probing the interaction at low resolution. Indeed, Fermi’s original 1934 the-
ory of beta decay involved a 4-fermion vertex %ﬁnéye without mention of any intermediate

W boson. The Fermi coupling G ~ 1/M?2.

e The strong force between quarks is due to exchange of gluons, which are massless. So one
might expect it to correspond to a long range 1/r potential, like in EM and gravity. First, the
idea of a potential or force is an idea from non-relativistic classical and quantum mechanics.
The interactions between particles in relativistic QFT cannot always be exactly specified by a
potential, though it is often a useful concept. Now consider a meson composed of a heavy quark
and anti-quark, such as J/¢ = c¢ or T = bb. Such heavy quark mesons display a tower of
excited energy levels, just as an e~ p™ bound state does (hydrogen levels). What is more, the
binding energy of these bound states is somewhat less than the rest energies of the constituents,
unlike in hadrons composed of light quarks (e.g. proton or pion), so a non-relativistic treatment
of the quarks is a reasonable first approximation. One finds that the observed spectrum of
excited states can be theoretically obtained by assuming an inter-quark potential of the form

V(r) = =% + kr where o, = 47’?'% is the strong version of the EM fine structure constant'”.
The attractive —a/r potential dominates at short distances, and is the strong analogue of the
Coulomb potential energy between charges. It is due to 1-gluon exchange between quarks, just
as the Coulomb law comes from 1-photon exchange in EM. But there is a surprise at larger
separations, the potential grows linearly, corresponding to a constant force /' = —VV. In
other words, it would cost a linearly increasing energy to pull a pair of heavy quarks apart.
This is a symptom of the phenomenon of confinement, quarks have not been isolated from
hadrons. When one tries to pull the quarks apart by supplying energy, at some point, it becomes
energetically favorable for a quark-antiquark pair to form in between and the meson to break up

into a pair of mesons as depicted in this cartoon

7999 — 49999999 — 49999999999999 — (499999q) (4999999) (11)

There is a further surprise as we probe a hadron at higher resolution (higher momentum trans-
fers g, or loosely, higher energies F). First, the non-relativistic approximation breaks down
and one cannot describe the situation in terms of the above potential, though the concept of
coupling o continues to make sense. One finds that the strong coupling constant «; decreases
with increasing energy as «; ~ 1/log(E/Agcp) where Agep ~ 200 MeV is a constant ‘scale
parameter’ of the strong interactions. So for momentum transfers much more than 200 MeV,
(i.e. at short distances) the «s vanishes logarithmically. Asymptotically (at high momentum
transfers), quarks behave as free particles. This is the famous phenomenon of asymptotic free-
dom.

e Despite the quarks being confined within hadrons, it is possible to ‘see’ them using weak and
electromagnetic probes and measure their (fractional) electric charges, spin and weak isospin

10, appears at the quark gluon vertex gsGAgq, in the covariant derivative and in F,, = 9,4, — 0,4, +
ig[A,, A] etc.
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quantum numbers. This is achieved for instance via e~ p*t scattering or vp*t scattering. ep —
ep elastic scattering proceeds through exchange of a photon between the electron and say an
up quark. Draw a Feynman diagram. The quark vertex is proportional to the charge of the up
quark, which can be inferred from measurements of the scattering cross section. The exchanged
photon plays the same role as light in a microscope to used to peer into an amoeba. Similarly,
we have the deep inelastic scattering process v,p* (uud) — p p*(vud)7" (ud). Draw the
leading order FD for this process, it involves both W exchange and gluon exchange. It must
involve the 1/ boson since neutrinos only interact weakly and can convert to a muon only via a

w.

1.5.2 Comparison of decay rates due to the three interactions

e It has not been possible to predict when a given particle will decay, statements about decay
are statistical statements about large populations. The decay of a particle refers to spontaneous
decay of an isolated particle at rest (it does not refer to conversion of the particle to different
particle(s) as a result of a collision). Decays of particles are found to follow the exponential de-
pletion law N (t) = N(0)e~*/7. The mean life-time 7 is the time it takes for a large population
of N particles to reduce to N /e particles.

e The same particle when it is in a bound state may or may not decay. Free neutrons decay with
a mean lifetime of 15 minutes but neutrons bound in a stable nucleus or a neutron star can live
essentially for ever. A free neutron moving at speed v relative to the lab lives on average a time
of 47 where v = (1 — v?/c*)Y/? as viewed from the lab.

e Weak interactions are responsible for nuclear beta decay (decay of a neutron n — pte~i,). It
is a very slow process compared to electromagnetic radiative decay (through photon emission)
or decay of unstable hadrons through strong interactions. The shortest nuclear S decay mean-
lives are of the order of milli-seconds though they can stretch to millions or even billions of
years. The muon also decays weakly via = — e~ v, in 2.2 ps'!'. The large variation in weak
decay life-times is because of the mass difference between parent particle and decay products.
If the mass difference is larger (relative to the parent mass), then the decay can proceed faster, it
is like sliding down a steeper gradient!?> On the other hand, electromagnetic radiative decays of
atoms typically take a few nano-seconds. This is one reason beta decay is referred to as a weak
interaction, compared to electromagnetism. In fact, weak interactions are manifested primarily
in decay or scattering processes forbidden by conservation laws to occur through the strong or
EM interactions.

""The EM decay = — e~ has not been seen so far, it violates electron L. and muon L, lepton number
conservation.

12This is a general rule, not special to weak interactions. A nice illustration is the Geiger-Nuttal law found
empirically in 1911 (and explained in 1928 by Condon and Gurney and independently by Gamow using tunneling)
which states that « decay (which proceeds through strong interactions!) half lives of nuclei satisfy t1 o ¢®Z/VE
where E is the energy of the « particle emitted and Z is the atomic number. So short-lived nucléi emit more
energetic alpha particles as they ‘slide down a steeper slope’! The exponential dependence on energy also explains
how small differences in mass defects between parent and daughter nuclei can lead to huge differences in decay
half lives. For example, Thorium 232 alpha decay has a half life of 14 billion years while Radium has an alpha
decay half life of 1590y.
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e All hadrons (baryons and mesons) other than the proton are unstable in isolation. Hadrons
that decay through the strong interactions typically do so with a life time of 1072 s (e.g.

AT (uuu) — pT(uud) + 7 (ud), a quark-level Feynman diagram is shown) or
Y (uds) — A°(uds)7° (uw), 750 = 107%%s,  (strong decay) (12)

Sometimes, hadrons that do not decay strongly (e.g. because gluon interactions cannot change
quark flavor) are called ‘stable hadrons’.

fw'%

Delta++ to p and pi+ Sigma0* to Lambda0 pi0 Sigma+ to p and pi0

pi-zero

e Electromagnetic decays of hadrons occur more slowly, the neutral pion, which primarily
decays to 2 photons has a mean life of 10716 s. The spin half neutral ¥ baryon decays electro-
magnetically to a photon and the Lambda baryon in 10719 s.

YO(uds) — A(uds) v with 750 = 1075, (EM decay). (13)

e Weak decays of hadrons tend to take a lot longer. For instance 7+ — p*, has a life-time
of 26 ns'?® (another weak decay mode is 7™ — 7% *1,). Free neutrons beta decay via the weak
interaction n — pTe~ with a mean life of about 15 minutes. And the spin half ¥ baryon
decays weakly via

ST (uus) — p(uud)7®(un) with 75+ = 107""s (weak decay) (14)

e The upshot is that decay rates generally increase as we go from weak through electromagnetic
to strong interactions. Analogously, the production rates, or cross sections increase from weak
through EM to strong interactions. For example, Halzen and Martin quote the following typical
cross sections. Weak cross sections are ~ 107! mb (e.g. neutrino proton elastic scattering
vp — vp or muon production in neutrino proton inelastic scattering vp™ — g~ ptaT). In
general, neutrino cross sections are roughly of order o, ~ E x 107! mb where E is the
neutrino energy in GeV. On the other hand, electromagnetic scattering processes such as yp —
pm” have cross sections of order 103 mb. And typical strong interaction cross sections (e.g.
mp — 7p) are of order 20-40 mb.

13Cosmic ray protons in collisions with molecules in the upper atmosphere produce particle showers which
include pions. These pions decay to muons, many of which live long enough to reach the Earth’s surface.
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1.5.3 Comparison of strengths of forces

e We have seen that decay rates generally increase as we go from weak through electromagnetic
to strong interactions. This reflects the increasing strength of the interactions. In fact, we can
get a very rough estimate (ignoring the significant effects of kinematic factors etc.) of the
relative strengths of the three interactions by comparing the decay rates of 7, 7°, AT+, which
decay via the weak, em and strong interactions respectively with life times 7%, = 2.6 x 10~ ®s,
74" = 107'%s and 75, = 107?* seconds. Draw the leading order FD for each decay. Each
is a second order process'* (involving one W, one v and one u-quark exchange at leading
order) with decay rate proportional to the square of the corresponding ‘fine structure’ constant
Qyy Qe Ot . Thus we find

Qg 10-16 em 10-8 4
e \/ o=z ~ 3000 and o \/ o ~ 10 (15)

These are very crude estimates, even their orders of magnitude cannot be trusted. But they do
indicate that strong interactions are significantly stronger than EM which are in turn stronger
than the weak interactions at the energy scales relevant to these decays.

e To compare the strength of gravity with other forces between particles, consider a pair of
protons (treated as point particles) separated by a distance given by a natural length associated

with the proton, its reduced Compton wavelength \, = mipc = 1.32 Fermi. The gravitational

potential energy is of magnitude Gym; /A, where Gy = 6.67 x 10~'" Nm?/kg? (or 6.71 x
1073 GeV 2 in natural units). To get a dimensionless measure of the gravitational potential
energy, let us consider it in units of the rest energy of the proton (use hc ~ 10734 x 3 x 108 Jm)

grav. potn. egy  Gamp 6.7 x 1071 x (1.6 x 10727)?

=5.4x107%, 16
rest energy he 3 x 1026 . (16)

So the gravitational potential energy is 39 orders of magnitude less than the rest energy of the
proton and can be ignored at energies of order the rest energy of the proton (1 GeV). On the
other hand, we may ask at what energy FE the gravitational force becomes comparable to the
rest energy of the proton. To find out, we note that gravity couples to energy, not just mass,
so the ratio of gravitational to rest energy is of order Gy E? in natural units. For this to be of
order one, we need energies of order £p ~ G]_Vl/ 2 ~ 1.2 x 10* GeV. This is called the Planck
energy and is significantly higher than the center of mass energy available at the most energetic
accelerator (LHC, 7000 GeV) or even the most energetic cosmic ray particles detected (10!
GeV). So gravitational forces are negligible in present day particle physics.

e Alternatively, we may ask what the mass of a point particle Mp; must be so that the gravita-
tional potential energy between two such particles separated by their reduced Compton wave-

length equals the rest energy of either. So Gy M32,/hc = 1 or Mp, = (/2% = 1.22 x 10Y

Gn
GeV/c?, this is the Planck mass. The Planck length is defined as the reduced Compton wave-
length of a Planck mass particle, i.e., [, = 37~ = 1.6 x 10~ m. The Planck energy is the rest

“For e.g., at each of the two EM vertices of 70 — 2+, there is a factor of u-quark charge 2¢/3. So the

amplitude is proportional to v = €2 /4 and the decay rate (o< square of amplitude) is proportional to .
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energy of a Planck mass particle, Ep; = Mp;c? which is seen to be the same as the gravita-

tional potential energy of a pair of point-like Planck mass objects separated by a Planck length
GNM?2
E,=—2=.

P Iy

e To compare gravity with EM, let us find the electrostatic energy between idealized point-like
protons separated by their Compton wavelength, in units of the proton rest energy

elec. potn. egy.  ¢? e?

= = 17
rest energy drlome?  drhe (17

mc
We notice that this ratio is independent of the proton mass and is in fact the fine structure
constant «. It turns out that « is not quite a constant, but increases very slowly (logarithmically)
from 1/137 = 7.3 x 1073 at eV energies relevant to atomic physics to about 1/129 at the rest
energy 90 GeV of the Z°. In any case, the electric force at current energies is about 10%° times
as strong as the gravitational force.

e The ordering of strengths of the three forces can be seen from other phenomena too. The
existence of stable nuclei implies that the attractive strong force among nucleons outweighs the
electric repulsion between protons in a nucleus. So though strong interactions operate only on
nuclear and sub-nuclear scales, they must be much stronger than electric forces at lengths of a
fermi. This is borne out by measurements.

e The most familiar manifestations of the weak interactions are in beta decay and muon decay
n — pev, and u — ev.v,. These are charge changing weak interactions, mediated by W=
exchange. They also lead to a small parity violating inter-nucleon force (say ud — ud via W+
exchange), which has been measured, but is vastly smaller than the inter-nucleon strong force.
There is also the charge preserving (‘neutral current’) weak interaction mediated by the Z°,
which leads to small parity violating effects in atomic spectra. Again, these effects are much
smaller than those due to the electric forces, as is clear from the success of non-relativistic QM
in the Coulomb potential in reproducing the hydrogen spectrum.

e As found earlier, weak interactions are very short ranged. In 1934, Fermi developed a 4-
fermion (n, p, e, v) contact interaction to describe beta decay (it is a low-energy approximation
to the electroweak theory that took shape in the 1960s and 1970s).

S = / [p(id — m)p+ (i — m)n + €(id — m)e + ve(i) — m)ve + Gppneve + h.c. d*z  (18)

From the kinetic terms, we infer that the fermion fields have dimensions M?/2 in natural units,
to ensure the action have dimensions of A. Unlike «.,,, Fermi’s coupling constant G’z is not
dimensionless, but (like G of gravity) has dimensions of inverse mass-squared. From beta
decay rates, one finds G ~ 1075 GeV ~2. Fermi’s theory (at tree level) was very successful
in explaining beta decays of all nuclei, muon decay and other (low energy) weak processes
known at the time. However, the effective strength of the weak interaction G'rE? increases
quadratically with energy of particles involved and becomes comparable to the electromagnetic
coupling at energies of tens of GeV. By then, Fermi’s theory ceases to be valid. In fact, it is
not renormalizable and loses predictive power when one tries to calculate quantum corrections
perturbatively beyond tree level. A similar problem afflicts perturbative quantum gravity. In
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the case of weak interactions, Fermi’s theory was replaced with the Glashow-Weinberg-Salam
standard model, in which weak and electromagnetic interactions get mixed and the contact 4-
fermi interaction is replaced by exchange of W bosons.

e Let us briefly consider the coupling constants in the standard model with gauge group SU (3). %
SU(2);, x U(1)y . There are three coupling constants one for each simple group'® or U(1) fac-
tor in the gauge group: ¢; for weak hypercharge U(1)y, g, for weak isospin SU(2) and g3
for color SU (32) . Corresponding to these three coupling constants are three ‘fine structure’ con-

stants «; = a3 = «; 1s the strong one. But there is mixing among the weak isospin and

i
4dmhe *

weak hypercharge generators. The weak mixing angle is given by tan 6, = g;/g> and the fine
structure constant of QED is a.,, = agsin®6,. The charged weak ¢, = Slgn—gw and neutral
weak g, = mei‘“‘#&ﬂ couplings can be expressed in terms of the EM coupling g.,, and weak

mixing angle.

e [t turns out that a.,, as well as the other «; are not constant, but change with energy scale
(or distance scale) associated to the probe. They are called ‘running’ coupling constants. The
charge of an electron (which measures the strength of its coupling to photons or the strength
of its scattering from other electrons) increases as one probes it more closely (smaller wave-
length or higher energy/momentum carried by the photon probe). At large distances, the charge
is screened due to ‘polarization of the vacuum’. Analogous effects are familiar from atomic
physics (screening of nuclear charge by inner shell electrons) and electrostatics in a polariz-
able medium (dielectric like a plasma). The vacuum itself behaves as a polarizable medium
due to the effects of virtual electron positron pairs. It is found that the fine structure constant
increases logarithmically with the energy scale (or reciprocal of distance scale). On the other
hand the coupling constants for the color and weak isospin groups decrease with energy scale.
This anti-screening of color and weak isospin is due to the non-abelian gauge groups involved.
For example, in QCD, there is competition between the screening due to virtual ¢g pairs and
anti-screening due to virtual gluons (see figure) and the latter dominate in practice, so a; = a3
decreases (logarithmically) with energy.

Scattering of quarks: Vacuum polarization due to virtual quark and gluon loops

e The running of coupling constants (when they are small) is given to leading order in per-
turbation theory by a renormalization group equation (RGE) for a(u). p is called the sliding

I5If a group G has a non-trivial normal subgroup H , then we can form the quotient group G/ H . If the subgroup
H is not normal in G, then G/H does not have the structure of a group, it is just a coset space (cosets cannot
be multiplied to get cosets in general). So if H is normal, G may be ‘broken down’ to H and G/H . The same
process can be applied to H and G/H, thus breaking a group into smaller groups. The process terminates at
simple groups, which are those that do not have any non-trivial normal subgroups. U(1) is not simple, since N*!
roots of unity form normal subgroups for every N. But SU(n) is simple for n = 2,3, ...
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energy/momentum scale.

dov(p)
dp

The /3 function is evaluated by using Feynman diagrams of the sort shown. One finds for small

a that B(a) = Bya? + O(a®). We say that the beta function has a double zero at the origin

(a = 0), this means o = 0 is a fixed point of the RG flow. The sign of 3, determines whether

the coupling grows (3 > 0) or decreases (y < 0) with energy p. Indeed, the solution of this
ODE is

I = B(a) 19)

(20)

71_0& -1 o i or o = a(MO)
o) = (o) — filog - ) = T B o) o/ )

The value of « at a reference scale py needs to be fixed experimentally. Once this is done,
the theory predicts the values of the running couplings at other energy scales (where « is still
small). In particular, the formula for «(x) can only be trusted when « is small. The parameter
Bo = ﬁ(ZlNg — 11N,) where N, is the number of colors in the case of QCD (or the N in an
SU(N) gauge group) and N, is the number of fermion generations (3 generations of quarks
in the case of QCD). The first term 4N, in [, arises from fermion loops'® while the second
term 11N, comes from gauge boson loops!’. In QED, there are no gauge boson (photon) self-
couplings and no gauge boson loops, so in effect, N. = 0. Soin QED [, > 0 and Sommerfeld’s
fine structure constant grows logarithmically with energy: a = 1/137 = 7.3 x 1072 at energies
relevant to atomic physics to about 1/129 at the rest energy 90 GeV of the Z°. QCD displays
the opposite behavior since 3y < 0 for sufficiently many colors %g > % , which is the case in
nature N, = 3 and N, = 3. So a, — 0 at high energies and quarks become asymptotically
free. At an energy of 3 GeV ay is about .2 — .3 while at 90 GeV it decreases to about 0.12.
Over this entire range of energies, the strong force between quarks is significantly stronger than
electric forces between quarks. QCD becomes strongly coupled at relatively low energies, i.e.,
1 < 1 GeV and QED becomes strongly coupled at high energies. In these regimes, perturbation
theory cannot be trusted. A naive application of the above formula for «.,, would suggest that
it has a simple pole (blows up) at an energy of p = pge'/Poero) ~ 1377 eV This is called
the Landau pole and led to a temporary loss of confidence in the validity of QED and QFT
in the 1950s. However, this energy is way above the Planck energy and there is no reason to
trust perturbative QED when o grows big, other methods to study the theory are called for.
On the other hand, the largeness of « at low energies (sometimes dubbed infrared slavery in
contrast to asymptotic freedom), necessitates the development of non-perturbative methods to
study QCD in the infra-red, quarks are strongly bound together by gluons leading to phenomena
like confinement when one tries to extract them from hadrons. The UV behavior of QCD is
perturbative due to asymptotic freedom.

e Using the above RGE, the scale dependence of the three running couplings o, o, a3 can be
found. At leading order in perturbation theory, they only differ in the values of [, which is

161t is proportional to the number of fermion-anti-fermion flavors that could circulate in the loop, i.e,
u,d,s,c,b,t

17If we use the double-line notation for gluon lines and fix the colors of the asymptotic quark states, there
remains a color loop whose possible colors we must sum over in computing the Feynman amplitude.
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negative for a, and a3 and positive for a; . In a plot of a; ()™ against log (/o) , we will get
straight lines, with positive slopes for the color and weak isospin groups and negative slope for
the weak hypercharge group. The predicted running of these three couplings has been measured
carefully and confirmed upto p over a 100 GeV. Interestingly the three straight lines seem to
get rather close at an energy of 10'* GeV. The 3 gauge couplings seem to meet at this scale
dubbed the scale of grand unification (GUT scale). Attempts have been made to find a grand
unified simple gauge group which would govern interactions at the GUT scale. The simplest
grand unified models predict the correct weak mixing angle (which is a free parameter in the
SM), they also predict proton decay, which has not yet been seen.

2 Concepts from mechanics, quantum theory and relativity

2.1 Rutherford scattering cross section

e Scattering of alpha particles against gold atoms (by Geiger, Marsden and Rutherford in 1909-
1911) was instrumental in identifying the nuclear model of the atom where a heavy positive
charge is concentrated at a point-like nucleus with light electrons surrounding it.

e Suppose the beam of incoming particles has an intensity/flux of F particles per unit time per
unit area normal to the beam. After scattering, we want to find d/NV, the number of particles
entering solid angle df) per unit time. dN is the rate at which particles should be detected
by a detector covering solid angle d{2. This should be proportional to the incoming flux, so
dN = Fdo where do is an area. do may be interpreted as the area normal to the beam through
which the particles must pass so that they are scattered into df2. The ratio 9 is called the

aQ
differential scattering cross section.

e Suppose charge ¢; of mass m and energy FE scatters off point charge ¢, fixed at the origin

with repulsive Coulomb potential V' = 4-22. Rutherford’s differential scattering cross section is

2
do 4142

i I SN 21
ds? (167TE sin? g) @h

where 6 is the (polar) scattering angle 6§ = 0, 7 for forward/back scattering.

e Let us recall how this formula is obtained. Consider particles coming in through an annulus
with impact parameters between b and b+ db and any azimuthal angle ¢. They will be scattered
by angles between 6 and 6 + df and therefore correspond to df) = 2w sinfdf. Now dN =
2mbdbF is the product of the area of the annulus and the incident flux. Divide by F to get do
and divide by df) to get 3—;’2 = —Sifl 7 %. The minus sign is because larger impact parameters
imply smaller scattering angles.

e By integrating the energy equation £ = imu? = %mf”2 + L

5 5—= + V(r) in a repulsive
Coulomb potential, one obtains the following relation between impact parameter and scattering
angle 1 + %2 = cosec?(0/2). Differentiate to get the Rutherford differential cross section
8b . 1 db  cos(0/2) a?
—db = -2 3(0/2 0/2)=d0 = ——=—"T=T—.
a2 sin(6/2) cos(6/2)5 o~ sin®(0/2) 8b

(22)
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e To derive the relation between b and 6 we use Newton’s 2nd law. In fact we only need to
integrate once if we use conservation of energy £ = %mi‘Q + 2rfrg + 42 If v is the initial
speed of the projectile (say coming in from the left), then its (conserved) angular momentum
and energy are | = mvb and E = Jmv?. So we may eliminate [ in favor of b: {?/2m = Eb?.
Since we are interested in the angular deviation of the orbit rather than its time dependence, we
parametrize the orbit by 7(¢) instead of r(t), where ¢ is the polar angle in the plane of the
trajectory measured with respect to the direction of the projectile source. The orbit equation

simplifies if we use u = 1/r in place of 7. Thus 7 = /(¢)$ and | = mr2¢ give

l 1 [2
s e - .9 - / 2 — 2/ 2
= —u (gzﬁ)m = Gmit =5 —u (¢)° = Eb“u'(9)”. (23)
and the conservation of energy becomes Eb*u/(¢)* = E — Eb’u® — 424, Defining the length
a = 22 which is the (hypothetical) radial distance at which the Coulomb energy equals the
total projectile energy'®
bdu

V1—b%u? —au
Now the projectile comes in from » = oo with ¢ = 0, reaches a point of closest approach
where 7 = 7 = 1/Upmee [7 = 0, the mid-point of the trajectory, with ¢ = ¢g. Upas 1S
the positive root of the quadratic under the square-root sign, U;,q; = (\/ a? + 4b* — a) /2b%]

and eventually scatters off to » = oo reaching an asymptotic ¢ = 2¢,. Draw a diagram! The
scattering angle is § = m — 2¢,. The integral can be done by completing the square and a

dp =

(24)

trigonometric substitution using [ \/1‘1;”7 = arcsinz,
tmaz bdu T 1 9 1
= = — —arcsin —————= = sin“(#/2)= —5—. (25)
$o /0 vV1—au—b2uz 2 1+ 4b2/a? (9/2) 1+ 4b%/a? (

This is the advertised relation between impact parameter and scattering angle for Coulomb
scattering, which leads to the Rutherford cross section.

e Physical remarks on Rutherford cross section formula.

e (1) The Coulomb field has a long range (though the scatterer is point-like). Particles with
large impact parameters (small scattering angles) contribute significantly to the total cross sec-
tion o = [(do/dQ)2msinfdf. In fact, strictly speaking, the total cross section for Coulomb
scattering is infinite due to a divergence at & = (0. This means there is scattering even for large
impact parameters b, though the scattering angle decreases with b.

e (2) The charges need not have the same sign, the potential could be attractive or repulsive,
since the cross section only depends on the square of each of the charges.

e (3) The cross section falls off as 1/E? with increase in energy. This is a characteristic fea-
ture of scattering of point charges at high energies, since the energy is the only dimensional
parameter in the problem! with which to construct a quantity with dimensions of area (par-
ticle masses are small compared to sufficiently large F and there is no length scale from the

8Except in the case of zero impact parameter, the projectile does not actually get as close as a since it never
comes to rest if the angular momentum is non-zero
A ‘scale invariant’ potential like the Coulomb potential q;qo/47r does not introduce any length scale of
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dimensions of the point particles). For instance, the cross section for e*e~ annihilation to
any final state has been measured from MeV to 100s of GeV center of mass energies (see
fig. 5.3, p.145 in Perkins 4th Ed.). It shows an overall 1/E? fall off with localized peaks
corresponding to resonances (e.g. the gg vector mesons) like p(dd — i, 776 MeV),w(dd +
uti, 783MeV), ¢(s5,1019MeV), J/1(ce, 3.1GeV), T (bb, 9.5GeV) and the weak gauge bosons
Z%91GeV), WTW~(160GeV) etc. The scalar mesons 7° and 7" can also appear as reso-
nances in eTe~ annihilation, but they are suppressed due to the need for two photon processes
unlike the single photon intermediary which is adequate in the above cases.

e (4) Rutherford scattering cross section depends on 6, it is not isotropic. There is non-trivial
scattering for large impart parameters. In other words, different incoming angular momenta
L = mub of the projectile scatter differently but non-trivially. This is to be contrasted with a
very short range potential (like a delta function or a Yukawa potential e~"/¢ /r with & much less
than the impact parameter or de Broglie wavelength of incoming matter waves), where S-wave
(L = 0) scattering dominates, and there is no scattering for larger impact parameters b > &,
and do /dS) is independent of 6.

e (5) Though the differential cross section decays monotonically as ¢ goes from 0 to 7 (back
scatter), there is still significant scattering through large angles. The fall-off would be much
faster if the repulsive charge isn’t concentrated at a point, but spread all over the atom. This was
the experimental signal favoring Rutherford’s nuclear model of the atom over J J Thomson’s
‘plum pudding’ model.

e (6) The same Rutherford formula arises in non-relativistic QM in the first Born approximation
(which is valid at high (non-relativistic) energies). If £ = h?k? /2m is the initial and final
kinetic energy (elastic scattering, the electron just changes direction), then the magnitude of
transferred momentum q = Ef — k; = kP — k2 is ¢ = 2k sin(6/2) since

= (k7 — k2)* = 2k*(1 — cos ) = 4k*sin*(0/2) (26)

The Born scattering amplitude f (6, ¢) is proportional to the Fourier transform?®° of the potential,
f(0,6) = — 55V (q) where

i
Vi@ = [ Ve i md Vi) =22 o v - 2 @7)
4mr q?
And the cross section is the square of the scattering amplitude
2m - 2m q1g2 Qg 1 do 2 ( Qg >2
0 ~ — ~ — = — — = ~ | —"—
19,9) 4th? (@) Ah? > 167E sin?60/2 /] 167 E sin?6/2
(28)

its own. Other potentials may have a length scale £ associated with them, in which case the formula for the
cross section could depend on both £ and £. An example of non-point-like particle scattering is hadron-hadron
scattering, hadrons have a size a of order a Fermi and at high energies, the cross section approaches a constant,
roughly the classically expected value of 7(2a)?.
20The FT can be got from knowledge that the electrostatic potential for a point charge e, ¢ = e/4nr sat-
1sﬁes Poisson’s equation —V?2¢ = r= ed3(r ) since E = —V¢ and V- E = p. Fourier expanding
f(b €T [dg] and V2¢(r) fq2¢ e'*[dq]. Using 6%(r) = [ €’@"[dg] Poison’s theorem gives

( )Z—e/q if ¢(r) = —e/4mr.
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e (7) In a relativistic treatment using Feynman diagrams in QED, scattering between a pair
of charges is (at leading order) due to exchange of a virtual photon. For example, one may
consider electron muon scattering or electron proton scattering (so that one of the particles is
much heavier than the other and we may ignore its recoil, just as in the «-gold nucleus case.)
The calculation is more involved (dealing with Dirac spinors), but the answer, Mott’s formula
(see for e.g. Griffiths 2nd ed., p.255 ), bears a resemblance to Rutherford’s formula (and reduces
to it in the non-relativistic limit p < mc). Assuming both particles have charge of magnitude

6,

p is the magnitude of the lab frame momentum of the electron, m its mass and 6 the scatter-
ing angle. In the non-relativistic approximation p?/2m is simply the kinetic energy E of the
incoming electron.

2.2 Need for quantum treatment and high momentum transfers

e Quantum effects become important when we are interested in phenomena at a length scale
comparable to or smaller than the typical de Broglie wavelength A = h/p of the particles in-
volved. Atoms are about an angstrom in size. The typical electron kinetic energies K E (by
kinetic energy we mean \/p2c + m2c* — mc?, which reduces to p*/2m in the non-relativistic
limit) are of order eV or 10 eV (binding energy is 13.6 eV, and kinetic and potential ener-
gies are comparable) and the electron mass is half an MeV, so a non-relativistic treatment suf-
fices, though relativistic effects are manifested in the fine structure of atomic spectra. Typical
atomic electron momenta are p = v2mKE ~ 1 keV /¢ implying de Broglie wavelengths
A== 2008MeV/m ~ 2 Angstroms, comparable to the size of atoms. Atomic electrons
require a quantum mechanical treatment.

e Nuclei are of size 1-10 fm as we go from deuterium to uranium. The binding energy of
a helium nucleus is 28 MeV while the rest energy of its constituents is 3755.67 MeV. More
generally, the binding energy per nucleon in a nucleus ranges from 1-2 MeV to 10 MeV, which
is much smaller than the rest mass 938 MeV/c? of nucleons. So nuclear structure may be treated
non-relativistically. The momentum of a proton with kinetic energy 2 MeV is about 60 MeV/c.
It follows that the reduced de Broglie wave length is about X = Z—E ~ % ~ 3.3 fm which
is comparable to nuclear dimensions. So like in atomic structure, non-relativistic gm provides
a good first approximation to nuclear structure.

e In most of sub-nuclear particle physics, we require both quantum mechanics and special
relativity since particle kinetic energies often significantly exceed their rest energies (10 GeV
electrons or 1 TeV protons!) and we probe subnuclear dimensions comparable or smaller than
relevant de Broglie wavelengths. Moreover, number of particles is typically not conserved (e.g.
due to pair production), which is forbidden in non-relativistic gm.

e To resolve structures at small length scales we need probes with high energy (or momentum
transfer). To see why, note that the diffraction limit of resolution d of an optical microscope is
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given by Abbe’s formula
A

2n sin «
where o = @ is the aperture angle of the objective lens (half the opening angle of the cone of
light it receives from the source via the specimen) and A the wavelength of light used and n
the refractive index of the medium between specimen and objective. So shorter wavelengths
of light (or higher energies & = hc/)\) resolve better. For a general probe (including matter
particles), we have by de Broglie’s relation A = h/p

h
2psin 6

d~ (30)

~ 31)
Now @ is the maximum angle through which the incoming particles have been scattered from
initial momentum p; = pZz to final momentum p; = pr, assuming elastic scattering so that
Ipi| = |py| = p. It follows that the momentum transfer ¢ = p; — p; has magnitude ¢* =
2p% — 2p? cos 9.0r q = 2psin(0/ 2) So d =~ 2{}#(9/2) and we need larg.e mqmentum transfers
to probe short distances by scattering through any particular angle. By using virtual photons and
weak gauge bosons with large momentum transfers in ep and vp scattering, the deep inelastic
scattering experiments of the late 1960s and early 1970s discovered the quark structure of the
proton.

e By 2014, momentum transfers of order ¢ = 200 GeV/c and more are available. This cor-
responds to a resolution of d = hc/(200 GeV') ~ 10~®¥m. Quarks, (and leptons and gauge
bosons) behave like point-like particles down to this resolution.

e High energies are also needed to produce the particles encountered in particle physics, since
they have high masses like myiges = 125 or myop = 175 GeV/ c?. Inan ete™ colliding beam
experiment, the cm energy is available for production of new particles.

2.3 Resonances and Breit-Wigner line shape

e Most of the particles discovered are unstable, they decay to other particles through one or
more ‘decay channels’. E.g. Z° — v or Z° — ete™ or Z° — ¢q. They often do not live long
enough to leave tracks in detectors, but are manifested as peaks (resonances) in scattering cross
sections. Resonances are real (‘on-shell’) particles, they are not virtual particles (of course,
a Z can also appear as a virtual intermediary in a calculation). Hadrons are bound states of
quarks and gluons held together by the QCD interactions. However, some hadrons (like the A)
can decay via the strong interactions to lighter hadrons. Hadrons that decay through the strong
interactions are called hadronic resonances, typically they decay in 10~2*s. Those hadrons that
do not decay strongly may decay weakly or electromagnetically, and typically live much longer,
so they are called stable hadrons (e.g., nucleons, >, A, = among baryons (and their anti-
particles) and pions, kaons and 7° among mesons — they are usually not called resonances). The
neutron is a stable hadron, it decays weakly with a mean life of about 15 minutes. The proton is
the only hadron that has not been seen to decay. The first baryonic resonance identified was the
A resonance, which decays strongly to a pion and a nucleon (it comes in 4 charge states, which
form an isospin 3/2 quartet A~ A°, AT AT). Conversely, it is found that the cross section
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for - N scattering goes through a local maximum (‘resonance’) when the invariant mass?' of
the m — N colliding system crosses the ‘mass’ of the A (1232 MeV). Hadronic resonances
typically decay to the stable hadrons mentioned above via the strong interactions. Some of the
initially discovered hadronic resonances were denoted with an asterisk, e.g. K*, ¢*,=* N*,
A* etc. In more recent notation, different resonances with the same isospin are denoted with
the same letter and mass in parentheses (e.g. N(1440), N(1520) etc. and A(1232), A(1600)
etc., see the particle data booklet).

e The scattering cross section in the neighborhood of a resonance has a characteristic shape
called the Breit-Wigner resonance curve. It is a Lorentzian line shape characterized by an
energy width I' and a peak value opcax. A heuristic derivation follows.

e As in radioactive decay, the rate of depletion of a sample of N unstable particles A is pro-
portional to the number of particles present

dN
— =—-WN 32
i (32)

where W is the total decay rate. It is the sum of partial decay rates for the various channels
(labelled by i, A — a+ b, A — c+detc.) W = >, W;. Thus N(t) = N(0)e""*. The
time 7 = 1/W is called the mean life time of the particle, the time after which on average
N(0)/e particles survive. I' = AWV is called the energy width of the resonance (AW; = I'; are
the partial widths). By the energy-time relation, we would expect [' = h/7 to be the spread
in (rest) energies of the unstable state. The point is that an unstable state does not have a well-
defined (real) energy since it does not correspond to a stationary state (a stationary state has
wave function with purely harmonic time depenedance 1/(0)e~*#*/"). Suppose a population of
resonances are produced at ¢ = 0 or observed to exist at ¢ = 0. Then for ¢ > 0, we could
model the amplitude (whose square should be the number of surviving particles) as,

() = p(0)e MU=t \where M is the central value of the rest mass of the resonance,

(33)
so that N (t) = [1(t)]? = [¢(0)]?e~"/™ where N(0) = |1(0)[%. In natural units, the amplitude
in the energy basis is given by the Fourier transform of ) :

X(E) = /Ooow@)em:ﬂ = (B = WO (34)

E-M+1%Z (BE-M2+ 2

In a collision of the decay products a, b at a center of momentum energy F, the cross section
for producing the resonant state A would be expected to be proportional to |x(E)[?. Thus the
Breit-Wigner resonance curve is

T?2/4
(E— M)2+12/4

U(E) = Opeak where Opeak — 4’¢(0)‘2/F2 (35)

I'The invariant mass is the Lorentz invariant length of the total initial 4-momentum +/(p, + px)2. It equals
the total energy of the colliding particles in the center of momentum frame, which is the frame in which the total
3-momentum is zero.
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This is a bell-shaped curve (‘Lorentzian’) centered at £ = M. I is the full width of the
resonance curve at half maximum (¢ = %apeak when £ = M +T1'/2) where Opeak 18 the peak
value of the cross-section. This is of course a simple model, but it does remarkably well in
fitting resonance cross sections. In practice cross sections may not quite be symmetric about
E = M and this can be understood using scattering theory. Moreover, the Breit-Wigner cross
section decreases only quadratically and the tail of one resonance can affect the cross section
due to a neighboring resonance.

e The first hadronic resonance to be discovered (by Fermi and Anderson in 1952 using the
Chicago cyclotron; the idea that they were seeing a resonance was suggested by K Brueckner)
was ptrt — ATt — ptrt. ATt = wuu is an isospin 3/2 baryon, an excited state of a
nucleon (nucleons have angular momentum half, while A has J = 3/2, the quarks are going
round with more angular momentum, a little like the difference between the 1S and 2P states
of hydrogen). It is a broad resonance with a width of I' = 120 MeV around a central mass of

1232 MeV. Being a broad resonance, A typically decays very quickly with a mean life time
T=1~10"%s.

e The Z' boson arises as a resonance in e"e~ annihilation (to any final state), at M, = 91
GeV with a full-width I' = 2.5 GeV. What is its life time? Since I' is the sum of partial widths
for the various decay modes, the more the number of contributing decay channels, the wider
the resonance. Z can decay to any ff pair where f is a quark or lepton whose mass is less
than half that of the Z° (so Z° cannot decay to ¢t or W+ W~ though a virtual (far off-shell)
Z can produce a real W™ pair in high energy e*e™ collisions). In fact, this can be used to
bound the number of neutrinos to which the Z° could decay. The experimentally determined
Z-width (I' = 2.5 GeV) can be used to show that there can be at most 3 types of neutrinos of
mass less than Mz /2 that the Z couples to, indeed one finds N, = 2.99 + 0.01. In particular,
there cannot be a 4th generation of leptons with a light neutrino that couples in the same way as
the first 3 generations.

e The Hoyle state is a narrow long-lived (I' = 10eV) resonance of the Carbon nucleus with
a mass 7.654 MeV above the C}? ground state. It was predicted to exist by F Hoyle in 1953
and experimentally found subsequently by W Fowler. This resonance is the key to carbon
synthesis in helium burning stars via the so-called triple alpha process. The existence of this
resonance allows (by increasing the cross section to a level that is adequate to explain the ob-
served abundance of Carbon in the universe) three alpha particles to fuse (first two as fuse to
form beryllium-8, which can capture a third « particle.). The Ci? resonance then decays by
photon emission to arrive at the carbon ground state.

e The lowest lying baryons (spin half baryon octet (n, p,X*, X%, == =%)) and lowest lying
mesons (spin zero meson nonet (7%, 7%, K*, K% K° n.1')) are the stable hadrons built from
light quarks (u,d,s). They are all stable against strong decays. With the exception of the
proton, all of them decay via the weak or EM interactions, which makes them quite long lived
on the 10723 s time scale of the strong interactions. Above these (in mass) we have baryonic and
mesonic resonances with spin more than half and more than zero respectively. These resonances
decay through the strong interactions. The lightest resonances are the spin 3/2 baryon decuplet
(10 of them the A, >* =% () quartet, triplet, doublet and singlet) and the spin one meson nonet
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(p, K*,¢,w). Look up the quark content of the baryon decuplet and arrange them in an I3
vs S plot. Baryonic resonances with higher spin (5/2, 7/2,9/2,11/2) have been found, as have
mesonic resonances with spin 2,3, 4.

e When the squares of the masses M? of hadronic resonances are plotted against their spin
(total angular momentum J) one often finds collections of resonances with a linear relation
between M? and L. These collections are called Regge ‘trajectories’. For example, we have
the Regge trajectory of rotational excitations of the spin 1 p meson, spin 2 A, meson, spin 3
g meson and spin 4 § meson. Similarly there is a Regge trajectory of rotational excitations of
the J = 3/2 A. The trajectories seem to have roughly the same slope but different intercepts.
We will discuss Regge trajectories later.

2.4 Size and binding energy of non-relativistic bound states

A non-relativistic bound state system is one where the speeds v of constituents (in the rest
frame of the system) are small compared to c¢. Examples include atoms, the solar system,
molecules, nuclei (with more than one nucleon) and mesons with two heavy quarks (.J/¢ = c¢
and T = bb). We may use the uncertainty principle to argue that the size R of such a system
is large compared to the Compton wavelengths A\ = mic of the constituents. Let us estimate
Az ~ R,Ap ~ muv. Then Rmv ~ h if we take the uncertainty bound as a reasonable
estimate, which is usually reasonable for low lying states. It follows that  ~ %% = ﬁ. So
v < c implies A < R, i.e. the Compton wavelengths of constituents are small compared to
the spatial extent of the bound state. An atom is a good example (electron Compton wavelength
2.4x 10712 m is less than the Bohr radius). Such a non-relativistic system also has small binding
energies compared to rest masses of constituents. Indeed, typically mean kinetic and potential
energies are of the same order (the virial theorem relates them), so we may take the binding

energy BE ~ mv®. Then 25 ~ Z—j < 1.

e Estimate the binding energy of the earth in its bound orbit around the sun. How does it
compare with the sum of rest mass energies of the sun and earth? Compare with the situation
in the Hydrogen atom.

e Relativistic bound states include protons, pions and indeed any hadron made from the light
quarks. They have binding energies comparable to or exceeding the rest energies of constituents,
which move at speeds comparable to that of light. Typically, they do not consist of a definite
number of particles. Relativistic bound states are poorly understood.

2.5 Angular momentum
2.5.1 Representations of angular momentum Lie algebra

e In non-relativistic QM, angular momentum observables, irrespective of whether they are or-
bital, spin or combinations of both satisfy the same angular momentum (SU(2)) Lie algebra
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commutation relations?

[JZ‘, J]} = iheiijk (36)
Check that J? = J? + J7 + J3 commutes with all three, it is the only independent Casimir
of the algebra and spans its center. In qm, angular momentum observables are represented as
hermitian operators. Irreducible representations are labelled by the eigenvalues of .J?, which is
a multiple (7%j(j + 1)) of the identity in any such representation. It is conventional to choose a
basis for a representation where J? and .J, are diagonal, there are at most two such independent
operators that are simultaneously diagonalizable. An angular momentum j irreducible unitary
representation is 2j+1 dimensional, the representation space is C¥*!, The 2j+1 simultaneous
eigenstates of J? and J, are |jm) with eigenvalues %j(j + 1) and him respectively. Here
m = —j,—j+1,...,7 — 1,7 and j is either a non-negative integer or half an odd positive
integer. This is obtained by defining the raising and lowering operators J. = J, = J_ which
satisfy the commutators [J?, Jy] = 0 and [J., J.]| = +hAJ.. These imply that J. raise and
lower the value of m without affecting j. The boundedness (above) of J? = J* — J2 — .J;
can be used to argue that J_ and J, cannot indefinitely lower and raise the value of m in a
given irreducible representation. One finds that there are states of highest and lowest angular
momentum projection J, [jj) = J_|j, —j) = 0. Moreover,

Jeljm) = h/j (G +1) = m(m £ 1)[j,m £ 1). 37)

The factor on the right is obtained from the identities J? = J, J_+J2—hJ, = J_J, +J?+hJ..
It gives us the matrix elements of J. (in this basis) in the representation labelled ;.

e For 7 = 0 we get a 1d irreducible representation with J; represented by the 1 x 1 zero matrix
for all components ¢. This is the ‘trivial’ representation, but nature has chosen it for all the spin
zero particles including the Higgs, pions, kaons, 7,7’. The spin state of any such particle is
given by a single complex number, the corresponding field is just a 1-component function of
location (scalar field).

e By contrast, in the 7 = % representation, the spin wave function is a 2 component complex
vector (‘spinor’). All quarks and leptons have spin half as do the octet of spin half baryons
(including the nucleons). For j = £, in the basis in which J, is diagonal, J; = {ho; in terms
of the Pauli matrices

(01 (0 =i\ (10, (0 2 (00
1=\1 0) 27 \i o =\o -1/ *7\o o) 7“7 \2 0
(38)

o; span the space of 2 x 2 hermitian traceless matrices and satisfy the Lie algebra [0;,0;] =
2ue510% . They also satisfy the identity (special to j = %) 0;0; = 0;;1 + i€;jp0, which implies
the anti-commutation relation 0,0, + 0;0; = 20;;.

e For j = 1 the matrix elements in the |11), |10), |1 — 1) ordered basis are

010 000 10 0
Jo=+v2r|0 0 1], J=v2r|1 0 0], and J,=KH|0 O O (39)
000 010 00 —1

22The same SU(2) Lie algebra applies to the spin of relativistic particles, as long as they are not massless. Spin
of a massless particle is not described by SU (2), and will be discussed later.
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Massive spin one particles include the W*, Z° weak gauge bosons and vector mesons p, K*, ¢, w.
The spin of a massless particle is not described by the SU(2) Lie algebra. So the photon and
gluon, which have spin 1, are not described by the above states, in particular, they have only
two, not three spin states (‘polarizations’).

e The next possibility is j = 3/2. The A baryons (AT (vuu), At (uud), A°(udd), A~ (ddd))
have angular momentum (spin) 3/2 and their spin wave functions can be thought of as 4-
component vectors with angular momenta represented by 4 x 4 matrices.

e An infinite dimensional (reducible) representation of the angular momentum algebra is pro-
vided by the orbital angular momentum differential operators L; = (r X p); = eijkrj(—ih%)

acting on wavefunctions 1 (r, 6, ¢). Despite appearances, L; don’t involve the radial coordinate
r (check that L; f(r) = 0). In fact,

0 3} 0 d
L= il L.—in(smne’ 9N L—in(- K ol )
ih lh(51n¢86+00t9C05¢8¢> y zh( cosd)ae—l—cot95m¢8¢>
(40)
So they take functions on the unit sphere f(f,¢) to functions on the unit sphere. A conve-
nient basis for square-integrable complex-valued functions on S? is provided by the spherical

harmonics Y,,,(0, ¢). We may expand any such function uniquely as

00 l
V(0,8) =YY cnYim(0,0), cm €C. (41)

=0 m=-I

Each angular momentum [ representation for [ = 0,1,2. .., appears as a sub-representation of
this infinite dimensional representation. Each eigen-space (with eigenvalue 7%[(l + 1)) of the

Casimir L s 5 L
2 32| + YL ,0 I
L7 ==h [sin 6 00 (sm 98«9) * sin? 0 3¢2} ‘ “42)

is an invariant subspace and carries the irreducible angular momentum [ representation.

2.5.2 Angular momentum and rotations

e Angular momenta are known to generate rotations in classical mechanics (infinitesimal canon-
ical transformations, say via the Poisson bracket). In qm, orbital angular momentum compo-
nents L; = eijkrj(—ih%) generate rotations in the sense that the action of the infinite di-
mensional unitary operator U(n, ) = exp(ifL - n/h) on the coordinate space wave function
gives

L) (r) = 1p(Rr). (43)

where R = ¢ is the 3 x 3 SO(3) rotation matrix (obtained using the j = 1 representation
of L;) corresponding to the rotation of Euclidean space by angle 6 counterclockwise about 7.
For an infinitesimal rotation, Rr = r + (0¢)n x r. An infinitesimal rotation corresponds to
U1+ %(n$Lw +nyL, +n,L,) where i = (n,,ny,n,).

iOL-7/h

e If 7/(r) is the coordinate space wave function with respect to a coordinate frame F, then ¢ =
U(n,0)1 is the wave function with respect to a rotated frame F’. In general, the expectation
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values and matrix elements of observables ((¢|A|¢))) depend on the coordinate frame used,
they are related by (¢/|AJ)") = (¢|UTAU|). A scalar observable is one that has the same
matrix elements in all frames related by rotations. Applying the condition to an infinitesimal
rotation we find that a scalar operator must commute with the angular momentum generators
[A, L;] = 0. The hamiltonian H = p?/2m — e? /47r of the hydrogen atom is an example of a
scalar observable, as is the Casimir 2.

Transformation of a j = 1 triplet under rotations: vectors

e The states of a j = 1 multiplet transform like an ordinary three vector under rotations. To
see this, consider a j = 1 triplet |m), m = 1,0, —1. Under an infinitesimal rotation U (2, ) ~
I +ih~ 'L, about the 2 axis, we find

S|m) = ik '0L,|m) = iOm|m). (44)
So |0) is unchanged while the | + 1) states transform into multiples of themselves,
S| £1) = +if| £ 1). 45)

Moreover, check that a rotation by § = 27 leaves the state unchanged, U(Zz,27) = I.

e To see the connection to rotation of a vector, recall that under an infinitesimal counter-
clockwise rotation of axes by angle #, the components of a vector vy, vg, v3 transform into

vy 1 —sinf 0 1 1 -6 0 1
vy | = | siné 1 0 m|l~[60 1 0 Vg (46)
vl 0 0 1/ \vs 0 0 1/ \vs

So dv; = —fAvy, dvy = Bv; and dvs = 0. In this basis, v; and v, are mixed under a rotation.

To ‘disentangle’ them we can go to the ‘helicity basis’ by defining the complex combinations
vy = (v T 1ivy) so that (upper signs are read together and lower signs give a separate equation)

ovy = dvy £ 10vy = —Ovy £ i0v; = £ifvy, dvs = 0. 47

This is precisely how the states of an angular momentum j = 1 triplet transform under rotations.
Partly for this reason, a massive spin-1 particle is called a vector particle. Taking the z direction
along its momentum, the m = =£1, 0 spin-projection states are called the positive, negative and
zero helicity states. This explains the use of the term ‘helicity basis’ above. As shown, they
transform under rotations in the same way as components of a 3-vector. The W and Z weak
gauge bosons are examples of spin-1 vector bosons. Photons and gluons are also spin-1 vector
bosons, but they are massless and lack the zero helicity state, they only come in positive and
negative helicity versions. We are aware of this from the purely transverse polarization of EM
waves. W and Z particles can have longitudinal as well as transverse polarizations. Spin for a
massless particle is not described in terms of the SU(2) Lie algebra commutation relations, it
is more subtle, we will study it later.

Transformation of a j = % doublet under rotations: spinors

e Transformation of ;7 = % spinors under rotations. C? is the space of states of a spin half

system. Any such state (spinor [¢))) is a linear combination of m = =41 eigenstates of o3,
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| 1) = ((1)) and | |) = (?), 1) = ct| 1) +¢;| J) with |e4]? + |¢;]? = 1. Under a rotation, a

spinor transforms by the unitary matrix U(n, #) = exp 5i0d - . Using o7 = I we get
U (i, 0) ) = €277 ) = cos(0/2)I[¢) + io - sin(0/2)|4:) (48)
For example,

UlT) = cos(0/2)] 1) +isin(0/2)(na| 1) +iny| 1) + 12| 1))
= [cos(0/2) +in,sin(0/2)]| 1) + [sin(8/2)(in, —ny)]| 1) (49)

Starting from, say, the | 1) spinor, by suitable choice of n and 6, U| 1) can be made equal
to any |¢)) € C2. Indeed the set of such unitary transformations is a three parameter family
(parametrized by the direction 7 and angle 6) as is the space of unit spinors in C?. So there is
always a rotated coordinate frame in which a given spinor is just | 1). The analogous statement
is not true for j > 3 since rotations are still a 3 parameter family but the unit vectors in C%+!
are a larger (4j+1 real parameter) family. So not every unit vectorina j = 1 multiplet (C?) can
be rotated to the |j = 1, m = 1) state. (Rotations of 3d Euclidean space, which are represented
by the unitary operators U(7,6) on C**1 do not exhaust all unitary transformations of the
Hilbert space for 7 > %.) An interesting physical consequence (according to T D Lee, as I
learned from H S Mani) is that spin half particles cannot have a quadrupole moment while
higher spin particles can.

e Moreover, to any unitary transformation of C2, there corresponds a rotation of 3d Euclidean
space IR3, this is not true for j > % If the C? is the space of states of a spin half system,
then the corresponding Euclidean space is just ordinary coordinate space. But C? could also be
the space of isospin states, then the corresponding R? is not ordinary coordinate space but an

‘internal’ isospin space.

e The observables of any two state system (hermitian 2 X 2 matrices) can be written as a linear
combination of Pauli matrices and the identity matrix A = agl + a;0;. And the states of a 2
state system can always be written as a linear combination of | 1) and | |), where 7, | are the
eigenstates of ¢5. This analogy between two state systems and the spin j = 1 system is often

2
exploited in the treatment of two level systems (atoms, particles etc).

e Interestingly, a rotation by 27 does not return a non-zero spinor to its initial state since
U(n,2m) = —I. But a rotation by 47 does, U(n,4m) = I. We say that a spinor (state vector
of a spin half system) is double valued in ordinary 3d coordinate space. This double-valued
nature has been experimentally detected through interference of beams of spin-half particles
(neutrons) whose spins have been rotated using magnetic fields.

2.5.3 Comment on helicity and spin

e For a massive particle, its intrinsic angular momentum (spin) could be defined as its angular
momentum in its rest frame. More generally, spin can be defined via the helicity ~ = J-p, which
is the projection of total angular momentum on the momentum of the particle. The advantage of
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this concept is that it applies to massless particles like the photon, that cannot be brought to rest.
A massive particle can viewed in a frame in which it is going slowly, where non-relativistic QM
applies, and then by taking Z along p, it is clear that h = —s,s+ 1,...,s — 1, s where s is its
spin. More generally, we can define the spin of a particle to be the maximum value of helicity.
We will find that i = 41 for a photon, so it is a spin one particle. For an electron h = j:%, itis
a spin half particle. W* and Z° have h = 0, £1, they are spin one particles. Unlike a massive
particle, a massless particle of spin s has only two possible helicities h = +s. This is familiar
to us from the lack of longitudinal polarisation for EM waves.

e The Higgs is the only spin zero (i.e. scalar) elementary particle in the SM. Quarks and leptons
have spin half. Photons, gluons, W* and Z° have spin one (i.e. vector particles). Gravitons
would have spin 2. Composite particles like hadrons, nuclei and atoms too can be characterized
by an angular momentum J. This angular momentum is due to a combination of the spins of
the constituents as well as the orbital angular momenta of the constituents. When we speak of
the spin of a hadron or nucleus or atom, we mean its total angular momentum J.

e Nature seems not to have used elementary particles of spin higher than two. However, there
are composite particles with higher spin. Hadrons furnish many examples. Pions and kaons,
n,n’ have spin zero. The baryons p,n, Y, A, = have spin half. The vector meson resonances
p,w, ¢, K* have spin one. The baryon resonances A, ¥* =* () have spin 3/2. Meson reso-
nances with spin as high as 2,3 and 4 have been found. Baryon resonances with spins as high
as 11/2 have been found. For example, among the excited states of the nucleon, the isospin
3/2 A(2400) and A(1920) baryons have spin 11/2 and 7/2 respectively, while the isospin
half baryons N (2190) and N (1688) have spin 7/2 and 5/2 respectively.

e The hydrogen atom (in any state) has integer angular momentum. Indeed, any bound state
of an even number of spin half particles (e.g. proton and electron) must have integer spin since
% ® % = 0@ 1, and the orbital angular momentum of any state of hydrogen is always an integer
[l =0,1,2.... Thus the total angular momentum J = L + S of an H-atom must correspond to
integer j. The deuteron has total angular momentum one, it is a spin one particle.

e The concept of helicity originally arose as a conserved quantity in inviscid fluid flow. A =
w - v where v is the velocity vector field and w = V X v is the vorticity field. So spin of a
particle is a bit like vorticity of a fluid element.

2.5.4 Clebsch Gordan coefficients

e Consider a combination of two systems described by the angular momentum observables Ji,
J, which commute with each other. Moreover suppose the individual systems have fixed an-
gular momentum quantum numbers j = j; and j = j, respectively (corresponding to their
individual Hilbert spaces C%i*! carrying the relevant irreducible representations). Their re-
spective Hilbert spaces have bases [j;,m) and |js, m2) with appropriate ranges of mq, ms.
E.g., we may be combining the spin and orbital angular momenta of an e~ in an atom, or the
spins of the two e~ s in a He-atom, the isospins of a 7 and a nucleon or p and n in a deuteron.
The combined Hilbert space is the tensor product C¥i*1®@C%i*! which is the span of the tensor
products of the basis vectors of the individual Hilbert spaces {|j1m1) ® |jams)}. Its dimension
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is the product of dimensions. The total angular momentum J = fl QRI+1® fz =J+ Jy
again satisfies the angular momentum algebra and the eigenvalues of J? are h%j(j + 1) where
the possible values of j are (recall angular momentum addition or see below)

g1 = Jals [ — el + 1, [J1 = Jal = 1, 41 + Jal- (50)
In other words, the combined system does not (in general) carry an irreducible representation
of angular momentum due to the presence of more than one highest weight state (annihilated

by J, = Ji + Jo, ). Instead we have a direct sum decomposition of the tensor product Hilbert
space into irreducible multiplets

CHHRCH = j1®js = |j1 —jo|l ® (1 —Jo| + 1) @ ... & (|j1 — jo| = 1) ® 51 + Jo|- (5D

The total state space C*171@C?2*! has the uncoupled basis of tensor product states |j3m1)|j2ms)
in which J2, Jy,, J2, Jo, are all diagonal. It also has a coupled basis labelled by |jmj;j2) ab-
breviated |jm) (where A%j(j + 1), hm are the eigenvalues of the total J and total J,) in which
J?,J,, J?, J2 are diagonal. Both the uncoupled and coupled bases are orthonormal bases for
the total state space, so one may write

lym) = Z Climmims|ma)|ma) (52)
mi+ma=m
with the restriction of the range of summation arising from J, = .J;, + J5,. The CG coefficients
C... are the matrix elements of a square (2j; + 1) x (2j + 1) dimensional orthogonal matrix.
Let us find them in some important examples.

e Clebsch-Gordan coefficients for addition of j; = % and jo, = % is important in a 2-electron
system like the He-atom or a 2 nucleon system like the deuteron. Here j = 1,0 so % ® %
decomposes into the direct sum of a triplet {|jm) = |11),]10),|1 — 1)} and a singlet |jm) =
00). Now |2)|3) =11 is the only tensor product state with m = m; + my = 1, so we must

have (with suitable choice of phase)

1

5)- (33)
To find the CG coefficients for |10) we apply J_ to |11) or J; to |1l — 1) and recall that
Jilim) = \/j(G +1) —m(m £ 1)h|j,m £ 1). In natural units (7 doesn’t appear in the CG
coefficients anyway),

J-|11) = V2[10) = Jio| DI 1) + B | DI 1) = [ DI+ D] ). (54)

Thus |10) = 272(11 + Jl). The singlet state [00) has m = 0 and so must be a linear
combination a 1] +b |1. The coefficients must be determined (up to normalization) by the
condition that |00) must be annihilated by J., or equivalently that it must be orthogonal to
10). The latter gives |00) = 272(41 — ]|). The CG coefficients may be summarized in a
4 x 4 matrix

1.1 o 1
]11>:|§>|§> and similarly \1—1>_|_§>|_

(55)
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with columns labelled by the ordered uncoupled basis states | )| 1), | 1| 1), | O D, 1 D] 4
and the rows labelled by the ordered coupled basis states |11), |10}, |00), |1 — 1) in decreasing
order of m. The CG coefficient Cj,.,m, 1S given by the entry in the jm row and the m;ms
column. Check that CC* = I. Our choice of ordered bases and phases ensures that C' is both
orthogonal and symmetric as a matrix.

e Find the Clebsch-Gordan coefficients for addition of ;7 = 1 and j = % The combination
decomposes as % @ % The uncoupled basis is ordered as

DI, (DT, 1011, (0O, =11, [=DI . (56)

and the coupled basis is ordered with decreasing m = my + ms
e The matrix of CG coefficients for 1®1 = 3@®1 with rows and columns labelled by uncoupled

and coupled bases (in the order given above) is (by choosing phases in a suitable way so that it
is a symmetric matrix)

(58)
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2.6 Resonant scattering from partial wave expansion

e As an application of angular momentum and potential scattering theory, we re-derive the
Breit-Wigner formula for the elastic cross section a + b — ¢ — a + b (in the vicinity of a
resonance c) using the expansion in angular momentum partial cross sections. Suppose the
resonant sate ¢ occurs for center of momentum energies £ in the neighborhood of the central
mass M then the Breit-Wigner formula is

- r2/4
Oelastic ~ Opeak (E _ M)Q + F2/4

(59)

We will relate the energy width I' and the peak cross section opeqx to the phase shift and
incoming wave number k appearing in the partial wave expansion of potential scattering. Now
the Breit-Wigner formula for the cross section must be considered as a local addition (around
E = M) to the background cross section when the particles are off resonance. For example,
the m/V cross section is typically around 20-30 mb, but near the resonance (i.e. around a centre
of momentum energy 1232 MeV of the m/N' system -or- pion kinetic energy 195 MeV in the
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rest frame of the nucleon), the cross section goes up to 200 millibarns! Similarly, the eTe™
annihilation cross section which is around 1 nb at a CM energy of 86 GeV, suddenly goes up to
30 nb at E =91 GeV around the Z° resonance.

e Recall that the differential x-section g—g is the absolute square |f(6,®)|* of the scattering

amplitude. For a spherically symmetric scattering potential V' (r) f is independent of the az-

imuthal angle ¢. Legendre polynomials < f_ll P(x)Py(z)dr = TL(M) provide a basis for
functions of = = cos#, so the scattering amplitude may be expressed as a sum of partial wave
amplitudes
f(0) = 2(21 + 1) a; Pi(cos ). (60)
l
The partial wave amplitudes may be expressed in terms of the phase shifts J; (one uses unitarity

to get this formula) 5 5
e — 1 e¥igin g,

T (61)
where k is the angular wave number (hk is the momentum) of the incoming particles. The
incoming particles have kinetic energy K'E = h?k?/2m. Note that this kinetic energy is not
the same as the energy E that appears in the Breit-Wigner formula. The latter is the centre
of momentum energy of the colliding particles a and b, or equivalently, the Lorentz invariant
quantity E = \/(ps + pj)?. Using the orthogonality of Legendre polynomials, the total elastic

cross section is expressed as a sum of partial cross sections

= 4
o=dr > 2+ Daf or o=Y o where o= k—Z(Zl +1)sin?5.  (62)
1=0 !
The incoming plane wave
ks = gikreost Z i'(20 + 1)5;(kr) P(cos 6) (63)

=0

may be resolved into spherical waves of definite angular momentum [. Each scatters with a
partial cross section o;. Off resonance, various angular momentum channels contribute. But
near a resonance, a particular angular momentum channel tends to dominate the cross section
oy, > oy for | # ly. This may be visible in the angular distribution of scattered particles: near
a resonance, they would be distributed roughly like P, (cos#)? (over and above a non-resonant
background cross section). Based on this experimental finding, we will say that if |q;|? passes
through a maximum at some value of | = [ for some particular wave number £ (or CM energy
E), then the partial x-section oy, will pass through a maximum and the two colliding particles
are said to resonate. The resonant state is characterized by the the angular momentum [, and
mass M corresponding to the center of momentum energy of the two particles at resonance.
For hadronic resonances, one may also assign an isospin and parity to the resonant state. Our
treatment here assumes the scattering particles are spin-less. More generally, the spin of the
scattering particles also contribute, and the resonant state is characterized by a total angular
momentum J which receives contribution both from [/, and from the spins s, and s;. For the
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J = 3/2 A resonance, since s, = % and s, = 0, we would expect that the resonance is in the
{ = 1 channel.

e The condition for a resonance in the angular momentum [ channel is that ¢;(k) = 7/2. In the
neighborhood of a resonance, we will assume that o, (after subtracting the non-resonant back-
ground cross section) is well approximated by the partial cross section o;, which has reached a
maximum. Then

o~ o= 4m(2 + 1)|a|? (64)

Now let us write the partial wave amplitude in a manner suggestive of the Breit-Wigner formula

which involves a quotient,

sin 51 1
ka; = — = 65
@ e~ cotd —1 (65)

The resonant energy £ = M is defined as the one at which §, = 7/2 or cot ¢; = 0. Expanding
in a Taylor series around &/ = M we have

cot0)(E) = (F — M)diE cot &(E)p=m + O(E — M) (66)

The derivative has dimensions of inverse energy, and we define I' by

d 2
d—ECOt5l(E)|E:M = _f (67)

The factors are chosen so that I' coincides with the full width at half maximum appearing in
the Breit-Wigner line shape. Then near the resonance, the partial wave amplitude is
1 r/2

NN T E) i (M —E)—ij2 (©8)

Thus the partial cross section becomes

4 I/2 ? 4n

I2/4
Oelastic ~ 0] ~ ]{]2 (2l -+ 1) (M — E) — ZF/Q = ﬁ

(E— M)2+12/4°

20+ 1) (69)
This is the Breit-Wigner formula with opeax = 47(2] + 1)/k* where | = J is the angular
momentum of the resonant state. This applies to collision of spin-less particles a + b — ¢ —
a + b. More generally, if the colliding particles have spins s,, s, then the Breit-Wigner cross
section, averaged over the spin states of a and b is

Ar (2 41) I'2/4
Oelastic ~ 75 .
e k2 (25, + 1) (255 + 1) (E— M)2 +12/4

(70)

2.7 Introduction to concept of parity

e Parity or reflection through the origin I1(z, y, z) = (—x, —y, —z) is a discrete transformation
of Euclidean space. In spherical polar coordinates I1(r, 0, ¢) = (r,m—0, 7+ ¢). Il may also be
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regarded as a composition of reflection in the x — y plane (for instance) (z,y,2) — (x,y, —2)
followed by rotation by 7 about the z-axis. So in 3 spatial dimensions, reflection through the
origin and in a plane are both discrete transformations which cannot be continuously deformed
to the identity®®. If rotations are a symmetry of the system, then both definitions of parity may
be used. Parity is often called mirror reflection and satisfies 11 = I.

e It has been found experimentally that parity is a symmetry of gravitational, EM and strong in-
teractions, but not the weak interactions. As with other symmetries, if a Hamiltonian/Lagrangian
or law of nature is parity-invariant, then parity transforms solutions of the eq. of motion or al-
lowed phenomena into other solutions or allowed phenomena. EM and strong interactions are
parity invariant in the sense that the probability for any EM/strong process is equal to the prob-
ability for the mirror-reflected process. Gottfried and Weisskopf give an example from atomic
physics. Consider the angular distribution of radiation emitted by an ensemble of hydrogen
atoms in a definite excited state. If the laws of atomic physics and atom-radiation interaction
are parity invariant, then the angular distribution should be unchanged upon reflection in any
plane that leaves the initial sate probability distribution |t/ (r)|? invariant.

e Parity is a discrete transformation. When it is a symmetry, it leads to a conserved quantity,
though not via Noether’s theorem. Dynamics specified by a hamiltonian H is parity invariant
if [II, H] = 0. It follows that the expectation value of II in any state is conserved in time and
an eigenstate of parity remains one of the same parity. In a scattering or decay that does not
involve the weak interactions, the parity of the initial state (assuming it is one of definite parity)
must equal the parity of the final state. Moreover, eigenstates of the hamiltonian H|E) = E|E)
can be chosen to have definite parity (even or odd, if necessary by forming the combinations
|E) £ 11| E)) and the parity of a stationary state is constant in time. For example, spherical har-
monics Y}, (0, ¢) have parity (—1)!, as may be seen from the Rodriguez formula for associated
Legendre polynomials Yy, oc Py, (cos 0)e™™ where
Pn() = _oaml2giml L a2 _ (o

m(z) = (1 —27) dy (2l)”dx(a: 1) and x=cosf, II(0,¢)=(r—0,7+¢). (71)
e Parity of a system composed of two sub-systems is multiplicative, provided their interactions
are parity invariant. If the two sub-systems are far separated, the wave function ¥ = /1), is
a product and II = II;II,. Processes that bring the sub-systems closer will preserve parity by
assumption.

2.7.1 Transformation of scalars, vectors and tensors under reflection

e A vector is a quantity that transforms like position under rotations. Among vectors we distin-
guish between polar vectors that change sign under reflections, and axial vectors that are parity
even. For example, position r, momentum p, velocity v, acceleration a, force F, electric field
E, current density j and polarization € are polar vectors. A cross product of polar vectors is an

23By contrast, in two spatial dimensions, reflection in the origin (x,y) — (—, —y) is simply rotation by 7
in the x — y plane and cannot be used to define parity. Instead define parity in 2D as reflection in a line through
the origin, say the y-axis: (z,y) — (—x,y). The choice of the line does not matter as long as rotations are a
symmetry of the system
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axial vector. For example angular momentum L = r X p, torque r X F, and the magnetic field
B (dB « dl x r) are axial vectors. It follows that the vector potential (A in B =V x A)is
a polar vector. The cross product of polar and axial vectors is a polar vector, an example is the
Poynting vector S o« E x B. A linear combination of polar and axial vectors does not have
definite parity, though it transforms as a vector under rotations. Such a quantity appears in the
parity violating V' — A theory of weak interactions where the difference between a vector and
an axial vector current appears in the ineteraction.

e A scalar (under rotations) is a quantity that is independent of the orientation of the coordinate
frame. Examples include constants like the rest mass or charge of a particle and the speed of
light or fields like density, pressure, energy and temperature of a fluid. In fact, we identify
two types of scalars. True scalars (simply called scalars) are invariant under reflections while
pseudoscalars are odd under reflections. All the quantities mentioned above are true scalars.
The dot product of two polar vectors or two axial vectors is a scalar. For example, power
= F - v is a scalar, as is electromagnetic energy density %(E -E+ B-B). The dot product of a
polar and axial vector (e.g., E - B) is a pseudo scalar. The triple product of three polar vectors
is a pseudo scalar. Check that Maxwell’s equations are invariant under parity. Show that the
magnetic dipole energy o< L - B and electric dipole energy o< r - E (or o< p - A in radiation
gauge) are scalars.

e While strong and EM processes have been found to conserve parity, weak interactions violate
parity (maximally, in a sense). Angular momentum (both orbital and spin), being an axial
vector, does not change sign under parity, while momentum is a polar vector and does change
sign. It follows that helicity h = J - p is a pseudo-scalar. So parity reverses the helicity of a
particle. In particular, parity takes a h = —1 (negative helicity or left handed) neutrino to a
h = 1 (positive helicity or right handed) neutrino (draw a figure). RH neutrinos have not been
observed and are not included in the SM. This indicates that parity is not a symmetry of the
structure of neutrinos. We will discuss parity violation in the weak interactions later.

e Under an orthogonal transformation, the Levi-Civita symbol transforms as ¢, ik = Ry Rjj Ry €y
It follows that €),, = Ry, Ry, Rsi€;jx = det R etc. For a reflection det R = —1: the e symbol
changes sign under parity, it is a pseudo-tensor.

2.7.2 Intrinsic parity

e In addition to the parity of the wavefunction of a system of particles, we may assign an intrin-
sic parity to the constituent particles. Gottfried & Weisskopf give a nice motivating example.
Consider two J = 0 states |¢)s) and |¢,) of a He atom. In |1),), the electron spins are in a sin-
glet state and both electrons are in S-wave states of zero angular momentum, so II|¢)s) = |1)
and s has even parity, it is called a scalar. In |¢,), one electron is in a P-wave state, the
other in an S-wave state, giving L = 1 and I, = —1. The electron spins are in one of the
triplet states with S = 1. Orbital and spin angular momentum are combined in such a way
that J = L +S = 0. Since 1, is has odd parity, it is called a pseudo-scalar. Now, each of
these Helium states v;, 1), may be considered as particles in their own right and perhaps even
with the same center of mass wave function y(R). Nevertheless, they behave differently under
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mirror reflection, and are assigned even and odd ‘intrinsic’ parities. Of course, we could assign
these parities because we knew the substructure of these He states.

e Parity in atomic physics. In atomic processes, the number of electrons and nucleons is con-
served, while the number of photons may change. Consider 1-photon emission. The parity of
initial or final state is the product of (1) the intrinsic parities of the electrons and nucleons (2) the
parity of the orbital wave function of the electrons II;, IT; (sometimes called extrinsic parity)
and (3) the parity of the emitted photon state IL,. Since the numbers of nucleons and electrons
are conserved, the intrinsic parities of electrons and nucleons drop out and conservation of par-
ity implies 1I; = II/IL,. It is possible to assign a parity to the emitted photon state. 1-photon
states of definite angular momentum and parity are in 1-1 correspondence with certain solutions
of Maxwell’s equations, the electric and magnetic multipole fields. For instance II, = —1 in
electric dipole radiation while II, = 1 for magnetic dipole radiation In particular, the parity of
the electron wave function must change in an electric dipole transition. So an electric dipole
transition from 2S to 1S is forbidden by parity conservation while 2P to 1S is allowed. The
possibility of emitting single photons makes it possible to measure the parity of photon states,
something that is not possible for nucleons or electrons. In strong and EM interactions, elec-
trons or nucleons cannot be produced singly (unlike photons). An electron can only be produced
in association with a positron. It is possible to find the parity of the e*e™ pair, but not of an
electron. It is possible to produce electrons singly, as in a beta decay, but then such a process is
parity violating and cannot be used to find the parity of the electron.

e In strong interactions pions (and other mesons like kaons) play a similar role to that played
by photons in EM. An accelerated charge radiates photons while an accelerated neutron can
radiate pions. An excited hadron may decay by pion emission just as an excited atom may
decay by photon emission. In strong interactions, such as p +p — d+ 7" or p +p —
7" +p+n, pions can be produced or annihilated singly, and the parity of pions can be measured.
Pions have negative intrinsic parity, they are called pseudo-scalars since they have zero spin in
addition. Since isospin (which is a symmetry of the strong interactions) transforms pions into
each other, they must all have the same negative parity, as must the kaons and 7,7/, using the
SU(3) transformations among u, d, s quarks.

e The negative parity of 7~ was experimentally established by studying the decay of an ‘atom’
made of a deuteron d* = np and a 7~ . It was in its ground state (1=0) and it decayed to two
neutrons via the strong force. The outgoing neutrons were found to be in an [ = 1 state. In the
reaction npm~ — nn, the intrinsic parities of the nucleons cancel out. So the parity of the 7~
should equal the extrinsic parity of the final state, II,- = (—1)! = —1. The negative parity of
pion can also be explained using the quark model.

e While the intrinsic parity of a fermion is a matter of convention, fermion-anti-fermion pairs
such as eTe™ can be produced singly, and their parity measured (the 7° = dd — @u is another
example). From the theory of the Dirac field (to be discussed later) one can show that spin-half
fermion and anti-fermion have opposite intrinsic parities. By convention, electrons, muons and
tau leptons and all quarks are assigned even parity. It follows that a ¢gg bound state with zero
orbital angular momentum must have negative parity, as is the case for pions and kaons, they are
pseudoscalars (zero spin and odd parity). On the other hand, the p meson resonances (and the
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rest of the spin 1 meson nonet K*, w, ¢) are quark-anti-quark bound states with orbital angular
momentum [ = 0,7 = 1. They have odd parity and are called vector mesons (states of a 7 = 1
multiplet transform as a 3d vector as shown previously). Unlike a fermion and its anti-particle,
a boson and its anti-particle are not required to have opposite parities, for example, 7= both
have odd parity and the odd parity 7 is its own anti-particle.

e The number of nucleons is conserved in strong interactions, so their intrinsic parities cancel
out in reactions. By convention, nucleons are assigned positive parity. Since the spin-half
baryons n, p, A, ¥, = transform into each other under flavor SU (3) symmetry of the light u, d, s
quarks, all these baryons have the same even parity. This is consistent with the assignment of
even parities to all the quarks and the fact that the quarks are in an [ = 0 state in these lowest
lying stable baryons. Strange particles may be produced in pairs (of opposite strangeness, in
collisions of non-strange hadrons) in strong interactions, e.g. p +p — K™ + A% + p. So the
parity of the A°K* pair can be measured relative to that of the proton, it is negative. Since
kaons transform into pions under flavour SU (3) symmetry, they are assigned negative parity
while ITyo = +1 consistent with what we said about the spin half baryon octet. The spin 3/2
baryons A, >* =* () are composed of quarks which are again in orbital angular momentum
[ = 0 state, they too have even parity.

e [t is possible to assign negative intrinsic parity to photons (this is different from the parities of
the multipole radiation fields) and gluons, essentially because the vector potential A is a polar
vector. As we will see, parity is not conserved in the weak interactions, so we cannot consis-
tently assign parities to particles undergoing weak interactions (in particular we do not assign
intrinsic parities to W=, Z° v, 7). To summarize, some even parity particles are e~, =, 7",
quarks (by convention), octet of spin-half baryons, decuplet of spin-3/2 baryons, nonet of vec-
tor mesons and Higgs scalar. Some odd parity particles are the nonet of spin zero pseudoscalar
mesons, photons, gluons, e™, u, 7+ and the anti-quarks.

2.7.3 Parity violation in the weak interaction

e To explain some puzzling features of weak decays of strange mesons, Lee and Yang in 1956
suggested that parity may not be conserved in the weak interactions. During 1954-56 a co-
nundrum called the 7 — 6 puzzle unfolded. Strange mesons decaying (weakly) to 2 and 3
pions 0T — 7t7% and 77 — 7T7 "7~ were observed. However 7 and 6 were found to
have the same masses and mean lifetimes and they seemed to be identical in all other respects
(strangeness, isospin). However, they would have to have positive and negative parities if parity
were conserved in the above reactions (pions have negative parity). So it was reasoned that they
could not be the same particle. Lee and Yang studied the data available and pointed out that
parity conservation had simply been assumed, and had not been experimentally established in
the weak interactions (while it had been tested in EM and strong processes). They suggested
that 7 and 0 were simply two different decay modes of the same particle (now called the K )
and that the weak interactions did not conserve parity.

e Recall that if parity is a symmetry, then a mirror reflected process must have the same fre-
quency of occurrence as the original process. To test this, one may set up two experiments
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which are mirror images of each other (and not identical) and see whether they give the same
output. In 1956, C S Wu and collaborators (of Columbia Univ, though the experiment was done
at the National Bureau of Standards (now NIST), Maryland due to the need for very low temper-
atures) prepared a sample of Co-60 nuclei with their spins (total angular momenta) J polarized
in a common direction (say 2). The direction of out-going beta electrons was measured. Let
us consider the effect of reflections in the x — y plane, under which the position polar vector
(x,y,2) = (z,y,—2). The e~ momentum p is also a polar vector. Under a reflection in the
xy plane, p = (ps, Py, Pz) — (P, Py, —D-). On the other hand, the nuclear angular momentum
J is an axial vector, so under a mirror reflection J, — J.. So the mirror reflected version of
a beta decay process would have the Cobalt nucleus polarized along Z but with beta particle
emerging with momentum reflected in the = — y plane. If parity were a symmetry, these two
processes must have equal probability. In other words, the angular distribution of electrons must
be up-down symmetric or Prob(f) = Prob(m — @) where 6 is the polar angle between Z and
the direction of electron momentum. However, the experimental measurements were signifi-
cantly up-down asymmetric. This showed that parity is not conserved in the weak interactions.
If the Cobalt nuclei weren’t spin polarized (by maintaining low thermal fluctuations), then the
up-down symmetry would be hidden. The reaction was °Co —5° Ni** + e~ + 7. The spin of
Cobalt is 5 while that of the excited Nickel nucleus is 4. Using the fact that anti-neutrinos are
exclusively RH, we can understand why most of the electrons came out in the direction oppo-
site to the spin of the Cobalt nuclei. To first approximation we ignore the recoil of the Nickel
nucleus so that the electron and anti-neutrino moment must be back to back and the Ni spin is
is in the same direction as the Co spin (i.e. along 2). The spins of the e and 7, must add to one
and point upwards to make up for the difference between Co and Ni angular momenta. Thus
the electron momentum must be along —Z and the 7, must travel upwards. We also see that the
electron emerges with negative helicity in this example. This is generally the case, relativistic
charged leptons that participate in the charge changing weak interactions predominantly have
negative helicity (see below).

e At the same time, L Lederman and R L Garvin (at Columbia) found evidence for parity vio-
lation in the m — u — e decay chain. Another group of V. Telegdi et. al. also experimentally
demonstrated parity violation.

2.7.4 Helicity of ultra-relativistic fermions in charged weak processes and 7+ decay

e Another interesting experimental fact about weak interactions concerns the helicity of the
fermions and anti-fermions (leptons or quarks and their anti-particles) produced in charged
weak processes. Charged weak processes involve the W+, e.g. W~ — u=0,, W~ — e,
W+ — etuy, etc. All neutrinos produced are found to have negative helicity while all anti-
neutrinos have positive helicity. But it is not just the neutrinos that obey this helicity selection
rule, so do ultra-relativistic (i.e. produced with energy much more than rest mass) quarks and
leptons. It is found that ultra-relativistic fermions (e~, x~, 7~ and the quarks) are produced
predominantly with negative helicity in charged weak interactions. A small fraction (~ m/FE)
of the fermions come out with positive helicity, also called the ‘wrong’ helicity. On the other
hand, the anti-fermions (e™, u™, 7+ and anti-quarks) are predominantly produced with positive
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helicity.

e Let us apply this helicity selection rule to understand the peculiar case of charged pion decay.
Based on the 140 MeV pion mass, two weak decay modes are allowed 7= — e" v, and 7~ —
i~ v, One might expect the former to be the dominant decay mode since m, —m. > m, —m,,
and it would be like sliding down a steeper slope. However, the decay to an electron is greatly
suppressed due to the helicity selection rule and charged pions predominantly decay to muons.
To see this, consider the 7~ decay in its rest frame where ¢~ and 7, would emerge ‘back-to-
back’ with zero total momentum, to conserve momentum. Since the 7, has positive helicity, its
spin must point away from the 7~ decay vertex. The electron (which typically emerges with
a speed close to ¢ due to m, >> m,) must have negative helicity, and so its spin must point
towards the interaction vertex. So the total angular momentum of the final state is non-zero and
points in the direction of the momentum of the 7,. However, the initial state has zero angular
momentum since pions have spin zero. So this decay is forbidden by the conservation of angular
momentum. The same decay with muons replacing electrons would also be forbidden, except
that the muons are typically not ultra-relativistic since m,—m, < m,,. Itis through the ‘wrong’
helicity (h = +1) p~ that 7~ decay proceeds to a large extent.

2.8 Identical particles: Fermions and Bosons

e All electrons (protons, photons, hydrogen atoms in their ground state etc) have been found
to be identical in their intrinsic physical characteristics (mass, charge, spin, magnetic moment).
Moreover, electrons cannot be unambiguously distinguished by their trajectories due to Heisen-
berg uncertainty. This experimental fact is implemented in non-relativistic QM by requiring (1)
that the hamiltonian (which specifies the dynamics) is invariant under a permutation of identical
particles and (2) that the permutation of identical particles results in a wave function that repre-
sents the same physical state Pt) (... qa...q-..) = €P9(...q ... q,...) where ¢ denotes all
the degrees of freedom of each particle (position, spin etc). The permutation/exchange operator
is hermitian, P? = I, so its eigenvalues are +1 and it commutes with the hamiltonian. Thus
energy eigenstates may be chosen to be simultaneously eigenstates of the permutation opera-
tors. So the phases ¢ = 41 and the corresponding eigenspaces are the bosonic and fermionic
multi-particle states. [There are other possibilities. For instance, particles moving on a plane
may in a sense be attached to magnetic flux tubes extending into the third dimension. Then the
particles are no longer strictly localized around a point and require a different treatment, leading
to ‘anyonic’ statistics.]

e In a second quantized framework the symmetry and anti-symmetry of state functions is a
consequence of the corresponding creation and annihilation operators satisfying commutation
or anti-commutation relations. It is a remarkable experimental fact that all fermions have half
odd integer spin and all bosons have integer spin. This is called the spin-statistics connection.
It can be shown to hold in relativistic quantum field theory using causality.

e Anti-symmetry and Pauli principle: Suppose the number of identical fermions is approxi-
mately constant and the multi-particle wave function can be approximately built from single
particle wave functions by anti-symmetrization (say, when each moves almost independently
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of the others). Then the requirement of anti-symmetry implies that no more than one iden-
tical fermion can occupy the same single particle state. This is Pauli’s principle. It can be
usefully applied to multi-electron atoms, nuclei and even to the valence quarks in baryons. In
particular, two electrons with the same spin cannot occupy the same spatial location or same
atomic orbital. This leads to the ‘degeneracy pressure’ of fermions responsible for the stability
of ordinary matter and white dwarfs. When the gravitational attraction can no longer be with-
stood, the electrons in a white dwarf may be captured by the protons via the weak interaction
e~ +p — n + v,.. There is a transition to a neutron star (Pauli’s principle is not violated). On
the other hand, identical bosons can occupy the same single particle state and indeed tend to
condense to the lowest such state at low temperatures.

e A composite particle that is a bound state of n identical fermions behaves as a fermion or bo-
son according as n is odd or even. To understand this, note that the addition of an even number
of half-odd integer spins always gives an integer spin while addition of an odd number always
gives a half-odd integer spin (and orbital angular momentum is always an integer multiple of
h). For example, a system of identical (say, all in their ground state) nuclei of baryon number
B behaves as a system of fermions or bosons according as B is odd or even. This statement
assumes that the neutron and proton can be treated as different isospin states of the same particle
(nucleon). This is a good approximation if their mass difference and electromagnetic effects can
be ignored. The fermionic and bosonic nature of baryons and mesons (3 and 2 valence quark
bound states) is another illustration of this.

e For a two body system, the spatial part of the wave function ¢(r) of a state of definite L?
and L, is the product of a radial part and a spherical harmonic Y},,. Here r is the relative
coordinate, it changes sign under exchange of particles r — —r. From our study of parity
we may conclude that under particle exchange, this orbital wave function is symmetric or anti-
symmetric, according as [ is even or odd. This fact is often quite useful.

e Let us apply the ideas of identical particles and angular momentum conservation to the dom-
inant decay of the neutral pion 7 — 27, to argue (the original argument is due to L D Landau
Doklady Akad. Nauk (USSR) 60, 207 (1948) and C N Yang Phys Rev 77, 242 (1950)) that the
spin of the 7¥ cannot be one. Working in the 7° rest frame, the final state depends on three
vectors, the relative momentum k of the two photons and their polarizations €}, €;. £k are the
directions in which the photons emerge. The final state must be symmetric under exchange of
photons on account of their Bose statistics. It must be linear in each of the polarizations (as it
lies in the tensor product Hilbert space) and must transform as a vector under rotations if the
pion has J = 1 and angular momentum is conserved. In momentum space, the wave function
would then be some scalar function of k - k times this vector. There are several vectors that
one can construct. €; X € is inadmissible since it is anti-symmetric under exchange. (€ - €3)k
is also anti-symmetric since k — —k under exchange of the photons. The only symmetric
vector is proportional to k X (e1 X €3) = €1(k - €2) — ea(k - €1), but it is identically zero since
photons are transversely polarized. Thus the amplitude for two photon emission by a spin-1 7°
vanishes. Since the process does occur, 7° must have spin 0 or 2,3 . ... Additional arguments
show that pions are spin less. [Note also that if the 7° spin were non-zero, then the angular
distribution of photons emitted by a polarized 7° sample would be anisotropic, which would be
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another way to investigate their spin.]

2.9 Lorentz symmetry and relativistic mechanics
2.9.1 Introduction

e The idea of an inertial frame arose in Newtonian mechanics, i.e., one in which Newton’s law
of inertia (1st law) holds. Newton thought there was an absolute rest frame and his laws held
in frames in uniform motion with respect to this absolute frame. Maxwell thought light travels
in an ether medium and that his equations held in a frame at rest relative to the ether. It was
assumed that the ether is at rest in Newton’s absolute frame. However, the Michelson-Morley
experiment failed to detect any relative motion between the earth and the ether. The speed of
light was the same in the direction of Earth’s motion around the sun and opposite to it as well
as in other directions. Due to the apparent absence of any preferred frame, Einstein concluded
that there is no absolute rest frame or ether medium and that the speed of light in vacuum ¢
is the same for all observers. He also postulated that the laws of physics in special relativity
(as in Galilean relativity), are the same in all inertial frames (i.e., frames related by rotation or
uniform motion [ ‘boosts’] (and translations)): this is Lorentz invariance (Poincare invariance, if
we include translations). A difference between Galilean and Lorentz invariance is the formula
relating space-time coordinates under a boost.

e The space-time coordinates of an event (r/,t') in frame S’ which moves at vz relative to
frame S are

2\ —1/2
¥=~rx—uvt), Y=y, =2z o =vy(ct—av/c), with = (1 - %) , (72)

where the two frames coincide at ¢ = 0. This formula for a Lorentz boost is a symmetry of
Maxwell’s equations but not of Newton’s equations of mechanics. Maxwell’s equations are
valid in all frames in uniform relative motion with the same constant speed of light c. Einstein
modified Newton’s equations so that they respect the constancy of the speed of light, and are
invariant under Lorentz transformations.

e In particular, simultaneity is frame-dependent in general. Two simultaneous events in S with
coordinates (z,,t) and (zy, t) occur at different times ¢/, , = (t —2,,5v/c®) in a boosted frame.

e Moving rods are Lorentz contracted. A rod of length [’ lying along the 2’-axis in frame S’
has a length [ = I’/ when viewed from from S. To see this suppose the rod extends from the
origin of S” to 2’ so that I’ = 2/ — 0. Then 2’ = y(z — vt) and 0 = y(zo — vt) where z((t)
is the coordinate of the origin of S” (or left end of rod) when viewed from S and z(¢) is the
coordinate of the right end of the rod when viewed from S, so that [ = x — x(. Subtracting,

I'=~(z —x0) =Al.
e Time dilation: ‘moving clocks run slower’. A time interval 7" according to a clock in S’ is

assigned a time interval 7 = 7’ by an observer in S. To see this, suppose 7 is the time interval
between when the origins of S and S’ coincide and when the origin of S’ is at location xg
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viewed from S. Then t; =t} = 0 while ¢, = xy/v and cty, = y(cty — zv/c) = yro (71— ).
With 7 =ty — t; and 7/ = t}, — ¢} we find 7’ = y7(c? —v?)/cor 7/ = 7/7.

e Time dilation implies that moving unstable particles viewed from the lab will appear on
average to live longer than their (rest-frame) mean life time. E.g. muons produced in cosmic
ray showers in the upper atmosphere (several km above sea level) have a mean life time of
T = 2.2us in their rest frame. They would be expected to cover at most ¢ = 660m at ultra-
relativistic energies, but in fact some make it well below the Earth’s surface! On the other hand,
if a particle does not decay at rest, it cannot be made to decay by moving it at speed v.

e Velocity transformation formula. Let u = % and u’ = Z_Z be the velocities of a particle

according to two observers S and S’ (boosted by velocity vz relative to S). How are they
related. To find out we write the Lorentz boost in infinitesimal form

dr' = ~(dx —vdt), dy =dy, dz'=dz, cdt’' =~(cdt — pdx) (73)
Then we find
,_Lﬂ_ dr —vdt  up —v P Uy po_ e
Yo =g T dt — Bdx/c 1 —wvug/c?’ Uy = Y(1 —ugv/c?)’ Yz = v(1 — uug/c?) 74)

% is the z-component of the velocity of the particle as viewed from

S when it has velocity component . in S’ while S’ moves with velocity vZ relative to S.
In particular, if the velocity of the particle is in the same direction as the boost (i.e. ), then
uy = uy, = u, = u, = 0 and we get the velocity composition law for two collinear velocities:

Inverting, u, =

if B; = v;/c then § = % In other words, the composition of two Lorentz boosts with
parameters [ o is a boost with parameter 3. This is also the rule for addition of hyperbolic
tangents tanh (6, +6,) = %. We define the rapidities 0; by 3; = tanh 6;. Speed or
v/c is sometimes an awkward variable in relativity since it is ~ 1 for all relativistic particles.
Rapidity is more convenient since it stretches the interval 0 < v/c¢ < 1 to the infinite range
0 < 6 < oco. Rapidity is particularly natural since rapidities simply add under composition
0 = 0, + 0 while velocities ‘add’ in the more complicated manner given above. Check that
c composed with any velocity v is again c, ensuring the constancy of the speed of light in all
inertial frames. In particular, the wave fronts of light emitted from a point are spherical in all
such frames, unlike the wave fronts of sound which look flattened in the direction of motion of
an observer. If light is emitted from r = 0 at ¢t = 0 in frame S, the wave front at time ¢ is
the sphere r(t)> = c*t>. The graph of an expanding spherical wavefront takes the shape of a

light-cone in a space-time diagram.

e In terms of rapidity § = arctanh(v/c) we have sinh# = ~v/c and cosh@ = ~y. Thus the
above Lorentz boost takes the form of a hyperbolic rotation

¥ =wxcoshf —ctsinhf, o' =y, 2 =2 ct' =—xsinh + ctcoshb. (75)
e When a particle’s speed |v| approaches that of light, relativistic effects become significant.
Acceleration of a massive particle can (in principle) increase its momentum or kinetic energy

without bound, but it would take an infinite amount of energy to reach the speed of light. The
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Newtonian relations £ = p?/2m and p = mv between energy or momentum and velocity are
modified (as explained later) to E = ymc? and p = ymv where v = (1 — v?/c?)~"/2. The
relativistic expression includes the rest energy E, = mc? of the particle whose (rest) mass is
m (sometimes ym is called the relativistically increased mass). Conservation of energy holds
in relativistic processes only if we include the rest energy. For example, a neutron at rest can
beta decay producing a proton, and fast moving 7, and electron. Estimate the average distance
(viewed from the Earth) that a 1.057 GeV (= 10m,, ) muon travels before decaying.

o It follows that /' = ’%2. So as the speed v — ¢, energy becomes linear in momentum E 2>
pc. For a massless particle like the photon, £ = pc. So for ultra-relativistic particles, energy
and momentum are equal in natural units (GeV). More generally, the formulae for £/ and p
imply the ‘mass-shell’ relation E? = p%c? + m?c*, which defines a two-sheeted hyperboloid in
the 4d energy-momentum space with coordinates (E/c, p1, p2, p3). Real massive particles have
an energy-momentum 4-vector that lies on the positive energy sheet/shell. When viewed from
different reference frames, a particle can have different energy-momentum 4-vectors (though
all observers agree on the sign of £ and the value of m). The totality of the tips of all these 4-
vectors is the mass shell, it is a Lorentz-invariant construct. ‘Virtual® particles (which appear in
intermediate stages of calculations) can be off mass-shell. For massless particles (like photons,
gluons and gravitons) the mass shell becomes the positive energy part of the light cone E? =
p2c.

e [/ or p are more convenient ways of specifying the motion than speed. For example a 1.022
MeV (twice the rest energy) electron has speed v = (v/3/2)c = 0.87c. A 10.22 MeV electron
has speed v = .9987c while a 1.022 GeV electron has speed v = 0.99999987c. While the
speeds may not seem very different, the energies are vastly different and can be used in e*e™
collisions to produce new particles with higher masses. Annihilation of 1 GeV electrons and
positrons is capable of producing (say) charged pions or kaons with masses of 140 and 494
MeV/c? while 10 MeV electrons which have a similar speed, would be incapable of doing so.

2.9.2 Minkowski space and Lorentz group

e Space-time coordinates of an event in frame S are specified by (contravaraint) position 4-
vector o# = (2%, 2!, 2% 2%) = (ct,x,y, 2) (regarded as a column vector below). Coordinates
2’ in a Lorentz boosted or rotated frame S’ are given by z'# = Alz? . If S moves at speed v

in x direction relative to .S, then A is block diagonal <_:yy 3 _:yyﬁ > in the 0-1 subspace and

identity in the 2-3 subspace. If S, S’ are related by a rotation/reflection, then A = ((1) %) is

block diagonal where R'R = [ is an O(3) matrix.
e Minkowski introduced his inner product so that boosts could be regarded as hyperbolic/imaginary
rotations. The Minkowski inner product between 4-vectors is

z-y = (2,y) = 2"y’ —aly' =2y — 2y’ = alny” = alny  where 7, = diag(1, -1, -1, 1),
(76)
nwx” are called the covariant components of the position 4-vector, so = -y = a*y,. The
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metric and its inverse 7" (7*"n,, = 6/') may be used to lower and raise indices and define new
tensors.

e Boosts and orthogonal transformations leave the Minkowski inner product invariant in the
sense (2',y') = (wx,y) since A'nA = 7. So the inner products of 4-vectors z - y and the
(length)? of a 4-vector x? are Lorentz invariant, same for all inertial observers.

e The set of all A leaving 7 invariant form the homogeneous Lorentz group O(1, 3) (they are
the linear transformations of Minkowski space that preserve the inner products of 4-vectors, in
particular, they must preserve the origin and not involve translations). Since it preserves the
inner product, a Lorentz transformation (LT) necessarily takes time-like vectors to time-like
vectors, space-like vectors to space-like vectors and null vectors to null vectors. The Lorentz
group is a 6 dimensional group. In other words, the constraints A'nA = 1 admit a 6 parameter
family of solutions A. The Lie algebra of the Lorentz group has 6 independent generators,
which can be taken as three infinitesimal rotations (L, L,, L.) and three infinitesimal boosts
(Ky, Ky, K).

e In addition to boosts and rotations (and compositions thereof) the Lorentz group includes dis-
crete transformations: parity (reflections such as * — —xz,y — y, 2 — z,t — t, areflection in
any other plane or through the origin can be got from this one by a suitable rotation) and time-
reversal ¢ — —t (and compositions of all these). In fact, the Lorentz group has 4 connected
components: the connected component of the identity is the group of proper orthochronous
Lorentz transformations SO(3,1). Proper means determinant 1, e.g., not involving reflection
in an odd number of spatial directions if the sense of time is not reversed. Orthochronous
means maintaining the sense of time. The others are proper non-orthochronous, improper or-
thochronous and improper non-orthochronous. They are labelled by the sign of det A and AJ.
Indeed, from A‘nA = 7 we see that det A = +1. If det A = 1 we call it a proper LT and
improper otherwise. From the (0,0) component of A‘nA = 7, we find that the first column
parametrizes a 2-sheeted hyperboloid (A9)% — (A})? — (A2)? — (A3)? = 1, with sheets labelled
by the sign of Aj. Though parity and time reversal are symmetries of the EM and strong in-
teractions, it was found in 1956 and 1964 (indirectly) that neither parity nor time reversal is a
symmetry of weak interactions. In the standard model, the time reversal invariance is broken
by a phase in the CKM mass matrix for quarks and parity is violated by the vector minus axial
vector structure of weak interactions. Only the proper orthochronous Lorentz transformations
(i.e. the connected component of the identity) seem to be symmetries of all the interactions.

e Minkowski space is the disjoint union of time-like 22 > 0, space like 2% < 0 and light-like
x? = 0 (null) 4-vectors. The separation vector between the ends of a rod is space-like. Tangent
vectors to the trajectory of a massive particle are time-like, as we will see. Tangent vectors to a
light ray are null vectors. The Lorentz group acts on Minkowski space via x +— Az. The orbit
of a point x in Minkwoski space is the set of all 4- vectors Ax as A ranges over the group. The
orbit of the origin x = 0 is the origin. The orbit of a light-like vector is the light cone. The
orbit of a time-like vector is the two sheeted hyperboloid on which it lies. The orbit of a space
like vector is the 1-sheeted hyperboloid that it lies on. We say that Minkowski space is foliated
by the orbits of the Lorentz group. Each orbit other than the origin is a 3-dimensional manifold
(i.e. a ‘hypersurface’).
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2.9.3 Relativistic momentum, energy and particle motion

e Consider the trajectory of a massive particle moving around the lab. It is a curve x#(7)
in Minkowski space. 7 is proper-time, time as measured by a clock attached to the particle.
7 is the arc length along the curve in units of c. If dr is a proper-time interval around an
instant when the particle’s speed is v, then the corresponding time interval measured by a
stationary observer in the lab is dt = yd7. The proper-time interval when the position vector
of a particle is incremented by dx* is the Minkowski-length of the tangent vector in units of c:
A(dr)? = nudatds” = Adt* — dr*; it is Lorentz invariant. The Newtonian velocity v’ = %
of the particle, where z* are its lab frame coordinates and ¢ lab time does not transform as
the spatial components of a 4-vector since ¢ transforms as the zeroth component of a 4-vector.
On the other hand, the 4-velocity u* = % transforms as a contravariant 4-vector just like the
position 4-vector since dr is Lorentz invariant. The Newtonian and proper velocities are related:
u' =2 = 49—~y and the zeroth component u’ = ye. So u” = y(c, &) = (¢, v). The

4-velocity is a time-like vector of constant length: u? = 7?(c? — v?) = 2.

e The contravariant components of the momentum 4-vector of a massive particle are defined
as p* = mut = m~y(c,v) = (E/c,p). This serves as the relativistic definition of energy FE.
We see that £ = ymc? while p = ymv as mentioned earlier. Like position 2#, p* transforms
as a 4-vector under Lorentz boosts, £/ = v(E — p,v) and p,, = v(p, — “&). Its covariant
components are p, = 1,,p" = (E/c, —p). Itis time-like p?> = m?c?. The possible 4-momenta

of a massive particle lie on the 2 sheeted hyperboloid E?/c* — p?c? = m2c?.

e The relativistic energy F includes the rest energy (mc?), non-relativistic kinetic energy
p?/2m and further corrections, but not any potential energy:
2 3 p4

p
22 + m2ct = me® + — + =
p 2m 8 m3c?

+ee (77)

Sometimes £ is called relativistic kinetic energy to distinguish it from potential energy. More
often, F — mc? is referred to as relativistic kinetic energy.

e The above considerations do not apply to massless particles. They travel at the speed of light
and follow trajectories whose tangent vectors are always null d72 = 0. For a massless particle
E = |p|c. The 4-momentum of a massless particle (|p|,p) is a null vector. The possible 4-
momenta of a massless particle lie on a light cone. For a photon, the energy is determined by
its frequency E = hv.

e Tachyons, particles with space-like momenta p? < 0 do not exist. Note that for a tachyon,
there would be observers who would disagree as to the sign of its energy, its energy can be
made arbitrarily negative in a suitable frame since its 4-momentum lies on a 1-sheeted hyper-
boloid. However, there are ‘virtual’ (off mass shell) particles with space-like momenta that
are exchanged between real (onshell) particles. A famous example of this is the space-like
(g"g, < 0) virtual photon exchanged between an electron and a quark in deep inelastic scatter-
ing, the experiment in which quarks were discovered. However, such virtual particles are not
detected, they only enter into calculations, though in an essential way.
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2.94 Relativistic Lorentz force equation

e Newton’s law of inertia (I1st law) continues to hold in special relativity. A particle travels in
a straight line with respect to the Minkowski metric when it is not acted on by any force. The
relativistically covariant generalization of Newton’s second law is

dp*

= (force)*. (78)

For example, a particle of charge e in an electromagnetic field feels the Lorentz force

W _ e, (79)
dr c
where u" is the 4-velocity and F), = 0,A, — 0, A, is Faraday’s anti-symmetric covariant
electromagnetic field strength tensor. Here 0, = (18, V). The gauge potential A* = (¢, A)
includes the scalar and vector potentials. The electric and magnetic fields B = V x A and
E = —1% _ V¢ with cartesian components E’, B' = ¢7*9; A" are then the components of
the field strength F% = 9°A* — 9°'A° = —E" and

0 —-E' —FE*> —FE°3
E' 0 -—-B® B2
E? B3 0 -—-B!
E?} —-B? B! 0

(80)
The covariant components are given by F,, = 1,70 F*’. So Fy; = —F% and F}; = F.

F"j:8iAj—8in:—3iAj+8in:—eijkBk = FHY —

e If the speed of the charge v < ¢, then show that the spatial components of the above equation
reduces to the non-relativistic Lorentz force equation in the lab frame

dp \%

P —c(E+xB) 81
dt c ( + c 81)
Show that the time component reduces to the equation for evolution of energy ‘il—f =eE v, the
rhs is the rate at which the Lorentz force does work on the particle, the magnetic field does not

contribute.

2.9.5 Momentum conservation, (in)elastic collisions and forbidden processes

e 4-momentum is conserved in particle interactions. So the initial energy (sum of rest and ki-
netic energy) and 3-momentum must equal those in the final state in any collision/interaction/decay.
Rest energy and kinetic energy are typically not conserved, though the sum is. A collision is
elastic if kinetic energy (or equivalently rest energy) is conserved, e.g. A+ B - C+ D + E
where m4 + mp = me + mp + mg. Since there are very few such relations among masses
of distinct particles, an elastic collision usually implies that the particles in the initial state are
the same as the particles in the final state, e.g. Moller scattering e"e~ — e~ e~ or Compton
scattering ye — e or Rutherford scattering /N — a/N. In the ‘charge exchange’ strong
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process ™~ p — wn kinetic energy is conserved (ignoring the mass splittings within an isospin
multiplet) even though the final state particles are not the same as those in the initial state. A fa-
mous inelastic scattering process is deep inelastic scattering (‘DIS’, first carried out at Stanford
by the MIT-SLAC team lead by J Friedman, H Kendall and R Taylor beginning 1967 (Nobel
prize 1990)), which was instrumental in the discovery of point-like quarks inside the proton,
e.g. ep — eX uses the electromagnetic force to probe proton structure, X is a state containing
several hadrons with total baryon number one and electric charge one (there is a kinematic pa-
rameter that allows one to quantify the degree of inelasticity). Similarly, the weak interaction
was also used to probe the structure of the proton via neutrino nucleon deep inelastic scattering,
e.g., v.p — e~ X where X typically contains several hadrons with total baryon number one
and charge two.

e These DIS experiments succeeded the elastic ep — ep scattering experiments conducted at
Stanford by R Hofstadter (Nobel Prize 1961), as the electron beam energy was raised above
1 GeV. Elastic ep and electron-deuteron scattering gave a lot of information on nucleons, in-
cluding their charge distribution, magnetic moments (elastic electric and magnetic form factors)
and size (charge radius). These elastic scattering experiments indicated that the proton is a soft
sphere of charge. Thus, it came as a surprise when the DIS experiments observed ‘hard’ scat-
tering of electrons off protons by decreasing the wavelength of the exchanged virtual photon.
The charge inside the proton, when probed at short distances, was concentrated in point-like
‘partons’, later identified with quarks.

e As a consequence, spontaneous decay A — Dy + Dy + --- is forbidden if the rest mass
my is less than the sum of the rest masses of the daughter particles ) . m;. This is because the
initial 4-momentum (in the center of momentum (CM) frame, where the 3 momentum is zero)
P! = (my4,0) must equal the final Py = (O>_mi +ke, ) pi), and the kinetic energy of decay
products is non-negative. M4 = . m, is called the threshold for the decay. For instance, the
hydrogen atom in its ground state (my = m. + m, — 13.6eV") is stable against decay to an
electron and proton due to the binding energy. The hydrogen g.s. is also stable against decay
via K-electron capture H = e~ p™ — nu, since the mass of the neutron is significantly (~ 782
keV) more than that of the hydrogen atom. K-electron capture does happen in some proton-rich
nuclei which (due to the nuclear binding energy) can reduce their mass by replacing a proton
with a neutron. On the other hand, a free neutron (my = 939.565 MeV) does decay to per,
(m, = 938.272 MeV, m, = .511 MeV, m; < m.). The mass difference of ~ 782 keV
(assuming m, < 1 keV) is manifested in the kinetic energy of decay products.

e Let us give some more applications of energy-momentum conservation. Radiation of a (real)
photon by an isolated (real) electron (or positron) e~ — e~ + -y is forbidden by energy conser-
vation. In the rest frame of the initial electron F; = m. < E;y > m.+ E, . Electrons can radiate
photons when they are accelerated in the Coulomb field of a nucleus, the nucleus provides the
momentum balance.

e The reverse reaction of photon absorption by free electrons ve — e is similarly forbidden by
energy conservation. On the other hand, photons do scatter off electrons via Compton scattering
ey — ey.

e Free photons cannot turn into e™e™ pairs. We may always go to a frame where the photon’s
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energy is less than 2m,., while the final state has energy at least 2m,. On the other hand, a
photon in the Coulomb field of a nucleus can pair produce.

e Pair annihilation to a single photon ete™ — ~ is forbidden by momentum conservation. In
the CM frame of the initial state p. = 0, but the final momentum cannot be zero as the photon
moves at the speed of light in all frames. Pair annihilation to two photons has been observed.

2.9.6 Conservation of energy-momentum in 2 body decay

e Two body decays (i.e. spontaneous decay of a parent to two decay products) are more com-
mon (e.g. a and 7 decay of nuclei N(A,Z) -+ N(A—4,Z —2)+a, N* = Nv, A — pr~
etc.) than 3 body decay (e.g. [ decay). The 7" decays after coming to rest in photographic
emulsion. In the decay of a positive pion 7 (at rest) to u* the u™ always emerges with the
same kinetic energy of 4.1 MeV and travels roughly the same distance of about 600 microns.
As we will show, a mono-energetic spectrum of energies of decay products is characteristic of
a 2-body decay. Indeed, we now know that 7+ — ptv,.

e The kinematics of two body decay (as opposed to 3 body decay) is strongly constrained by
energy and momentum conservation. Consider the decay a — b + ¢ in the rest frame of parent
a. Let the 4-momenta of a, b, ¢ be p,q,r. Then in natural units, p = (m,, 5) and momentum
conservation implies ¢ = (FEy, py) and r = (E,, —p,). We will show that the energies of the
daughter particles Ej,, E,. are fixed by the masses! By 4-momentum conservation, p* —r* = g*.
Squaring,

2 2 2
m, +m; —my

pPP+r?—=2p-r=¢* or m2+m§_2maEc:mg = L= 9
Mg

(82)

2 2_on2 .
And by b <> ¢ symmetry, E, = "= In other words, the daughter particles are mono-

energetic, they do not come out with a range of energies. In 3 body decay, energy-momentum
conservation allows for a range of daughter particle energies, as was found in beta decay. Ini-
tially, it was mistakenly thought that beta decay must also be a 2 body decay, by analogy with
alpha and gamma decays of radioactive nuclei. But the continuous spectrum of beta particles
from a given radionuclide invalidated this hypothesis.

e Furthermore, since the energy of a particle is bounded below by its rest energy, E, > m,
which means m? + m? — m2 > 2m,m;, or (m, — my)> > m?. From p = ¢ + r, it is clear
that m, > E, > my, so we must have m, > my + m.. As one would expect, the daughters
must be less massive than the parent for the decay to conserve energy. In particular, a proton
cannot decay to a neutron and anything else. And a photon cannot decay to massive particles. In
particular, for a photon to produce a real ete™ pair, there must be some other particle (usually
a nucleus) to conserve energy-momentum.

e Remark: The ()-value of a decay is the energy released as kinetic energy of the decay prod-
ucts, e.g. in the beta decay of a nucleus, N(A, Z) — N(A, Z+1)+e + .. The huge range in
beta decay lifetimes (or alpha decay lifetimes) is due to the differences in ()-values, despite all
beta decays being governed by an interaction of the same strength (Fermi’s 4 fermion coupling).
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The term () -value is also used in other areas of chemistry and physics to quantify the energy re-
leased in a reaction and perhaps traces its origin to the energy released as heat in an exothermic
reaction. It is to be distinguished from the ()-factor (quality factor) of a resonance which is the
ratio of the energy of the resonant state divided by the energy width of the resonance. A narrow
resonance has a high ()-factor, it is more stable and lasts longer since dissipative effects that
lead to its decay are weaker. One speaks of the ()-factor of a resonant cavity or LCR circuit.

e The Geiger-Nuttal law found empirically in 1911 states that « decay half lives of nuclei
satisfy t% x e?/VE where F is the energy of the « particle emitted and Z is the atomic
number. So short-lived nuclei emit more energetic alpha particles as they ‘slide down a steeper
slope’! The exponential dependence on energy also explains how small differences in mass
defects between parent and daughter nuclei can lead to large differences in decay half lives.
For example, Thorium 232 alpha decay has a half life of 14 billion years while Radium has an
alpha decay half life of 1590 years. The Geiger-Nuttal law was explained in 1928 by Condon
and Gurney and independently by Gamow. The alpha particle tunnels across a barrier between
an attractive nuclear potential well (due to the strong interactions) and the outside of a nucleus
where there is electrostatic repulsion.

2.9.7 Threshold energy for particle production via scattering on a fixed target

When two particles scatter at sufficient energies, the scattering may not be elastic, and the final
state may involve one or more new particles, e.g. production of the A resonance (77p — ATT)
when a pion beam is incident on a hydrogen target or strange baryon production when a pion or
kaon beam strikes a hydrogen target (7~ p — A°K°?, K—p — A%, K—p — ¥ 7" etc., these
are strong interactions that conserve strangeness. The subsequent decay of a strange hadron
may proceed via a strangeness changing charged weak interaction). It is found that there is a
minimal (threshold) energy of the pion or kaon beam for the desired final state to be produced.
Moreover, this threshold energy must be more than the difference between the invariant mass
of the final state (Mgn.1) and the target, Mg, — M,. For, if the incident meson beam has just
so much energy, then the final state would have to be produced at rest, and then 3-momentum
would not be conserved.

e We can find the threshold energy using 4-momentum conservation. For definiteness, consider
a + b — ¢+ d where the 4-momenta are p, q, r, s and particle a (proton) is the target at rest in
the lab and E}* is the lab frame energy of the projectile beam (meson) b (¢ = (E**, pib)).

Then p + ¢ = r + s or squaring, in the lab frame
m2 +mp +2m B = m2 4+ m3+2r - s (83)

So the projectile energy E*" is minimal when r - s is minimal. Since r - s is Lorentz invariant,
we may choose to evaluate it, say, in the CM frame of the c-d system. In this frame r - s =
EM™E™ — p, - ps = E™ES™ + |p™|? since the 3-momenta of ¢ and d are opposite. This is
minimal when the final state particles are produced at rest in the CM frame, i.e., - s > m.my.
Thus we find ( )2 ) )
lab hreshold _ \MMhe T Mg)” — Mg — My,
Eba Z E; resho = c 2 a ) (84)
me
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The threshold energy is the minimum energy of the incident b-particle beam needed to produce
the final state (with rest mass m. + mg) when incident on a stationary target of a. More
generally, if the final state is a single particle or one with three or more particles, then we would
replace m. + my above with the sum of the rest masses of the desired final state particles.
At threshold, the particles in the final state are produced at rest in the CM frame of the system.
Equivalently, in the lab frame (rest frame of target) at threshold, the out-going particles all move
(‘together’) in the same direction as the incoming b-particle beam; for them to fly in different
directions the beam energy must be above threshold.

e Find the threshold pion beam energy for production of the A resonance and compare it with
the 7N resonance cross section data. Find the threshold charged pion and kaon beam energies
for production of the A°, ¥~ strange baryons in collisions with a stationary proton target.

e Note that the threshold energy is just a kinematic minimum to produce the desired final state.
The event rate depends on the probability of producing the final state (which depends on the
dynamics — forces of interaction between particles) as well as on the phase space available for
the final state, which are in general, energy dependent. Thus one may require higher energies
than the threshold to obtain a desired event rate.

e Instead of a fixed target, one may also consider a colliding beam set up where a and b collide
with equal and opposite 3-momenta. Find the threshold energy E,"™ " for production of a
final state with invariant mass M .

2.9.8 Mandelstam variables and s, ¢, u channel scattering

e Mandelstam variables (S Mandelstam 1958) s, ¢, u are Lorentz invariant variables associated
with 2 — 2 scattering a + b — ¢ + d. They have dimensions of mass-squared and encode the
energy, momentum, and angles between particle momenta in a frame-independent manner. If
the 4-momenta are p,, Py, Pe, P4 then momentum conservation implies the relation p, + p, =
Pe ++ pqg While each incoming/outgoing particle is on mass shell p?> = m? etc. We may construct
interesting Lorentz scalars by squaring the sums or differences of momenta. It is conventional
to define (in units where ¢ = 1)

s = (Patm)’ = (Petpa)®, t=Pa—p)® = pr—pa)?, and u= (p.—pa)° = (pp—pc)>.

(85)
s 1is called the square of center of mass energy. This is because in the center of momentum
frame, the 3-momenta of the incoming particles p, = —p;, are equal and opposite so that

Pa + b = (Ey + Ep,0). Thus Ecy = E, + E, = +/s. For example the highest energy pp
collisions at the Tevatron at Fermilab were at /s ~ 1.8 TeV.

e One could construct other Lorentz invariants like the scalar products p, - p,, but they are not
independent, 2p, - p, = s — m? — m? etc. In fact, only two among s,¢ and u are independent.
One checks that

S+t +u=m:+mj +m?+mj. (86)

e An interpretation of s, ¢, u is that they are the squares of the 4-momenta carried by a single
particle that mediates the interaction among a, b, c and d. One speaks of s,¢ and u channel
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scattering as shown in these three Feynman diagrams (arrows indicate flow of momentum and
time runs to the right).

p_a _C
pc
p_a-p_c
pa+pb + pa- p—d+
- t-channel ! u-channel |
s-channel
p_d

e For example, v,e — ,e elastic scattering via Z exchange proceeds through the ¢-channel
if we agree to label the particles 7, = a,c and e~ = b,d. With this convention, Z exchange
cannot occur in the s or v channels.

e What is the CM energy in head-on collisions of 9 GeV (total energy) electrons with 3.1 GeV
(total energy) positrons?

3 Acceleration of particles

3.1 Nature’s particle accelerators

e Natural radioactive decay of unstable nuclei (uranium salts, radium, polonium, radon etc.)
provided a reliable source of «, 5 and + ray particles. This was the main source of particles in
the first third of the 20th century and was widely exploited by Rutherford, the Curies and others
leading to many discoveries including nuclei, proton, neutron, artificial radioactivity, fission
etc. The energy of «, 3, rays from radioactive decay is limited to a few MeV by the nuclear
mass difference between parent and daughter nuclei. For example, one gets a mono-energetic
spectrum of 5 MeV alpha particles from Radon alpha decay (2 body decay), which was used
in the Geiger-Marsden gold foil experiment. Rutherford (1919) discovered that the proton is a
constituent of the nucleus by ejecting protons from a Nitrogen nucleus that was irradiated with
alpha particles from a radioactive source, i + N3* — O3 + pi.

e Cosmic rays are another natural source of particles with a very wide range of energies (many
have energies of 100s of MeV and several GeV while the most energetic (but very rare) ones
detected so far have 10'? GeV). Primary cosmic rays are mostly protons (and some alpha parti-
cles, heavier nuclei and a few electrons) coming from largely unknown sources (perhaps some
astrophysical analogue particle accelerators are involved, in the 1950s, the Crab nebula was
identified as one possible source, other potential sources include supernovae, gamma ray bursts,
active galactic nuclei, quasars etc.). Neutral particles like photons and neutrinos also come to us,
but are usually not called cosmic rays. Collisions of primary cosmic ray particles with Oy, N»
gas molecules in the atmosphere produces showers of secondary cosmic rays which reach the
earth. The secondary particles include protons, photons, pions, kaons, muons, electrons, alpha
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particles, neutrinos and their anti-particles. Pions and kaons (via pions) decay in the atmosphere
to muons and neutrinos which reach ground level. Cosmic rays arrive at random, the flux is low
and they have not been controlled to form beams. The primary cosmic ray flux decreases with
energy, it is about a 1000 per m? per second with GeV energies, about 1 per m? per second
with TeV energies etc. Nevertheless, detection of cosmic rays using cloud chambers, photo-
graphic emulsions and scintillation counters led to the discovery of positrons (C D Anderson
(using cloud chambers in 1932 as a student of Millikan at Caltech) and Blackett & Occhialini at
Cambridge in 1932-33), muons (C D Anderson & graduate student S Neddermeyer, 1936-37),
pions (Powell, Occhialini, Muirhead & Lattes 1947 in Bristol using photographic emulsions)
and kaons (Rochester and Butler, 1947 at Manchester using cloud chambers) and the study of
particle interactions during the first half of the 20th century. They are still of much interest as
a free source of particles for detector testing/calibration, as the source of the most energetic
particles and as a window into astrophysics and cosmology.

e Nature also sends us neutrinos, mainly from fusion in the solar core (4p — o + 2e™ + 2v,
which releases 27 MeV of energy, the neutrinos alone can escape from the solar core) and
occasionally from super novae. Solar neutrino flux is very large, 10'° per square cm per second.
But neutrinos interact very weakly (cross sections roughly of order o, ~ E x 107'! mb where
E' is the neutrino energy in GeV below the scale of electroweak mixing (100 GeV); the cross
section then decreases), and most pass through the Earth without interacting. Atmospheric
neutrinos are those produced in cosmic ray showers. Atmospheric neutrinos were first detected
in 1965 at the Kolar Gold Fields mine in India.

e Certain reactions do not require acceleration of particles. Grand unified theories which seek to
go beyond the standard model predict proton decay via reactions such as p — eT7% — et2+.
The simplest such SU(5) model of Georgi and Glashow suggested a half life of order 103!
years. Experiments to check this (like Kamioka nucleon decay experiment begun in 1983 in
Japan - ‘Kamiokande’ the last three letters ‘nde’ stand for nucleon decay experiment) looked
for proton decay in a large tank of water, containing of order 103? protons (3 kilotons of water
surrounded by 1000 photo multiplier tubes), so that one may expect to see a few events in a year.
No proton decay event has been seen so far, the current (2014) lower bound on the proton mean
life is of order 103 years. But in a stroke of luck, the same experiment unexpectedly detected
neutrinos from supernova 1987a, a supernova that was visible to the naked eye and occurred in
a nearby galaxy, the large Magellanic cloud.

3.2 Artificial particle accelerators

e The need for controlled high flux beams of high energy particles to explore sub-atomic
physics led to the development of particle accelerators. The basic principle is to use an electric
field to accelerate charged particles. We have no direct way of accelerating neutral particles
(beams of neutral particles like neutrinos, K°, K° and neutrons can be got indirectly through
decays of previously accelerated charged particles, or their production in high energy collisions
of charged particles with a target). Electrons and protons (and their anti-particles) are the ones
most frequently accelerated in accelerators.
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e To accelerate particles, one needs a high vacuum environment. Otherwise, there is a lot
of energy loss due to collisions and scattering off atoms in the gas. So the development of
acceleration technology went hand in hand with the development of vacuum technology, though
we do not discuss it here.

e The particle accelerator most of us are familiar with is the picture tube of an old TV or cathode
ray tube of an old computer monitor. Here electrons are boiled off a cathode by heating it and
then accelerated by applying an electric field of about 10 kilo volts. The 10 KeV electron beam
is then deflected as needed by applying a magnetic field generated by current carrying coils.
The electrons produce flashes of light when they strike the fluorescent screen which is coated
with a phosphor.

e Protons for acceleration are obtained by ionizing a gas of hydrogen. By applying large electric
fields, electric discharges are produced in the gas chamber, producing electrons and protons,
which are pulled towards oppositely charged electrodes and injected into the accelerator. The
same procedure is also used to obtain other ion beams.

3.3 Van de Graaff generator

Van de Graaf at Princeton and then MIT developed the static voltage generator named after him
beginning in 1929. By 1931 he had achieved a 150 kilo volt potential difference. This was done
by transferring charge from one electrode to another on a silk belt running between two pulleys.
It was like a water wheel that moves water up from a tank. Van de Graaf generators can reach
about 5 mega volt potential difference which can be used to accelerate electrons and protons
etc. By using a pair in tandem, it is possible to reach 10-25 Mega Volt potential differences.

3.4 Cockroft Walton generator

Cockroft and Walton (1932) working at the Cavendish Lab, Cambridge under Rutherford devel-
oped a voltage multiplier (‘cascade generator’) that bears their name. It converted 200 kilo volts
AC current from a transformer into a DC voltage of 700 kilo volts using capacitors and rectifiers
(AC to DC converter). They were motivated by Rutherford’s desire to have high energy beams
of electrons, atoms etc that could not be obtained from natural radioactive decay. By colliding
the 700 KeV proton beam with a Lithium target, they artificially split an atom (nucleus) for the
first time (p+ Lig — 2a), creating an international sensation. G. Gamow had told them that
protons of a few 100 KeV could penetrate the nuclear barrier (a sort of reverse alpha decay) and
induce nuclear reactions. Cockroft Walton generators are still used in the initial stage of larger
particle accelerators today. They are also used to generate the 10s of KeV voltages needed in
TV sets.

3.5 Linear particle accelerator

e The idea of particle accelerators go back to the Swede Gustav Ising (Stockholm 1924, differ-
ent from the German Ernst Ising who solved the 1d Ising model as a student of Wilhelm Lenz
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of the Runge-Lenz vector fame), Hungarain Leo Szilard (Berlin 1928, who also had the idea of
the nuclear chain reaction) and Norwegian Rolf Wideroe (Aachen, Germany 1928). The first
working model was constructed by R Wideroe who achieved ‘energy doubling” in 1928.

e The basic idea of a linear particle accelerator is to accelerate charged particles (say electrons)
to a high energy by a succession of small accelerations while passing through an evacuated
cylindrical pipe. Traditionally, the electrons were initially produced by boiling them off a metal
filament or other cathode, as in a TV picture tube. Inside the pipe is a collinear sequence of
cylinders (metal electrodes) separated by gaps. When the particles are inside the tubes, they
feel no electric field. Each acceleration is due to a relatively small voltage difference across
the gap between two successive electrodes. If the voltage on each electrode was fixed, then
successive electrodes would have to be maintained at increasingly high voltages which would
not be feasible. Instead, the voltages on the electrodes are set using a radio frequency power
source. So a given electrode periodically switches from positive to negative voltage. The lengths
of the electrodes and radio frequency are adjusted so that when the electrons are between a pair
of electrodes, they always feel an accelerating, rather than decelerating voltage. In other words,
the voltage on a given electrode must switch sign between when the electron enters and exits
the electrode. This is called the method of resonance acceleration, patented and implemented
by Wideroe. Since the electrons are speeding up, the lengths of the electrodes must increase
along the length of the accelerator. Such an accelerator is called a linear accelerator or linac.
The longest linac (2 miles) is at the Stanford Linear Accelerator Center (SLAC), it accelerates
electrons to about 50 GeV. Linacs are also used in the initial stages of larger circular accelerators
like the Tevatron at Fermilab. The next big accelerator after the LHC is likely to be an ete™
linear collider.

e Typically, the electron beam consists of bunches of electrons separated by gaps, rather than a
steady stream. Since electrons in the beam repel, the beam tends to spread out and periodically
needs to be focussed, as we shall describe soon.

3.6 The Cyclotron

e Upon reading about Wideroe’s resonance accelerator, E O Lawrence at Berkeley (1929 on-
wards) had the idea of bending the charged particle trajectories using a magnetic field, so that
the same accelerating voltage difference could be traversed several times. This led to a sequence
of increasingly energetic cyclotrons built by Lawrence, his student Livingstone and collabora-
tors. In a vacuum chamber, two hollow semicircular electrodes (called ‘dees’ for their D shape)
were aligned to form a disk with a gap in between. Charged particles (say from a radioactive
source) entered the cyclotron at its center. The disk (originally about 10 cm in diameter) was
placed between the poles of an electromagnet producing a roughly constant magnetic field (12.7
kilo Gauss, 1 Tesla = 10* Gauss) normal to the Ds. So charged particles would be bent in a
semi-circular path inside the Ds with an angular frequency of revolution w.

, evXxXDB eB
mrw’ = and v=1rw = W= —.
c mc

(87)
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This formula for the Larmor or cyclotron frequency is valid for non-relativistic speeds. It has
the important consequence that the frequency is independent of the radius of the orbit. In the
presence of a voltage difference between the D’s, a charged particle would feel an electric force
when traversing the gap. The voltages on the two electrodes had to be switched periodically
(by way of an alternating voltage of frequency equalling w from a radio frequency oscillator) to
ensure that particles were accelerated each time they crossed the gap. Thus the particles spiral
outwards, but the time between successive gap traversals remains fixed. The particle beam is
extracted from a hole in the rim of one of the Ds.

e By 1931 the Berkeley cyclotron could accelerate protons to 1.22 MeV using a 11 inch magnet.
By the end of the 1930s, cyclotrons had grown to 5 feet in diameter, accelerating protons to 8
MeV. By the late 1940s they had reached a few hundred MeV.

3.7 Synchro-cyclotron

e The constancy of the cyclotron frequency w = ;—Ei with increasing charged particle speed is
violated by relativistic effects. As the speed of particles approach ¢ a greater force is needed
eB

to produce the same acceleration. The relativistic cyclotron frequency is w = where
yme

v = (1 —v?/c®)~1/2. So as the electrons speed up, they take longer to reach the gap between
D’s during the accelerating part of the RF cycle, and go off resonance. This problem was ad-
dressed by decreasing the frequency of the RF voltage applied to the electrodes to keep them
in step with the faster particles going round larger spirals. However, the lower energy particles
in the center of the cyclotrons would then go off resonance. So a variable frequency RF volt-
age could not accelerate a continuous beam of particles. So the particles were sent in bunches
from the center. A new bunch was injected once the previous one had been accelerated and
ejected from the periphery. The resulting device is called the synchro-cyclotron (SC), patented
by E McMillan (1945) who worked with Lawrence at Berkeley and constructed the first elec-
tron synchro-cyclotron (the Russian V Veksler had published the idea a little earlier). It was
used to produce proton beams with kinetic energy of a few hundred MeV. Colliding protons
from the Berkeley cyclotron with nuclear targets resulted in production of pions, though these
went undetected. Lawrence and his group at Berkeley had a special expertise in building ac-
celerators, but had not devoted as much effort to develop the detectors needed to study particle
interactions. Pions were eventually discovered in cosmic ray showers in 1947 by Powell, Lattes,
Occhialini and Muirhead at Bristol. They were subsequently identified by the Berkeley group
when Lattes joined them. The Berkeley synchrocyclotron was 5m in diameter requiring a very
large, heavy and expensive magnet. It was impractical to make synchrocyclotrons with larger
magnets needed to go to higher energies.

3.8 Synchrotrons

e The successor to synchrocyclotrons are synchrotrons. The aim was to reach higher energies
without the need for magnets of ever increasing diameter. This was achieved by steadily increas-
ing the magnetic field as the particles were accelerated, so that the orbit radius remained fixed
with bunches of particles going round in circles rather than spiraling out. Instead of a single big
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magnet, a ring of magnets surrounded the evacuated beam pipe in a toroidal arrangement. In
essence, a synchrotron is a linear accelerator that is bent into a ring using a sequence of bending
magnets. An alternating RF voltage is applied at several places around the ring to accelerate the
particles. Among the early synchrotrons was the Berkeley Bevatron (1950) which produced 6.5
billion eV protons and the Cosmotron at Brookhaven, New York (3.3 GeV protons in 1952).
The first major synchrotron at CERN was the proton synchrotron (PS) which was contempo-
raneous with the Alternating Gradient Synchrotron at Brookhaven. These accelerated protons
to about 30 GeV by 1960 using rings of 200m diameter. In the mid 1970s the super proton
synchrotron at CERN and the machine at Fermilab could accelerate protons to 400-500 GeV.
The magnetic fields employed in the bending magnets (which produce a uniform vertical field
over the width of the beam pipe) are of the order of a Tesla or more, and in each gap between
RF cavities, the proton energy is increased by a few MeV. The Fermilab ‘Tevatron’ accelerated
protons to 800 GeV in 1984 and to 980 GeV in 2001.

e Synchrotrons have grown larger in diameter to achieve larger energies and remain the main
proton accelerators today. The synchrotron at the Large Hadron Collider in CERN has a 27 km
circumference and produced 4 TeV protons in 2012.

e Sometimes, the intensity of the beam produced by an accelerator is not sufficient though the
energy may be adequate. A storage ring is just like a synchrotron in that electrons or protons or
their anti-particles are kept circulating for several hours using bending and focusing magnets,
but with out accelerating them. However, RF accelerating cavities are used to replenish any
energy lost to synchrotron radiation. As more particles are fed into the storage ring, the intensity
goes up. When the beam flux is adequate, the particles are extracted for collisions. For example
at the ISR (Intersecting Storage Rings) at CERN (1971-84), very high flux beams of counter
rotating protons were brought to collide at specific locations at a CM energy of 62 GeV. The
two rings can contain different/same particles, they need not be anti-particles of each others.

3.9 Power radiated by an accelerated non-relativistic charged particle

e The Lorentz force law governs the non-relativistic motion of a particle of mass m and charge
e in an EM field. Let p = mv be its momentum, then (in cgs/Gaussian or HL units)

p

dt:e<E+§xB> (88)

We may determine the rate of change of kinetic energy 7' = %

L1
T=—p-p=SE-p=ev- E (89)
m m

Electric fields are used to speed up (accelerate) charged particles. The magnetic field does
no work, but it can bend the particle trajectory, which is very useful, though it too counts as
acceleration!

e A charged particle that is accelerated at a emits EM radiation. Larmor’s non-relativistic
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formula for the power radiated is (in rationalized HL units, check the dimensions!)

_262a2_2£ p?

T 3413 34mm2c3

where a is the acceleration and p is the rate of change of momentum. For example, electrons
oscillate back and forth in an antenna and emit radio waves. There is no power loss in the
absence of acceleration. The relativistically covariant generalization is P = —2_c  dptdpy
where 7 is the proper time along the trajectory of a massive particle whose 4-momentum is p*.

We will work with the non-relativistic formula here.

(90)

e A charged particle moving in a circular orbit will lose energy due to ‘synchrotron’ radiation.
Let us find the energy loss for a given particle energy F and ring radius . If the radius of the

orbit is r and speed is v, then a = % and F = %va
8e2 E?
P= 3 47 m2r2c3 OD

The power lost in a ring of radius r for fixed particle energy decreases as the square of the
particle mass. So synchrotron radiation losses are much more for electrons than for protons of
the same energy and ring radius. This is why electron accelerators (e.g. Stanford Linear Accel-
erator Center, though LEP at CERN is an exception) tend to be linear while proton accelerators
are circular (e.g. CERN Proton Synchrotron, Alternating gradient synchrotron at Brookhaven,
Fermilab Tevatron and the LHC at CERN). As a consequence, the most advanced synchrotrons
built so far (2014) allow us to accelerate protons to 4 TeV (LHC), but electrons only to about
50 GeV (Large Electron Positron Collider, CERN).

e To reduce the losses for a given desired particle energy £/, the ring must have as large a radius
as possible. The LHC tunnel has a circumference of 27 km. From these data, estimate the power
loss for 7 TeV protons at the LHC. Of course, the Larmor formula is only approximately valid
for relativistic protons.

e If the centripetal acceleration for circular motion is due to the Lorentz force in a constant
magnetic field B perpendicular to the plane of motion, then mwv?/r = evB/c. The cyclotron
frequency w = © = ;—Bc a constant (within the non-relativistic approximation) though r de-
creases. Then the radiation energy loss is exponential
dE 4 e? WE

At 34w med

92)

e The EM radiation produced by charged particles (especially electrons) going round a syn-
chrotron is called synchrotron radiation. Though it results in loss of beam energy, it can also be
used as an intense source of synchrotron radiation (X-rays) for further research. Applications
include use of the radiation to study the structure of materials and condensed matter as well
as medical imaging and X-ray crystallography. Old particle accelerators are often reincarnated
at synchrotron light sources. Storage rings also serve as synchrotron light sources. There are
several such synchrotron light sources around the world, such as the Australian Synchrotron
Facility, Melbourne, Advanced Photon Source at Argonne Lab near Chicago and the European
Synchrotron Radiation Facility at Grenoble in France.
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3.10 Colliding beam versus fixed-target experiments

e Suppose we wish to produce new particle C' of mass m,. through collisions of available par-
ticles such as electrons and protons (or secondary beams of neutrinos or pions). One possibility
is to collide a beam of particle A of mass m 4 and energy E (lab 4-momentum py = (E4,p))
with a stationary target of particles of mass mp (py = (mp, 6)). To what energy must A be
accelerated to be able to create the new particle (or set of particles including the new one) of
invariant mass m¢? Conservation of 4-momentum implies pf, = py + ply = (E4 + mp,p)
while pZ = mZ. Thus we must have

P4+ Py + 204 pp=m2 or m}+my+2Esmp = mi. (93)

which implies that the projectile energy must be at least

B, — Mo mh —mi (94)
2mB

So we see that the required energy grows quadratically with the mass of the new particle. Fur-
thermore, a significant portion of the kinetic energy of the projectile A is simply carried away
by C' by conservation of momentum, and does not contribute to the mass-energy of C'. Typi-
cally, C' is a heavy new particle and we are limited by the energy 4 to which we can accelerate
A. A more efficient use of the beam energy to create new particles is provided by a colliding
beam experiment to be described below.

e However, fixed target experiments have played a very important role. They were the only ex-
periments up to the 1960s since it is very difficult to aim two beams at each other and produce a
significant number of collisions, it is a lot easier to aim a beam at a large fixed target like a block
of iron or liquid hydrogen or heavywater! E.g. the p was discovered (by O. Chamberlain and
E. Segre, Nobel prize 1959) via pair production at the Berkeley Bevatron in 1955 by colliding
6.5 GeV protons on a stationary liquid hydrogen target via the reaction p+p — p+p+p+D.
Let us find the minimal energy F of protons to create an antiproton of mass 938 MeV. At the
threshold energy [/, in the center of momentum frame, the initial momentum is zero and the
four particles in the final state must be produced at rest, so that all the projectile energy is used
for particle production. So the total CM 4-momentum in the final state is p* = (4m, 6) , which
must equal the initial momentum by momentum conservation. The total lab frame 4-momentum
in the initial state is pj,, = (E + m, p). The initial momenta in the two frames are related by
a Lorentz boost, but must have the same invariant length-squared (E + m)? — p? = 16m?.
Moreover E? — p? = m?. We find E = Tm =~ 6.5 GeV. (Actually, the protons in the target
are not quite at rest, they have some so-called Fermi motion in the nuclear environment, so an
energy of slightly less than 7m is adequate for producing anti-protons. However, this is only
the minimum/threshold energy, one may require higher energies to achieve a desired event rate.)

e There are several reasons for the importance of fixed target experiments. Cosmic rays are
freely available highly energetic particles raining down on the Earth. Cosmic rays colliding
with a fixed target in a cloud or bubble chamber were used to discover the e, charged 7, K
mesons and other strange particles in the 1950s. But we have no way of colliding cosmic rays
with each other. The Pierre Auger project is a ‘fixed target’ cosmic ray ‘observatory’ currently
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operating over 3000 square km in Argentina! Neutrinos interact only weakly, they have a very
low cross section for interacting with other particles. All neutrino experiments (e.g. Borexino
currently detecting solar neutrinos in Italy) have used large fixed targets of liquid, iron etc.

e The first colliders were built only in the 1960s, but they have largely replaced fixed target
experiments outside of cosmic ray and neutrino experiments. Rolf Wideroe who developed the
first linear accelerator also had the idea for a collider in 1943. His collaborator Bruno Touschek
(who survived being shot and left to die during the second world war!) was the first to propose a
collider that used a single storage ring for two counter propagating beams of oppositely charged
particles. He built the first collider in Frascati near Rome, in 1961, colliding 250 MeV electrons
with positrons.

e In the simplest colliding beam experiments, identical particles (or anti-particles, e+e~, pp, pp)
with the same energy £ are made to collide head-on, so that the center of momentum frame
coincides with the lab frame. The total initial 4-momentum is p* = (2F,0). The final state
as a whole is at rest in the lab frame. The particles produced in the final state are not required
to carry away any momentum (though they often do, flying off in all directions). So the entire

center of mass energy 2 I/ is in principle available for producing new particles.

e Consider the general case of a colliding beam experiment, where particle a with 4-momentum
Pa = (F4,pa) collides with particle b with p, = (E,,py). Let us work in the center of
momentum frame, in which the total 3-momentum is zero (both before and after the collision,
indeed at all times). The final state is at rest in the CM frame, so the final 4-momentum is
pr = (E,0). The energy E of the final state in the center of momentum frame is the maximum
energy that is available for production of new particles. Thus we have

Py =E>=p} = (Pa+ 1)’ =02+ Dp + 2P0 po=mi +m; +2(E,Ey — pa-Py).  (95)

Suppose the initial 3-momenta p, and p;, are at an angle ¢ and that the energies E,; > mq;
are significantly more than rest masses. Then |p, | =~ E, ;. Then the CM energy is

E? = 2E,Ey(1 — cos ) (96)

So to maximize the energy available for creation of new particles, we must have § = 7 (head
on collision), in which case, E.,, ~ /4E,FE,. In particular, if the colliding particles have the
same energies F, = Ej, then E.,, ~ 2F, (as obtained previously). E.,, is the energy available
for production of new particles in the final state, which is produced at rest in the CM frame.

e On the other hand, in the case of a fixed target experiment, with particle b at rest in the lab
(p» = 0), the CM energy is
E? =m?2+m]+ 2m,FE,. 97)

And again, if the rest masses are small compared to F,, then the CM energy available in a fixed
target experiment is F.,, ~ /2my[, (this is the invariant mass of the final state, which is the
maximum possible mass of a particle created in the collision). So the available cm energy in
a colliding beam experiment grows linearly with the beam energy while it grows as the square
root of the beam energy in a fixed target experiment.

e The (design) CM energy in pp collisions (7 TeV on 7 TeV) at the LHC is 14 TeV. If we
wanted this CM energy to be achieved via fixed target collisions with a proton, then what beam
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energy would we need? From the answer, it should be clear that with current beam energies, the
only way to achieve a CM energy of 14 TeV is via colliding beams. The drawback of colliding
beam experiments is that beam flux (and so event rates) are much lower than in fixed target
experiments (with the same CM energy), the latter benefit from the availability of dense target
materials.

3.11 Asymmetric colliders

e The advantage of a symmetric collider (say head-on collision of e*e™ beams of equal energy)
over a fixed-target experiment is that it reduces the beam energy required to produce a new
particle of given mass. This is because no energy is unnecessarily ‘wasted’ in kinetic energy
of the final state particles: they can even be produced at rest in the lab since the initial total 3-
momentum is zero. Typically, in a colliding beam experiment, the final state particles fly out in
all directions from the collision vertex. On the other hand, in a fixed target experiment, the final
products typically move in the direction of the original beam with significant momentum. This
can be advantageous in special circumstances. If the particles produced are very short-lived,
then they may decay before they are detected. On the other hand, the lab-frame mean lifetime of
a particle grows with its speed 7" = 7. So we may lengthen the tracks of short-lived particles
by producing them with significant momentum. This is what is done at asymmetric colliders,
which are a cross between symmetric colliding beam and fixed target set-ups. For example,
at beauty-factories (BaBar at PEP2 SLAC Stanford during 1999-2008 and Belle at KEKB,
Tsukuba Japan), B mesons Y (45) containing b, b quarks are produced in e* e~ annihilations.
One requires about 10 GeV CM energy to produce these mesons since m;, ~ 4.2 GeV. However,
instead of colliding electrons and positrons of equal and opposite momenta, one collides 9 GeV
electrons of momentum p (what is |p|?) with 3.1 GeV positrons of momentum p’ (what is
|p’|?) where p and p’ are oppositely directed but of different magnitudes What is the center
of momentum energy? As a consequence the final products as a whole move in the direction
of p— p’. The BY and B° mesons produced in the decay of Y live longer than if they were
produced at rest. Using the accurate silicon vertex detector it was possible to study the weak
decays of B® and B° and learn about C'P violation in the weak interactions. The results
confirm the CKM theory of mixing of quark families.

e Another example of an asymmetric collider is the electron proton collider at HERA (Hadron
Elektron Ring Anlage) at DESY (Deutsches Elektronen-Synchrotron) in Hamburg. ep deep
inelastic scattering experiments have been used to probe distances of a tenth of an attometer
deep inside the proton. The measurements confirm perturbative QCD calculations and also
determine non-perturbative aspects of the distribution of quarks and gluons in a nucleon that
have not yet been theoretically understood.

3.12 Focusing the beam using quadrupole magnets

e Charged particles in a synchrotron beam repel each other causing the beam to spread out.
They are also subject to imperfections in the bending magnets etc so the particles do not travel
in circular orbits of a common radius, but suffer so-called betatron oscillations about a circular
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path. A typical proton may make a hundred thousand revolutions around the ring, covering
nearly a million kilometers, so beam stability is essential. The beam consists of bunches of,
say 10'2 protons as at the LHC. The bunches are separated and do not significantly affect each
other. However, there is a tendency for a given bunch to spread out both laterally (in the plane
perpendicular to the beam pipe) and longitudinally.

e To get a high intensity proton beam, it is focussed laterally, essentially by using magnetic
analogues of converging and diverging lenses. These are ‘focusing magnets’, with appropri-
ate magnetic field gradients. The method is called strong focusing, it has been an important
advance in the development of particle accelerators. Suppose the beam travels into the plane
of the paper. An F-type quadrupole magnet focuses the beam in the horizontal direction while
defocusing in the vertical direction. A D-type quadrupole magnet defocuses in the horizon-
tal direction while focusing in the vertical direction. By placing F- and D-type quadrupoles
at suitable intervals, it is possible to produce net focusing both horizontally and vertically. A
quadrupole magnet may be visualized as a system of 4 bar-magnets (coil electromagnets with
an iron core) lying in the plane of the paper, at right angles to each other, with S and N poles
alternating S(NorthEast)N(SE)S(SouthWest)N(NW) as one goes around the beam pipe.
The magnetic field is zero at the center but increases outwards, resulting in a gradient. A D-
type quadrupole is an F-type quadrupole rotated by 90 degrees in the plane of the paper. The
arrangement results in an alternating gradient synchrotron (AGS). Draw the field lines of such a
quadrupole magnet and demonstrate its focusing and defocusing properties. The focusing and
defocusing effects are greater in the periphery of the beam pipe (near the pole pieces of the
magnets) than at the center, due to the field gradient. So having been focussed horizontally by
an F quadrupole, the horizontal defocusing due to the next D quadrupole does not entirely undo
the effect of the previous F magnet. Thus it is possible to obtain focusing in both directions
using a succession of alternating gradient quadrupole magnets!

e The resonance acceleration principle using RF cavities has an inbuilt tendency towards com-
pressing bunches longitudinally. The synchrotron is set up to optimally accelerate particles that
emerge from an RF cavity when the oscillating voltage has grown, say, half-way to its maxi-
mum. Such particles receive the optimal kick and stay on resonance. Particles that are going
too fast arrive early, see a smaller voltage, and receive a smaller kick. Particles that are going
a bit too slow arrive late, by which time the voltage has grown. They get a greater kick which
pushes them towards the optimal position in the middle of a bunch.

3.13 Secondary and tertiary beams from fixed targets

e Bunches of protons accelerated at a synchrotron can be extracted and aimed at a target, often
beryllium, copper or carbon. Collisions with nuclei produce many particles, of which pions
and kaons are plentiful since they are the lightest hadrons; they are of particular interest. For
example, at the LHC in 2012 there were about 10! 4 TeV protons in each bunch and 107
bunches per second. At the proton synchrotron at CERN in 1963, there were 10'? 25 GeV
protons every three seconds. The point is that there are sufficiently many protons to produce
large numbers of pions and kaons (more pions than kaons). However, pions and kaons are
unstable. Can we make secondary beams of them? If they are sufficiently energetic and moving
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at relativistic speeds, then time dilation allows us to do so.

Mmyx = 139.6 MeV, m,o =135 MeV, mg+ =493.7MeV, mgo=497.6 MeV. (98)

e The mean lifetime of charged pions is about 7,+ = 26ns, with the primary decay mode being
7t — ut + v,. A charged pion moving at speed v has an energy E = ymc?®. Viewed from
the lab frame, it has a mean life time of 7. Thus a relativistic pion of energy say 14 GeV has
v = 100 and lives on average 2.6/s. In this time it can travel on average 2.6 x 1076 x 3 x 10® =
780m. This is enough to make secondary beams of pions. Magnets may be used (like a prism
for bending light) to bend the charged pion trajectories. More energetic pions bend less so we
may make secondary beams with specified energy (like selecting light of specific wavelength
using a prism).

e Neutral pions (which are a linear combination of u# and dd) have a mean life-time of 10~'7s
(7% — 2v), which is too short for producing a secondary beam.

e Charged kaons K= have a mean life-time 12ns, roughly half that of charged pions. K+ —
ptv,. Thus it is possible to prepare secondary beams of charged kaons as well. A 5 GeV beam
of kaons has v ~ 10 and will travel on average 36 m. This is adequate for secondary beams, as
were produced using the main injector at Fermilab with 120 GeV protons.

e Due to mixing, the neutral kaons K° and K° do not have definite lifetimes. The point
is that they are strangeness eigenstates, being produced via the strong interactions in proton
nucleus or pion nucleon collisions. But they decay via the weak interactions. The states with
definite life-times are a long lived K-long K (7x, = 50ns. Kj — 37) and a short lived
K-short Kg (75, = 90ps, K, — 2m). So K-long lives longer than charged pions and one can
form secondary beams of K, though one cannot control them with magnetic fields as they are
neutral. Remarkably, it is possible to ‘generate’ Kg in a beam of K by passing it through
matter, as we shall see shortly.

e Neutral kaons are of interest in studying CKM mixing and CP violation. Charged kaon beams
have been used to produce other hadrons (especially strange particles) in collisions with nuclei
in bubble chambers in the 1960s and subsequently. The KTeV experiment at Fermilab used
secondary beams of kaons.

e Charged pions and kaons decay producing neutrinos (more muon neutrinos than electron
neutrinos). Neutrinos interact very weakly and pass through shielding that absorbs all the other
decay products. Thus, one obtains tertiary beams of mostly v,,, 7, . It is possible to select neu-
trinos from anti-neutrinos by selecting the charge of the parent pions and kaons using bending
magnets. By colliding the neutrinos with a fixed target detector, one obtains neutrino-nucleon
deep inelastic scattering events, which probe the structure of the proton and also study the weak
interactions. Nuclear fission reactors are sources of 7, from beta decay of neutrons.

4 Neutral Kaon oscillations/mixing and regeneration

e We have mentioned 2 body scattering and decays to two bodies. Do 1-body decays exist? If
so, the parent and daughter must have the same mass, so one must look for particles with the
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same mass that can make a transition (‘oscillation’) without the net emission/absorption of any
other particle. Particle-anti-particle pairs have degenerate masses and are obvious candidates
for oscillations. But for this to happen, they must also have the same electric charge and baryon
number and other exactly conserved quantum numbers. Examples include the neutral kaons
K° = d5, K° = sd, neutral charmed mesons D° = ué, D° = cu, neutral bottom mesons
BY = db, B® = bd and neutral B,-mesons B = sb, BY = b5. On the other hand, we cannot
have oscillations between the degenerate but oppositely charged kaons K*, neutron and anti-
neutron or A° and A°. To study the K° — K system, it helps to have the concept of charge
conjugation at our disposal.

4.1 Charge conjugation and C'-invariance

e The operation of replacing a particle with its anti-particle is called charge conjugation C'.
Acting on a one-particle state, it reverses all the internal quantum numbers, both those associ-
ated to gauge symmetries and global symmetries. In particular, the electric charge (), magnetic
moment, color, weak hypercharge Y,, and weak isospin 73 are reversed. So are the baryon
number, lepton number, isospin projection /3, strangeness, charm, beauty, topness etc. Space-
time coordinates, spin, angular momentum and helicity are unchanged. E.g. 7 are related by
charge conjugation, as are K.

e Maxwell’s equations of classical EM are C'-invariant in the sense that they are unchanged
if we reverse the signs of p,f, E, é, A,. EM and Strong interactions are empirically found
to be symmetric under C' (Charge conjugation invariance was first proposed by Kramers.).
This means the rate of a (strong/EM) reaction is is same as the rate of the reaction that results
from replacing all particles by their anti-particles. The conjugate reaction may happen to be
the same reaction. For instance, the rate of 7 and 7~ production in pp annihilation p + p —
7t 47~ +- - are equal to better than a percent, the same applies to kaons in pp — KK~ +- - -
(see Perkins). There are more stringent tests of C'-invariance.

e C? = I, so the eigenvalues of C' are 41, called C-parity or charge conjugation. The
charge conjugation operator C', when acting on a |7) state produces a state of a negative pion:
C|m*) o< |7~). In fact, one may choose phases so that

Cle*)=|x") and C|r~)=|r"). (99)

Similarly, we may take C|K*) = |KT), C|K°) = |K°) and C|K°) = |K°). A 1-particle
state can have definite C'-parity only if the particle is its own anti-particle, like the photon, Z°,
70, n,n, /1, Y etc. Reversal of sign of A, under charge conjugation means that a photon
has negative C'-parity C|y) = —|v). Like parity, C'-parity is a multiplicative quantum number
so for a multi-photon state C'|ny) = (—1)"|ny). The C-conserving EM decay of the neutral
pion to two photons 7 — 2+ implies that it has even C-parity: C|7%) = |7°). C-invariance
of EM would then forbid 7° — 3+, and indeed this decay has not been seen. The upper limit
on the branching ratio is 3.1 x 10~%. Another even C-parity particle is the neutral 7 meson
(uti — dd — 2s5). Its decays too preserve C'-parity (e.g. n — 27, n — 37°).

e (-invariance is broken (in a sense maximally) by the weak interactions. Under C, a left-
handed neutrino is mapped to a left-handed anti-neutrino. The latter does not exist in the stan-
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dard model and has not been seen. So it is not even possible to compare the rate of LH neutrino
production to LH anti-neutrino production in weak interaction reactions that would otherwise
be charge conjugates of each other. Similarly, the charge conjugate of a LH electron is a LH
positron. Though both exist, they have different weak interactions: the LH electron transforms
as a doublet under weak isospin while the LH positron is a singlet under weak isospin.

4.2 Neutral Kaons: production and strong interactions

e Recall that the kaons form two [ = % doublets, the S = 1 doublet (KT = us, K° = d5) and
the S = —1 pair (K° = ds, K~ = us). The neutral kaons are anti-particles of each other and
form a very interesting ‘2-state’ system first studied by Gell-Mann and Pais in the mid 1950s.
Feynman includes a discussion in his lectures on physics. Neutral kaons are produced in strong
interactions.

e E.g., K are produced in association with A° baryons (S = —1) when a pion beam strikes a
proton target

7 (du) + p(uud) — A°(dus) + K°(5d) (100)
or in association with a 3 baryon (S = —1) when two protons collide

p+p — pluud) + X (uus) + K°(3d). (101)

A point to notice here is that to conserve baryon number, a strange baryon (which necessarily
has negative strangeness), is produced in association with a K° and never a K°. So if a A°
is produced in 7p collisions at not too high energies, we can be sure that the resulting neutral
kaon is nota K°.

e However K can be produced in association with K+ mesons in 7+p collisions:
7 (ud) + p(duv) — K*(ud) + K°(sd) + p(duu) (102)

The threshold pion energy for this reaction is 1.5 GeV while that for production of K° in
association with A above is .91 GeV. So one may produce a pure K° beam by choosing the
charged pion beam energy appropriately. The point is that K° and K° are not the same particle,
and it is possible to choose reactions where only one is produced, and make a beam of those
neutral kaons.

e It is also possible to produce K in association with K * (S = +1) by scattering protons off
neutrons p(uud) + n(udd) — n(udd) + n(udd) + K°(ds) + K*(su).

e Another way of making neutral kaons is by aiming a secondary beam of charged kaons at a
target containing nucleons:

Kt4+n—=K°+p, or K (su)+pluud) — K°(sd) + n(duu). (103)

By choosing the sign of the charged kaon beam, we can select neutral kaons with a specified
strangeness.
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e Neutral kaons can also be produced in association with charged kaons in pp annihilation
reactions B
pp— K 7tK° and pp— Ktn K° (104)

Which neutral kaon is produced can be determined from the charge of the pion/kaon co-produced.

e Neutral kaons interact differently with matter, depending on their strangeness. K° are seen
to produce the S = —1 A° baryons via K% — A%r™. But K° does not produce A° upon
striking protons unless the energy is so high as to allow reactions such as K'p — A’KT K7~

e A K can ‘exchange charge’ with a proton, K* +p — K* 4+ n while K° cannot do so.
On the other hand, K can produce the strange baryon % (uus) upon colliding with a proton,
K°+p— 2t +7%butthe S = 1 K° cannot produce a strange baryon in such a collision.
Thus it is possible to detect the presence of neutral kaons of specified strangeness by examining
how a beam of neutral kaons interacts with matter.

4.3 Neutral kaons: weak interactions, decays and CP eigenstates

e K% and KV are stationary states of the strong interaction (QCD) hamiltonian Hgong, they
are states of definite strangeness and mass (same mass 497.7 MeV) if we ignore the weak inter-
actions. Such an approximation holds for 10723 s during the strangeness-conserving production
process via the strong interactions (due to the proximity of other strongly interacting particles
p, 7, A). When the kaons propagate after they are produced, the hamiltonian that governs their
time evolution is in principle the sum of the strong, weak and EM hamiltonians. The strong in-
teractions are responsible for binding the kaons while the weak interactions are responsible for
their non-leptonic decay to pions or semi-leptonic decay to pions, leptons and neutrinos. Unlike
neutral pions, neutral kaons cannot decay to photons or pions electromagnetically since EM
conserves strangeness, so we can ignore EM. If we include the weak interactions, K° K° are
not stationary states, they do not have definite masses or life-times. They decay in strangeness
changing weak interactions after a long time (10~% - 1071 ), so we can make secondary beams
of neutral kaons. A Feynman diagram for the decay K° — 7*7~ is shown?*. Draw similar
diagrams for K° — 7t7—, 7970,

e It was discovered (theoretically predicted in 1955 and then experimentally discovered in
1960) that a pure K O beam, upon propagating in vacuum could turn into a mixed beam of K 0
and K° with their numbers oscillating in time. This is called K°K° mixing or strangeness

24Though we can draw such diagrams, the particle that decays to 7+ 7~ with a definite lifetime is neither K°

not K9, but a certain linear combination that is to be determined.
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oscillations. This could be detected since K° and K° react differently when passing through
matter, as explained above.

e K and K are not stationary states (i.e. of definite mass and life-time; the combination of
mass and lifetime m — % can be regarded as a complex energy eigenvalue corresponding to
a stationary state of an unstable particle in its rest frame) if one includes the weak interactions
Hiotal = Hgtrong + Hyeak. Usually, the weak interactions may be ignored in comparison to
the strong interactions. But when there are degeneracies, a small perturbation can alter the
stationary states significantly (as we will see in the example below). Since charge changing
weak interactions can change strangeness, the new states of definite mass (and life-time) need
not have definite strangeness. Moreover, weak interactions can cause transitions (or oscillations)
between K° and K°, which are forbidden by S-conserving strong interactions. From a study
of weak decays, it is found that there are two neutral kaons with definite masses and life-times,
Kaort and Kjopg With 7 = .9 x 107 s and 7, = .5 x 107"s. They decay primarily to two
and three pions, Kg — 77—, 7%7% and K — 37° 777~ 7. The phase space for three body
decay is smaller than for two body decay; it has a smaller () value, which explains why K,
lives longer.

e To begin to understand all this, following Gell-Mann and Pais (1955), let us model the K° —
K° Hilbert space as C?> = span(|K?), |K")) and represent Hyong = <§ g) where F =
497.7 MeV. In other words, we are ignoring the translational degrees of freedom and focusing

on the two dimensional space labelled by strangeness of the neutral kaons.

e For simplicity, we model the perturbing hamiltonian due to the weak interaction by the

purely off-diagonal (off-diagonal matrix elements are the ones that cause transitions) real matrix

0

Hyeax = (w with w < E. It follows that the perturbed eigenstates are

w

0
1 _ 1 %

K, = % (K°+ K% and K,= 7 (K°— K°) withenergies E+w. (105)

If Hyear = <£* %j) were hermitian, off-diagonal but not real, the perturbed energies would
be E + |w]|, corresponding to the eigenstates \/%(e" arg(w) K0 4 K0,

e By transitions between K° and K we mean reactions of the sort K° «+ K°. This could
happen, for instance, through an intermediate state that both K° and K° can decay to, such
as 7tn~ or 7t~ 7°. Thus mixing can take place through virtual intermediate pion states
like K — 77~ — K°. Such a |AS| = 2 transition must involve two charge changing
weak currents, i.e. two W bosons exchanged (neutral current Z° exchange does not change
strangeness, nor would gluon or photon exchange). An example is a 1-loop ‘box’ Feynman
diagram with virtual up type quarks and anti-quarks shown below.

e The true neutral kaon eigenstates K, Ky of Hyu, are some linear combinations of K and
K°. We can find them without knowing the explicit form of the hamiltonian if we assume that
it commutes with C'P. Unlike P and C' which are individually not conserved in weak inter-
actions, C'P is a symmetry of the strong interactions and very nearly (to about one part in a
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thousand) a symmetry of the weak interactions. We will work in the approximation where C'P
is conserved, so the eigenstates of H are also C'P eigenstates. The hamiltonian also possesses
other symmetries like rotations and translations, but these act trivially within the two dimen-
sional subspace under consideration, the corresponding symmetry generators are multiples of
the identity and do not allow us to identify the states with definite lifetime.

e Now, being anti-particles, charge conjugation takes a one- K° state to a one- K° state and
vice-versa. For some phase (|a| = 1),

C|K% = a|K") and C|K°) = (1/a)|K°?) since C*=1. (106)

It is possible to absorb the phase « into the state vector |K°) so that C|K°) = |K°) and
C|K% = |K"). Now kaons all have negative intrinsic parity (they are part of the pseudo-scalar
meson octet with the pions) P|K) = —|K). So PC|K°) = —|K°) and PC|K°) = —|K?). It
is conventional to absorb the minus sign into the state vector |K°) to get (note that CP = PC
since C' does not affect the spatial or spin degrees of freedom upon which P acts)

CP|K° = |K% and CP|K° =|K"). (107)

So the CP matrix is simply the Pauli matrix o; within this subspace, and its eigenstates are the
previously introduced combinations K and K°. Thus the strangeness eigenstates are not C'P
eigenstates, but the sum and difference K » are C'P even and odd

1 1 0 0 _
7 EOK)_'K ), CP=-L
(108)

To the extent that CP is a symmetry of the weak interactions K and K, should be the states
with definite masses and life-times.

K1) = — (K% +|K")), CP=+1, and |K))=

e CP conserving weak interactions would allow K , to decay only into CP-even and CP-odd
final states. Neutral kaons are seen to decay weakly to two pion (77% or 777~ ) and three-pion
(7770 or 7T 7~ 7%) final states.

e Let us argue that the two pion final states are CP even?®. Since kaons have no angular momen-
tum (spin zero) the 27 final state does not have any orbital angular momentum, so its extrinsic
parity (—1)! = 1. The odd intrinsic parities of the pions combine to make 77 a parity even

2>More generally, consider the two pion final state |7+ 7~). Pions have spin zero each so we may ignore spin.
Suppose the pair has orbital angular momentum [. The intrinsic parities are both odd and multiply to give one.
The extrinsic parity is (—1)!. The effect of C' is simply to exchange the pions, which is the same as reflection
through the origin, under which |7+7~) = (=1)!|7*7~). So the C-parity is (—1)’. Thus the CP eigenvalue is
(—1)2" = 1 irrespective of the value of 1. Of course I = 0 since the decaying kaon was spin less.
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state. C' does not affect the 27° state while it exchanges the 7, though this leaves an S-wave
state unchanged. Thus the 77 final states have C'P = +1 and only K can decay to w7. Note
that the () value for 2-pion decays is 498 — 140 — 140 ~ 218 MeV.

e The mmm final states relevant to neutral kaon decay can be shown to be C'P odd, so only
K, can decay 37 while conserving C' P2, TIrrespective of this, the () value ~ 78 MeV for
3 pion decay is significantly less than for 27 decay. So K; which decays to two pions has
a much shorter lifetime 71 ~ .9 x 107'%s than (K}) that decays to 37 in 7, &~ .5 x 107 's.
To/T1 ~ 570. The energy widths are I'; = 7.4 peV and I'y = 0.013 peV. These widths are
very narrow compared to the masses (~ 497.6 MeV), so the neutral kaons are much more stable
compared to the hadronic resonances like the A that decay via the strong interactions.

e It turns out that C'P isn’t exactly conserved in weak decays?’, so the states of definite mass
and lifetime aren’t exactly C'P eigenstates but a pair of short and long-lived neutral kaons Kg
and K. However, Kg ~ K; and K ~ K5, so we shall ignore the effects of C'P violation in
this discussion and use the symbols K¢ and K interchangeably as also K, and K.

4.4 Neutral kaons: strangeness oscillations

o H,..x breaks the degeneracy in masses, so K 5 have slightly different masses m; o (Am/mgo =~
7 x 1071%); they also have significantly different mean life times 71,2 (or energy widths I'y 5 =
h/71.2). The fact that the strangeness eigenstates K°, K° differ from the mass eigenstates leads

to the phenomenon of strangeness oscillations, predicted by Gell-Mann and Pais in 1955 and
experimentally detected in 1960.

e Suppose we start off with a neutral kaon produced in a strong interaction, it must have definite
strangeness. For definiteness, if it was produced in 7~ p collisions in association with A°, then
it must have S = 1 and be a K°. However, K" is not an eigenstate of H,,, and to examine
its time evolution as it propagates (as part of a beam) we decompose it in terms of the C'P
eigenstates K. At t = 0 we have

1
V2

26Consider the 37° final state from neutral kaon decay, we will show that it is CP odd. First, C' leaves each
7Y invariant, so we only need to determine the parity of this 37" state. Each pion has odd intrinsic parity, so the
product of intrinsic parities is —1. It remains to consider the extrinsic parity from orbital motion. The 37° state
must have zero total angular momentum J since the original kaon is spin-less (pseudo scalar). Now suppose the
orbital angular momentum of one pair of pions about their CM is 1 and that of the remaining pion about the CM
of the other two is 1. Then J = 1+ 1'. Butsince J = 0, [ = I’. What is more, since the pions are identical
bosons, any two pions must be in a symmetric state under exchange, which means [ is even. So both [ and I’ are
even, resulting in even extrinsic parities (—1)¢, (fl)l/ (in any case, the product of the extrinsic parities will be +1
since [ = [’). In summary, the CP eigenvalue of a J = 0 37" state is simply the product of intrinsic parities, and
therefore CP = —1. The 77~ 7¥ state can be CP odd or even, depending on the relative angular momentum [
of the 777~ pair. However, the small ) value ~ 80 MeV of the decay, suggests [ = 0. Now the 777~ pair is
CP even, as argued earlier for Kg — 27. Combining this with the CP odd 7° (C = 1, P = —1) we conclude
that the 77~ 7" system is CP odd.
27 A manifestation of C'P violation is the very rare weak decay of K, to two pions, the amplitude for this is
about 500 times less than the amplitude for Kg — 7m

|K°(0)) = (|K1(0)) + |K2(0))) where K;(0)=K; and K5(0)=K,. (109)
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In their rest frame, the amplitudes for the C'P eigenstates have a time dependence determined
by their masses and life-times

|K1(t)) = e~ ™2 K (0)) and  |Ko(t)) = e ™2t=4272| K, (0)). (110)

Thus the time evolution of our initial K is a superposition of a pair of oscillatory amplitudes,
each with its own exponential damping.

1
V2
Production of K via the strong interactions happens in 10~2® seconds®. For a long time after
this, i.e. till t < 7 ~ .9 x 1071%s both K; and K, are present in the beam. As ¢ approaches 7
one observes decays to two pions arising from the CP even K; component. When 7, =t > 711,
the A; component would have decayed and one would primarily see decays to three pions. This
is in the rest frame of the K. If it were moving at a speed v, relative to the lab frame, then
the masses and life-times must be scaled up by . In practice, the 27 decays are seen closer to
the K° production region and the 37 decays at greater distances downstream since 7, is about
570 times larger than 7. In fact, ¢y = 2.67 cm while ¢, = 15.5m. A neutral kaon beam of

energy 5 GeV, has v =~ 10 and ycr; = 26.7cm while yer, = 155m. So a few meters from the
production region, all the short-lived /;’s would have decayed.

e In |K°(t)), the amplitudes of K; and K, are unequal at ¢ > (. What this means is that
an initially pure K° beam morphs into one containing neutral kaons of either strangeness®.
To study this, we may allow the neutral kaon beam to pass through matter (e.g. a hydrogen
target). The kaons will interact strongly with the nucleons, but unlike the weak decays, these
are strangeness preserving reactions. While the (S = —1) K interacts strongly with protons,
producing S = —1 strange baryons (like A), the K° does not interact as much and cannot
produce A°. Thus, starting with a pure K° beam, one can measure the intensity of K° at time
t. The probability of finding a K in |K;(¢)) is the absolute-square of the amplitude

Ampl(K®,1) = (KO|K°(t)) = —= ((Ka| + (Kal) [K°(1) = =
1
I

KO(8) = <= (7™ 2 K (0)) + €712 Ky 0)) (a1

—imlt—t/ZTl —imzt—t/27-2
7 5 (e +e )
0 —t/T —t/T _£<L+L)

= Prob(K",t) = e 4e T 4 2e 2\ 2/ cos(Amt)| where Am = |ma — n(il]12)
So the K probability is expected to decrease exponentially from 1 at ¢+ = 0, but should show
an oscillatory behavior superimposed on the exponential decay. The angular frequency of the
oscillations is Am, it has been measured (and calculated approximately using the 1-loop box
Feynman diagram).

1
Am=35x10%eV ~ 5o me > m (113)
1

2810235 is the natural time-scale for the physics of hadrons. It is simply the time it takes light to cross a hadron,

which is about a fermi in size.

P Note that kaons of opposite strangeness, being anti-particles, could annihilate if they collide. However, it is
more likely for a single kaon to propagate or decay than for two of them to annihilate in such a beam. Moreover,
the interference phenomena that lead to oscillations are due to the superposition principle of QM and apply to
single kaons, just as the double slit interference pattern with photons may be developed with very low intensity
light (single photons that do not interact with each other).
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Though this mass difference is very small compared to the masses of other elementary particles,
it is measurable since the corresponding oscillations have a time period of order 27 /Am ~
471 ~ 1 ns. Due to time-dilation, this is manifested over a macroscopic length. Similarly, the
probability of finding a K in the beam at time ¢ is (plot these probabilities!)

1

_ _ 1 _t(L
Prob(K°, 1) = (KUK () = § |/ + 7t/ — 2 (%) cos(Am )| . (114

The probability of finding a K° in an initially pure K° beam grows from 0 at t = 0, reaches
a maximum at a time of order 7, oscillates and eventually decays to zero. Of course, after a
time long compared to 79, there are no neutral kaons left, they have all decayed to two or three
pions.

e The rate of K — K strangeness oscillations that can be calculated from the 1-loop box
Feynman diagram depends on the mass of the charm quark, which can appear as a virtual parti-
cle in some Feynman diagrams. By comparing the calculations with experimental measurement
of the rate of strangeness oscillations, it was possible to predict the mass of the charm quark
before it was discovered as a constituent of the .J/1) in 1974!

4.5 Kg regeneration

e A particularly striking manifestation of strangeness oscillations is in the phenomenon of K
regeneration, predicted in 1955 by A Pais and O Pancini and detected by Pancini and collabora-
tors in 1960. Suppose we begin with a beam (traveling through vacuum) of pure K° produced
in 7w p collisions in association with A° baryons (originally called hyperons). K° being an
equal superposition of the short lived K, and long-lived K5, we will initially see two pion de-
cays by which the K; = Kg component is depleted once ¢t 2 7; (in the rest frame), leaving a
less intense beam of long lived Ky = K = (K°— K°)/v/2 (as long as t < 7). Now, if we let
the K; beam pass through a layer of matter, the K° and K° components will react differently.
The S = —1 K° are more easily absorbed (producing A° baryons) leaving a beam of more
K°’s than K's, so that (up to overall factors) the sequence of amplitudes may be written

1 _ 1
K'5 K, =—(K°- K% —» —
L \/5( ) V2

where f > f are the amplitudes for K° and K° to emerge from the layer of matter (Perkins’
notation). Having emerged from the slab of matter the beam now has a Kg component which
will decay to two pions! So by passing a neutral kaon beam (from which all the K s had been
depleted) through matter, K¢ has been regenerated. This process can be repeated several times
till all the kaons have decayed.

(FE? = JK?) = %(f + )KL+ %(f — [)Ks, (115)

e These strange features of neutral kaons are partly a consequence of the superposition principle
of quantum mechanics (and serve as a test of it).
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5 Detection of particles: basic ideas

e The screen of a cathode ray tube (TV screen) serves as a detector of electrons, via the flashes
of light they emit when hitting the scintillating material. Rutherford, Geiger and Marsden man-
ually counted such flashes from « particles incident on a ZnS screen as a function of location
using a microscope, in their alpha scattering experiments.

e Charged particles like electrons, muons, alpha particles etc are often detected by the tracks
they leave. When a charged particle passes through a gas, it ionizes atoms along its path. The
ions (due to their inertia) do not move much, while the liberated electrons tend to drift away.
Many detectors like cloud, bubble, spark and proportional wire chambers work by detecting the
ions (or electrons) left in the wake of the charged particle.

e Photons are neutral and do not ordinarily leave ion trails like electrons. However, high energy
photons (gamma rays) can ionise atoms in a gas and the resulting ions/electrons can be collected.
More spectacularly, photons of sufficient energy (more than 2m, ) pair produce while passing
through matter. Though pair production by real photons in vacuum v — e*e™ is not allowed
due to momentum conservation, it can happen in the Coulomb field of a nucleus. The tracks of
the ete™ pair can then be observed. The leading order Feynman diagram is drawn with time
increasing upwards. There are three vertices (including the one at the nucleus) each of which
contributes a factor of electric charge e. So the amplitude is o< e and the cross section to o,
so pair production is called a third order process.

Pair
production

nucleus

nucleus

Bremsstrahlung

e Charged particles radiate photons when accelerated. Classically, the power radiated (say in
a circular trajectory of radius r) grows with square of energy and decreases as the square of
the mass P = 262 = __2¢L% o this is particularly important for high energy electrons.
Momentum conservation does not permit a free electron to radiate a single photon e — ey
in vacuum. However, an electron passing through matter is accelerated in the coulomb field
of a nucleus and does radiate photons (the momentum being balanced by the nucleus). This
is called bremsstrahlung, German for breaking radiation. There are two leading order FD for
bremsstrahlung, which show that it is a third order process®® If the photons produced are suffi-
ciently energetic, they can pair produce in the vicinity of other nuclei. This produces an elec-
tromagnetic shower or avalanche of characteristic shape, and the charged particle tracks can be
observed.

30Note that one needs to add the amplitudes represented by each of these diagrams and square the sum to get
the physical rate. The photons that emerge cannot be identified as having been radiated by the electron or by the
nucleus, it is the system that radiates, though we say that the electron radiates photons.

85



e Muons being 200 times heavier than electrons radiate less and typically do not produce elec-
tromagnetic showers. But they leave long tell-tale ion-tracks in detectors. Muon trackers are
usually on the outer part of collider detectors, since muons make it quite far, unlike electrons.
The tau lepton (m, = 1.777 GeV) is even heavier than the muon, but it does not leave tracks,
because it decays rapidly via the weak interactions (lifetime of 10713 s) to charged leptons/pions
and neutrinos.

e The neutron is a strongly interacting electrically neutral particle that lives long enough to be
detected. Its EM interactions due to magnetic dipole moment are rather weak to be used as a
method of detection. Beta decay to charged particles (electron and proton) is not a very practical
means of detection since the rate is very low and the neutron may leave the lab before it decays.
When passing through matter (especially hydrogen rich matter so that the target nuclei have the
same mass as the projectile), neutrons can elastically scatter off protons (or other nuclei), and
the recoiling protons/ions, being charged, can be more easily detected. When passing through
matter, energetic neutrons can also collide inelastically with nuclei and produce several charged
particles and daughter nuclei in a hadron shower which can be detected. Low energy neutrons
can be absorbed by appropriate nuclei, which then undergo nuclear reactions (including fission)
emitting gamma rays and other ionizing charged particles like beta and alpha rays, which can
be detected.

e The neutral pion also interacts strongly, but is very short-lived. It decays in 10~'7s electro-
magnetically (7° — 2+) and the photons can be detected through pair production or otherwise
(e.g. via the photo electric effect).

e We now introduce some specific devices/methods of particle detection.

5.1 Geiger counter

e In its simplest form, a Geiger counter consists of a hollow metal cylinder filled with a (typ-
ically inert noble) gas at low pressure. A wire along the axis was maintained at 1 kilo volt
potential difference relative to the cylinder. When a charged particle (say an alpha or beta parti-
cle) passed through the cylinder, it left a trail of ionized atoms which were attracted to the wire
due to the electric field. These ions produced more ions as they were accelerated towards the
wire, resulting in a small electric pulse (‘discharge’) in the wire, which could be detected using
an electrometer. In more sophisticated versions, the small current is amplified using amplifiers
so that it can be heard on a speaker. Diodes and subsequently triodes, which were developed in
the first decade of the 20th century were used to amplify the electrical pulse.

e The Geiger counter was developed by Geiger (and Rutherford) by 1913 and was improved
upon by Geiger and Miiller in 1928.

e Though it did not provide information on the track followed by the charged particle, the
Geiger counter could detect the passage of individual alpha or beta particles, and hence count
them. Clicks of a Geiger counter were used to measure radioactivity from uranic salts. How-
ever, they do not provide tracks of charged particles nor do they measure the energy of charged
particles. Geiger counters can serve as triggers to switch on more sophisticated tracking de-
tectors (like cloud chambers) when a charged particle passes by. A more sophisticated version
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of the Geiger counter, a proportional counter can indicate the energy of the charged particle
by producing a current whose total charge is proportional to the energy. The point is that the
number of ion-electron pairs produced by an ionising charged particle is roughly proportional
to its energy. Each of these ion pairs is used to produce a small avalanche close to the anode
wire, by carefully adjusting the voltage in the chamber, the gas pressure and composition.

5.2 Electroscope

e The electroscope as an instrument to detect electric charge goes back to the 1600s. It was
used to discover cosmic rays in the early 20th century. Theodor Wulf constructed a sensitive
electroscope in 1910 in the Netherlands. It consists of a pair of conducting leaves, say gold
leaves that hang downwards and are joined at a vertex to a conducting central holder. When it is
charged, the leaves repel each other. If a charged particle passes by, it ionizes the surrounding
gas and electrons or ions drift to the electroscope discharging it. As a consequence, the leaves
cease to repel. Natural radioactivity from the earth could discharge an electroscope, but this
effect should decrease with height (distance from radioactive sources). What Wulf and later
Victor Hess (Vienna, Nobel prize 1936) in more systematic studies found, was that the rate of
discharge did not decrease with height, and in fact increased. This was discovered via Eiffel
tower-top and balloon-borne experiments! It was deduced that the source of the discharging
radiation was from space, leading to the discovery of cosmic rays.

5.3 Wilson cloud chamber

e The Scottish physicist C T R Wilson (Nobel prize 1927) developed the cloud chamber that
bears his name. This is an example of a serendipitous development, Wilson originally wanted
to reproduce the optical glory effect. In a failed attempt to do so, he was led to the path of
developing the cloud chamber by 1911. He found in 1895 that water vapor condenses around
charged particles to form droplets (drops of oil with electrons stuck to them were used later
by Millikan to measure electron charge). The device consisted of a chamber filled with pure
water vapor fitted with a piston. When the vapor is expanded using the piston, it adiabatically
cools leading to supersaturation (the vapor pressure of water is exceeded). This is an unstable
state, passage of a charged particle leaves ions which act as nucleation sites. Water vapor
condenses around ions revealing the trails of charged particles. To work efficiently, one needs
to know when to expand the vapor. The cloud chamber was used to detect cosmic rays by using
Geiger counters as triggers for the expansion. Geiger counters were placed above and below
the chamber (counter controlled cloud chamber, Blackett and Occhialini 1937, Nobel prize to
Blackett in 1948). If both counters detected a pulse in quick succession, it signaled passage of a
charged cosmic ray and the expansion was triggered. The resulting water droplets revealed the
path which was photographed after activating a flash bulb. Tracks of o and 3 particles from
natural radioactive decay were detected using the Wilson cloud chamber, emphasizing their
particle-like nature. The « particle tracks are thicker than those of electrons, «’s have higher
ionizing ability due to higher charge. Later, particles produced in artificial nuclear disintegration
and cosmic rays were also detected. Positrons (1932) muons (1936) and kaons (1947) were
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discovered in cosmic ray showers using cloud chamber photographs. By applying a magnetic
field across the cloud chamber, information on the charge and momentum of charged particles
could be obtained from their tracks. In a non-relativistic approximation, assuming velocity
orthogonal to magnetic field,

B mv® _qrB
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P (116)
c r r c

High momentum electrons bend far less than low momentum ones. So the radius of curvature
gives an estimate of momentum if the charge and applied B are known. The sign of charge
is determined by whether the particle bends clockwise or anti-clockwise; e™ and e~ bend in
opposite directions. The curvature of an electron track increases with time as the electron loses
energy to the material in the chamber, so cloud chamber photos show spirals.

e Moreover, particles of higher charge |g| produce thicker tracks, since more ions are ionized.
The chamber can be calibrated by using test particles of known charge. The thickness of the
track is proportional to the square of the charge and inversely proportional to the square of the
speed of the particle. So all particles of unit charge moving nearly at the speed of light leave
tracks of the same width. For fast particles v ~ ¢, one cannot tell the direction of motion as the
track thickness does not appreciably increase within the dimensions of the chamber, given the
limited energy loss. To find the direction one simply inserted a thin lead plate in the middle of
the chamber. After passing through the plate, an electron/positron has less energy and its track
is more curved in a magnetic field.

e Cloud chambers, while being relatively easy to construct, have the drawback of not containing
much material to function as target. Glaser’s bubble chamber solved this problem by using
denser liquid instead of water vapor, which could act as target while continuing to reveal ion
trails.

5.4 Photographic emulsions

e Like intense light, high energy charged particles too can be used to take photographs. Dark-
ening of photographic plates (precursors to photographic film, glass coated with light sensitive
chemical emulsions) was crucial to the discovery of X-rays and radioactivity. Hess confirmed
the electroscopic detection of cosmic rays by the traces they left on photographic plates left on
mountains and taken up in balloons.

e Powell, Occhialini, Muirhead and Lattes discovered the charged pions in 1947 using photo-
graphic emulsions to record tracks of cosmic rays at high altitude. Powell had been developing
high quality photographic emulsions from the late 1930s. The thickness of the track left by a
charged particle in photographic emulsion decreases with the speed of the particle and reaches
a minimum as v — c. Powell (Nobel prize 1950) and coworkers made essential improvements
in photographic emulsion technology to record tracks of highly relativistic weakly ionizing par-
ticles, leading to the discovery of charged pions. A stack of emulsion covered plates (Silver
Bromide crystals suspended in gelatin) produced images of cosmic ray tracks (black tracks of
Silver grains), decays and interactions. Unlike cloud chambers which had to be expanded and
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contracted after each particle passage, the plates could be left to take photographs and many
tracks could be recorded on the same plate. Photographic emulsions have much greater stop-
ping power than air or vapor, so particle tracks are much shorter. The direction of motion of a
charged particle through a photographic plate is given by direction of increase of black grains.
A slower particle has greater ionizing ability. See the photographs in Perkins’ book. A charged
pion comes to rest in the emulsion and decays to a muon. The charged pion track ends and the
muon tracks emerges at an angle, the missing momentum being carried by the uncharged muon
neutrino. The resulting muon tracks were all of roughly the same length indicating that the
decay is a 2 body decay and the muon is mono-energetic and decays in about 2.2 microseconds.
At the end of the muon track is an electron track which again emerges at an angle, the missing
momentum being carried by a pair of neutrinos.

e Photographic emulsions have good spatial resolution (half a micron) and are still in use in
studies of cosmic rays and neutrinos as well as in astronomy. By very refined methods, distances
of 1 micron between the point of production of a 7¥ (via the strong interactions) and its decay
(to 27y via EM) can be measured, even though it does not leave a track.

5.5 Glaser bubble chamber

e The bubble chamber was invented by Donald Glaser (Nobel prize 1960) at Michigan in 1952.
They were very widely used in tracking particles produced at accelerator experiments for the
next three decades. The bubble chamber was based on and replaced Wilson’s cloud chambers.
Bubble chambers used liquid rather than water vapour used in cloud chambers. The greater
density produced more target material for energetic particles (including neutrinos!) to interact
with. While liquid hydrogen produced clear tracks, denser liquids like freon were used when
more target mass was needed and also to ensure that photons and electrons produce EM showers.
Cloud chambers also take longer (1 minute) than bubble chambers (1 second) for compression
after expansion and track photography.

e Bubble chambers work in a similar manner as cloud chambers. The boiling temperature of a
liquid decreases with decreasing pressure. A super heated liquid is one that is at a temperature
above boiling point due to a sudden drop of pressure. The basic principle of operation of a bub-
ble chamber is that a super-heated liquid is unstable and will begin to boil around perturbations
such as the ion trails left by a charged particle. They are filled with liquid (liquid hydrogen re-
quires a temperature of 20K; denser liquids like propane and freon have also been used. Glaser
is said to have tried out beer without success!) and fitted with a movable piston to adjust the
pressure. When the piston is pushed in, the liquid is at a high pressure of several atmospheres
and at a temperature just below boiling. The piston is suddenly withdrawn leading to a drop in
pressure and creating an unstable superheated liquid. If charged particles pass through in inter-
esting directions (as determined by scintillation counters placed around the chamber) then, the
compression of the chamber is triggered. Prior to this, the liquid has started to boil by forming
bubbles around the ions left by charged particles. The compression happens at just the right
time so that the bubbles are big enough to be photographed. Then the piston is pushed back
in to prevent the whole liquid from boiling and to return it to its original high pressure state.
The whole cycle can be completed in about a second in time for the next bunch of particles
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from an accelerator. A magnetic field (of order a Tesla) is applied across the bubble chamber
to enable determination of particle charge and momentum. Particles with higher charge leave
thicker tracks in bubble chambers. Muons leave long tracks since they radiate much less than
electrons of the same energy and do not interact strongly.

e Glaser’s first bubble chamber (1952) was only 3 cm in width. In the 1950s, L Alvarez (Berke-
ley), one of the champions of large-scale experiments, built along with coworkers, a 10 inch
bubble chamber and also a 72 inch bubble chamber filled with deuterium exposed to pions
and protons from the 6 GeV Berkeley Bevatron. Analysis of millions of bubble chamber pho-
tographs led to the discovery of numerous hadrons and resonances for which he received the
1968 Nobel prize. The Gargamelle bubble chamber used to discover neutral current neutrino
interactions via elastic neutrino electron scattering 7, — 7,e via Z° exchange at CERN in
1973 was 4.8 m long.

5.6 Spark chambers

e Spark chambers are made of several parallel metal plates with inert gas (He or Ne) in between
successive plates. When a charged particle passes through, it leaves an ion trail in the gas. By
applying a carefully chosen high voltage to alternate plates, one induces sparks along the ion
trails between plates (like in a gas discharge tube or lightning) which are photographed. The
timing of sparks can even be recorded using microphones. Spark chambers could be triggered
with greater precision than bubble chambers. The material in the plates also functions as a target
for particle interactions and increases the cross section for rare events like neutrino scattering.

e The basic idea of the spark chamber goes back to 1950 but it took some years to implement
the idea and find just the right voltage. The development of the spark chamber by Fukui and
Miyamoto in the late 1950s led almost immediately (in 1962) to the discovery that there were
two types of neutrinos, muon and electron. This was achieved by the team of L Lederman, J
Steinberger, M Schwarz et. al. using tertiary neutrino beams from the Alternating Gradient
Synchrotron (AGS) at Brookhaven, Long Island, NY.

e In 1956 Cowan and Reines had discovered the electron type anti-neutrino coming from beta
decay in nuclear reactors. Their ‘signature’ was that 7, produced positrons when interacting
with matter. Lederman et. al. found that the neutrinos from the AGS produced largely muons
rather than positrons when they interacted with the material in the spark chamber (see below).
Positrons annihilate readily and produce an EM shower with a characteristic shape in spark
chamber photographs. On the other hand, muons which radiate much less leave long tracks in
the spark chamber, they do not produce EM showers. They concluded that there was a second
kind of neutrino associated to the muon. This completed the second lepton family.

e Protons accelerated in the AGS were extracted, made to hit a target (e.g. Berillium) producing
a shower of hadrons, including pions and kaons. The resulting particles were passed through a
pile of mud. The pions and kaons decayed primarily to ;= 7, or p v, (with a lesser fraction of
ev, or et v, - recall the helicity rule). At the end of the mud, one was left with a beam of mostly
V., v, and fewer v,, .. The neutrino beam was directed at a spark chamber. A small fraction
of the neutrinos then underwent neutrino nucleon deep inelastic scattering (v,p — p+X where
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X may include several hadrons, and similarly for v.,7,, V) Draw the Feynman diagram with
W= exchange.

5.7 Wire chambers

e Analyzing millions of photographs from bubble and spark chambers was cumbersome. Be-
ginning in the 1960s it became feasible to directly digitize the positions and times of charged
particle tracks using electronics attached to wire chambers. Wire chambers are in a sense supped
up versions of the Geiger counter.

e In essence, the metal plates of spark chambers are replaced with closely spaced (millimeter)
parallel wires to which voltages are applied. The resulting sparks along ion trails, when charged
particles pass through, are received by the nearest wire. This information (including the timing)
is passed to a computer. By using several layers of wires oriented at different angles, accurate
particle tracking is achieved using wire spark chambers.

e Multiwire proportional®! chambers developed by G. Charpak (1968-70) provide even greater
position (sub mm) and 10 ns time resolution for charged particle tracks. Here the free electrons
produced along the particle track drift to the wires giving rise to small currents that are accu-
rately measured and timed (typically, there are three layers of wires with the central layer held
at high voltage being the one that received the electrons). This information is fed to a computer
to reconstruct 3d tracks and determine particle momenta (using curvature of their trajectories in
a magnetic field). Charpak received the Nobel prize in 1992. A multiwire proportional cham-
ber requires elaborate electronics as each wire needs to be connected to electronic circuits to
amplify the signals.

e Drift chambers work in a similar way as wire chambers but focus on measuring the ‘drift
time’ taken for the electron signal to reach the ‘sense’ wire, to estimate distances of 10s of
micrometers.

5.8 Scintillation counters

e Scintillation materials (crystals like CsI, Nal or organic materials (plastics containing an-
thracene dissolved in a liquid) and placed in a layer within a larger detector) give off flashes of
light when charged particles pass through. The charged particle produces an electronic excita-
tion in a molecule in the material. When an electron returns to the lower energy level, a photon
is emitted, typically in the visible (often blue) or UV region. There are scintillation materials
that give off flashes of light even when gamma rays pass through (not just charged particles).
Geiger, Marsden and Rutherford used a Zinc Sulphide screen which produced flashes of light
when struck by alpha particles that passed through their gold foil.

31 An electron released when a charged particle ionizes a gas atom is accelerated towards the high voltage wire.
If it picks up enough energy before reaching the wire, it ionizes other atoms producing more electrons, creating an
avalanche. The number of secondary electrons is proportional to the number of primary ions by an amplification
factor of order 10°.

91



e The photon signal from scintillation counters can be very weak (1 or a few photons). It needs
to be amplified. This is done by photo multiplier tubes PMTs.

e Scintillation detectors do not provide tracks of charged particles. However, a pulse recorded
by a scintillation counter can be used as a trigger to activate other detectors like bubble chambers
or spark chambers . They are also used to estimate the energy of charged particles and EM and
hadron showers, as we shall see.

5.9 Cherenkov radiation

e Cherenkov radiation is emitted by charged particles moving in a polarizable medium (usually
water or heavy water) faster (Jc¢) than the speed (c¢/n) of light in the medium (which is always
less than ¢). The phenomenon had been noticed before Pavel Cherenkov and his advisor Vavilov
(1934) but had been mistaken for fluorescence®?. When a plane flies at above the speed of sound
in air, a shockwave forms between regions of sub-sonic and super-sonic flow. This wave can be
heard by ground based-observers in a sonic boom. Cherenkov radiation is an optical analogue,
when a charged particle (electron or muon, pion, kaon etc) moves faster than the local speed of
light. There results an expanding cone of (usually bluish) light that follows the particle. The
wave front of Cherenkov radiation is shaped like the wake of a ship and is at a fixed angle
relative to the particle trajectory. The opening angle of the cone is given by
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The opening angle of this cone decreases with the speed of the charged particle and may be
used to determine its speed. Cherenkov radiation emitted in a tank forms ring-like patterns on
the walls of the tank, which can be detected by photo multiplier tubes that line the walls. There
is a photo you may find on the internet of technicians in a boat repairing the PMTs on walls
of a Cherenkov tank. The Cherenkov effect was theoretically explained by Tamm and Frank,
colleagues of Cherenkov in the same department. The three of them shared the 1958 Nobel
prize.
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5.10 Photo Multiplier Tubes

e PMTs are used to amplify the photon signal from scintillation counters or Cherenkov coun-
ters. So a scintillation detector is often fitted with a PMT. And hundreds of PMTs line the
walls of huge tanks of water in order to detect Cherenkov radiation from fast moving charged
particles.

e PMTs work on the basis of the photo electric effect. Visible and UV photons incident on a
metallic cathode can cause photo electrons to be ejected. An electric field guides these photo
electrons to an anode. Upon striking the anode, several more electrons are ejected, which are
then directed at a second anode, generating yet more electrons. Thus, a single photon can
generate an cascade of electrons, enough to produce a detectable current.

32 Fluorescence is the emission of characteristic light by excited molecules, as they relax to a lower energy level
after having been excited by radiation.
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5.11 Silicon vertex detectors

e Highly sensitive doped semiconductor strips (10-20 pm width, made of Si/Ge) may be used
to detect the passage of charged particles. The semiconductor strip functions as a diode which is
reverse biased and does not conduct under normal circumstances. The charged particles ionize
silicon atoms producing conduction electrons whose current is then detected. It is possible to
get position resolution of less than 10 microns this way. This is needed to study weak decays of
heavy quarks (b,c), which live for only 107135 and travel a fraction of a millimeter at energies
of order 10-100 GeV. SVX detectors have enabled us to study the weak decay chain b — ¢ — s
(of hadrons containing these quarks) from very close to the collision vertex. Current day collider
detectors contain silicon strip detectors as their innermost component surrounding the collision
vertex. The top quark, which decays to b before it can hadronize to form mesons/baryons, was
discovered in 1995 at the Fermilab Tevatron (CDF and DO detectors) by observing the b mesons
produced in top decays.

5.12 Sampling Calorimeters

e Often, the energy of a charged particle is determined by measuring the curvature of its track in
a fixed magnetic field. However, very high energy particles do not bend much and this method
is not always feasible. The other problem is that of determining the energy of a shower of
particles (electromagnetic or hadron showers and jets of hadrons), where there may be hundreds
of densely packed short tracks rather than a single curved track.

e A sampling calorimeter is used to determine the energy of single charged particles or showers.
A calorimeter typically consists of a sequence of heavy metal plates interspersed with scintilla-
tion counters or spark chambers. The metal plates (e.g. iron slabs) serve as target material to
induce particles (like electrons, muons, nucleons and neutrinos) to interact, slow down/produce
showers and deposit their energy. The light emitted in the interspersed scintillation counters and
spark chambers is measured. By calibrating the calorimeter using test beams of known energy
particles, one can arrive at accurate measurements of unknown particle energies and shower
energies. Sampling calorimeters essentially use an analogue of Simpson’s rule to sample the
energy deposition function and ‘integrate’ it to estimate the total energy of a particle or shower.

e The recently sanctioned India Based Neutrino Observatory will use a sampling calorimeter to
measure the energies of (especially) v, and v, that undergo deep inelastic scattering with nuclei
in the detector producing ;* and hadron showers. 30,000 RPCs (resistive plate chambers) will
be used to detect muon tracks and measure their energies from the ionization produced in the
gas, as in a wire chamber. A magnetic field will also be used to bend muon tracks to estimate
their momenta.
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6 Nuclear physics and isospin with a view towards particle physics

6.1 «,N,p and n particles and the discovery of the strong nuclear force

e Rutherford discovered the alpha particle in natural radioactive emission from uranium and
radium in 1899. It was the least penetrative (through matter) of the three types of radioactive
radiation «, 3,v. Now we know why: « particles, unlike 3 electrons and v ray photons
interact both strongly and electromagnetically. However (and partly for these reasons) the alpha
particle was a work-horse of sub-atomic physics in the first third of the 20th century. Now we
know that an « particle is a stable bound state of two neutrons and 2 protons (Hej nucleus)
with a large binding energy of 28 MeV. Bombarding atoms and nuclei with alpha particles led
to many discoveries.

e During 1908-1913 Geiger and Marsden under the supervision of Rutherford at Manchester
scattered alpha particles against thin metal foils (esp. gold foils which can be made very thin)
and detected the alpha particles through flashes on a fluorescent screen beyond. The obser-
vation of wide angle scattering was used to deduce the concentration of positive charge in a
point-like atomic nucleus. Rutherford worked out the differential scattering cross section for
Coulomb scattering of point charges in 1911 and the experimental results of 1913 agreed with
Rutherford’s formula. Thus atomic nuclei were discovered.

e In 1919 Rutherford discovered the proton by bombarding hydrogen gas with 5 MeV alpha
particles from Radium decay. a's being much heavier, knock protons (called H particles then)
out of the atoms and they could be detected by counting scintillations they produced or via their
tracks in a cloud chamber.

e Interestingly, for « particles of higher energy, the measured number and angular distribu-
tion of scattered protons did not match the Coulomb scattering formula, even after accounting
for recoil of the target. There was an anomalously large scattered proton current produced.
The experiments showed that the o — H force at short distances could not be purely electro-
magnetic and must be of a great intensity. Rutherford also estimated the distance at which
the simple Coulomb repulsion picture must break down: around 3.5 Fermi. While the earlier
Geiger-Marsden experiments involved high Z targets like gold, the H target was at the op-
posite extreme. 5 MeV was adequate to overcome the repulsive &« — H Coulomb barrier and
provide (in retrospect) the first experimental observation of the strong nuclear force. However,
it was not initially interpreted as such (the deviations were initially attributed to the possible
non-point-like nature of the alpha particle) and it took more than a decade and a half to begin
understanding the nature of the strong nuclear force. However, Rutherford’s discovery of the
proton paved the way for the identification of the first constituent of the atomic nucleus, the
proton.

e The neutron was discovered by Chadwick at the Cavendish lab in 1932 by bombarding Beryl-
lium with « particles from a radioactive source via the reaction o + Bej — C? +n. While
the alpha particle, nucleus and proton had been discovered essentially by chance, the existence
of the neutron as a constituent of the nucleus had long been suspected.

e Electromagnetism was still the only force known and it was impossible to explain the stability
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of heavier nuclei if they consisted only of protons. The electron was the only other matter
particle known at the time and electrons emerged from the nucleus in beta decay. So it was
tempting to think that nuclei were made of protons and electrons. But there are many difficulties
with this. If electrons were bound to protons by the electrostatic Coulomb potential, then the
size of a nucleus could not be smaller than the Bohr radius, which is much larger than nuclear
dimensions of a few Fermi. If some other force confined an electron within a fermi, then the
uncertainty in its momentum would be at least of order //1fm which is about 197 MeV/c.
To confine an electron with such high (relativistic) momenta would require nuclear potentials
of comparable size, but experimental observations indicate nuclear potentials of a few MeV
at most. If we try to build the nucleus from protons and electrons alone, we also run into
trouble with measured nuclear angular momenta. N-14 nucleus is problematic (as pointed out
by Heitler and Herzberg in 1929) since it would have to contain 14 protons and 7 electrons based
on mass number and charge. The spin of 21 spin half particles cannot be an integer, yet the
measured spin of N-14 is one. Moreover, the measured mass numbers A of some nuclei were
twice or even more than the atomic number Z (nuclear charge). In the absence of electrons, the
nuclear mass could not come from protons alone. It was natural to conjecture (as Rutherford
did in his Bakerian lecture to the Royal Society in 1920) that the nucleus consisted of protons as
well as neutral neutrons®*. Rutherford and his associates at the Cavendish desperately searched
for the neutron from 1920 onwards. The breakthrough came in 1932, the year in which both the
positron and neutron were discovered.

e The exposure of beryllium to alpha particles produced from Polonium radioactive decay
was found (by Bother and Becker (1930) and by the Joliot-Curies (1932)) to produce neutral
radiation of very high energy. It had to be of nuclear origin, rather than, say, from atomic
electron transitions. These experimenters thought these were gamma rays and, if so, they had to
have energy ~ 50 MeV, based on the manner in which they reacted with matter. But Rutherford
and Chadwick did not believe the gamma ray hypothesis. Chadwick estimated the mass of the
neutral particles by studying the recoil of hydrogen and nitrogen gas exposed to the radiation.
He found a mass of order of the proton mass. Moreover, if it was gamma emission, then the
reaction would be o3 + Bej — C23 +~. From the mass defect, the resulting gamma rays could
have energies of at most 14 MeV. So the neutral radiation could not be gamma rays. Thus was
discovered the neutron, as a constituent of the nucleus. Chadwick got the 1935 Nobel prize for
the discovery of the neutron.

e One can infer the existence of neutrons from the missing momentum in proton nucleus col-
lisions. In cloud chamber/photographic emulsions, one sees the track of the incoming p and
of a recoiling nucleus, but there is missing momentum which is ascribed to an unseen neutral
particle.

e The discovery of the neutron paved the way to understanding the nucleus as a bound state of
protons and neutrons, as proposed by Heisenberg. It was also crucial for Fermi’s theory of beta
decay n - p+e + 1.

3Neutrons were initially hypothesized to be proton-electron bound states, though this idea was problematic
for similar reasons. The only known pe bound states, were the electromagnetically bound levels of the hydrogen
atom, which is much larger than the nucleus. The spin of Nitrogen is also inconsistent with the neutron being an
ep bound state with integer spin.
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e Confining a neutron in a nucleus of linear dimension 1 fm corresponds to a momentum
uncertainty of order Ap ~ h/1fm. Putting (Ap)? = (p*) — (p)? and taking (p) = 0, this
corresponds to a non-relativistic kinetic energy (%) ~ % ~ 20 MeV. This energy is
significantly less than the rest energy of neutrons and comparable to nuclear potential energies.

So nucleons in a nucleus can be treated within non-relativistic quantum mechanics.

e On the experimental side, neutron scattering became a key technique for studying the structure
of bulk matter (neutrons being neutral penetrate further than charged particles through solids and
liquids). Fermi in Rome and others (including the Hahn group in Berlin, Rutherford’s group in
Cambridge and Jolio-Curie in Paris) reasoned that neutrons being neutral could penetrate nuclei
better than alpha particles (which were the projectiles of choice till then) and led to the synthesis
of new radioactive isotopes. In most cases the nucleus absorbed the neutron to form an unstable
isotope which then suffered beta decay. There was one case which Fermi and collaborators
did not understand properly: neutron scattering off Uranium where there seemed to be several
radioactive products. Their experiments were stopped due to fascist political developments pre-
ceding WWII: he went to Stockholm for the Nobel prize and then sailed to the US. Meanwhile
(in 1938) the master chemist Otto Hahn working with Fritz Strassmann in Berlin discovered
nuclear fission (breakup of Uraniumg, into two nuclei of roughly half the size, Bariumsg and
Kryptonsg (Technitium,s and Lanthanums; etc were also produced in some fission reactions))
by slow neutron scattering off Uranium. Conventional wisdom was that scattering neutrons off
Uranium would produce neighbors or isotopes of Uranium, but not an element roughly half its
size. This was further investigated and explained in Stockholm by Lise Meitner and her nephew
Otto Frisch (Meitner was Hahn’s collaborator but had to leave Germany in 1938) who showed
that a lot of energy was released. Slow neutrons were used by Fermi, L. Szilard and H. An-
derson to produce the first nuclear chain reaction, working first at Columbia Univ and then in
Chicago.

6.2 Strong force and nuclear spectra

e By scattering fast neutrons off nuclei, nuclear radii could be measured. Fast neutrons have a
de Broglie wave length much smaller than nuclear dimensions and classical hard sphere scatter-
ing approximation applies. One finds that lead and uranium have 10 fm radii, while it is about 6
fm for nuclei in the middle of the periodic table and decreases further to about a fermi for light
nuclei.

e Protons and neutrons are held together in atomic nuclei by the strong nuclear force which
outweighs the electric repulsion between protons. Potentials** used to model nucleon scattering
show that the force has a finite range of about 2-3 fm and is attractive for inter-nucleon sepa-
ration above about .7 fm corresponding roughly to a Yukawa potential —ge™"/*/r. At smaller
separations, it is repulsive (see Fig 2 on p.47 of Gottfried and Weisskopf). At separations of a
Fermi, the strong force between protons is about 10 times their electrostatic repulsion. G & W
use this to get a crude estimate of nuclear excitation energies and nuclear dimensions. If the

3Potentials can only be approximate since the inter-nucleon force also depends on the spin and isospin states of
the nucleons, it is not simply a central force.
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attractive part of the nuclear potential is approximated by a Coulomb potential, then the nuclear
analogue of the fine stricture constant is about vy ~ 1/10. It follows that the nuclear Rydberg
Ryy = %mNa]QV ~ 938/200 ~ 5 MeV and the nuclear Bohr radius ay = leaN ~ % MeV !
~ 2 fm. Thus one expects nuclear excitation energies to be a few MeV and nuclear dimensions

to be a few fm, as is observed.

e As already discussed, the motion of nucleons in a nucleus may be treated within non-relativistic
QM to good approximation: binding energies of a few MeV are small compared to rest energies
of constituents (938 MeV) while de Broglie wavelengths are comparable to nuclear dimensions.
Like atoms, nuclei have a spectrum of discrete excited states. In an atom the electrostatic po-
tential due to the nucleus, along with Pauli’s exclusion principle gives a first approximation to
energy levels and wave functions; inter-electron repulsion introduces important corrections to
the independent electron approximation. In the absence of a large central potential in a nucleus,
many-body effects are more pronounced in nuclear structure, making it more challenging to de-
termine theoretically. Nevertheless on account of rotation invariance, nuclear levels (like atomic
levels) may be labelled by an angular momentum quantum number ./, which is an integer or
half-odd-integer, according as the baryon number (= mass number A) is even or odd.

e Nuclei with large numbers of protons (Z > 1) tend to have more neutrons than protons
(A > 27) to counter inter-proton electric repulsion; U-238 has only 92 protons and is quite
stable (alpha decay with half life of 4.5 billion years). If an isotope has too few neutrons, then
it is susceptible to alpha decay (e.g. Radon-222). In general, o decay increases the neutron
fraction since the alpha particle has only 50% neutrons whereas the parent nucleus typically
has A/Z > 50%. A few nuclei are fissile (U-235, U-233 and Plutonium-239), susceptible to
fission induced by a slow neutron to daughter nuclei of roughly half the size. These are used as
fuel in nuclear reactors and in fission bombs. Th-232 is not fissile but available in beach sands
in India. However, Th-232 can be converted into fissile U-233 by bombarding with thermal
neutrons, followed by a couple of beta decays. Fission of U-233 produces energy as well as
neutrons which can be used to convert some more Th-232 into fissile U-233. So Th-232 can
play a useful role in the nuclear fuel cycle.

e On the other hand, if a nucleus has too many neutrons, then it is susceptible to beta decay
converting a neutron to a proton. E.g. the stable isotopes with Z = 1 are hydrogen H| and
deuterium H? while tritium H3} undergoes beta decay.

6.3 Yukawa’s m mesons

e Yukawa originally proposed the charged pions 7 to mediate the strong force between proton
and neutron, which would involve a charge exchange p <> 7tn,n < prn—. Of course, it was
natural to postulate a third neutral pion to mediate the strong force between a pair of protons
or a pair of neutrons. In fact, Kemmer showed later that there had to be a third neutral pion
by extending heisenberg’s isospin symmetry to pions postulating that they were in an isospin
triplet representation of SU(2).

e Yukawa thought that charged pions would decay via 7~ — e~ 7, and this could be used to
explain neutron beta decay via the dissociation of a neutron n — pr~ followed by 7= — e~ 7.
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But this is not correct, neutron beta decay is a single three body decay n — pev and charged
pions predominantly decay to muons 7~ — p~ v,. The i~ subsequently decays to an electron
and two neutrinos p~ — e ,.

e The production of pions in the upper atmosphere due to collisions of cosmic ray protons with
nucleons proceeds through reactions such as

p+p—n+7-+p and p+n—>n+at+n. (118)

With more energy more pions can be produced, including 7"s. But the pions can be cap-
tured/absorbed by a nucleus. And charged pions decay with a mean life of 10~8s. For these
reasons, pions do not easily reach the Earth’s surface, and had to be found using high alti-
tude/balloon borne experiments (Powell et. al. using photographic plates). This explains why
the muon was discovered before the pion and mistaken for it.

6.4 Static Yukawa potential from massive Klein-Gordon field equation

e A scalar particle like the pion is associated to a scalar field, it transforms as a scalar under the
Poincare group. Ignoring self-interactions, the simplest scalar field is the Klein-Gordon field,
one that satisfies the KG equation (D + m:2°2> ¢(r,t) = 0 where O = 507 — h*V? is the
d’Alembertian. The pion field was introduced to explain the strong force between nucleons.
Yukawa argued that it must be massive since the force is short-ranged. Recall that the electric
field encodes the force between static electric charges. The Coulomb potential arises as a partic-
ular static solution of Maxwell’s equations (Gauss’ Law) of electromagnetism in the presence
of a point electric charge.

e So we seek a static solution of the KG equation in the presence of a source (say a neutron). In
the presence of sources, there is an inhomogeneous term on the RHS of KG equation. For sim-
plicity, consider an attractive point source of strength gy, and let us look for a time-independent
solution

m2c?
(—V2 + 0 ) ¢ = —god®(r). (119)
This may be done by going to momentum space
1 ik-r 3 ik-r d3k
o(r) = | o(k)e™T[dk] and 6°(r) = [ €T[dk] where [dk]= 2n) (120)
The equation becomes (in natural units)
ik-r —mr
~ ~ go (& e
04 mo) == o d=-5 T = o) =0 [ ld =
(121)

Thus the scalar field in the presence of a source is given by the Fourier transform of a 3d
Lorentzian. The Fourier transform may be evaluated using contour integration to obtain the
screened Coulomb or Yukawa potential (see problem set 7).
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o The general solution of (—V? + ™) = —g; §(r) is the sum of a particular solution and

the general solution of the homogeneous equation —V?2¢ = —m?2¢, which is the same as the
non-relativistic Schrodinger eigenvalue problem for a free particle with negative energy. So the
general solution to the homogeneous equation is ¢(r) = Y. Aze** where 7 is any vector with
K? = m?. However, these solutions all blow up at large spatial distances, so we do not add them
to the particular solution obtained by Fourier analysis.

e As an alternative to Fourier analysis, one may solve the differential equation in position space
by looking for a spherically symmetric ¢, which must satisfy

(=V*+m)6 = —%(m)” +m?h = —god*(r) (122)

For r > 0 we have (r¢)"” = m?r¢ whose linearly independent solutions are 7¢ = e*™" . Keep-
ing the decaying solution, ¢ = A% The proportionality constant A is fixed by examining
the behavior near » = 0, where ¢ N A/r. Recalling V?(1 /r) = —4m6(r) and ignoring the
sub-leading divergence of m?¢ at the origin, we get ¢ = —gpS—

4mr
e The quantity (k*+m?)~!, which is the inverse of the operator (—V? +m?) is an example of
a propagator, it propagates the influence of the source at the origin —god>(r) to determine the
value of of the pion field at r, ¢(r). More generally, in a non-static situation, the propagator for
a massive scalar (spin zero) field is (O + m?)~! or (—p* + m?)~! in momentum space, where
= E? — p? is the square of the 4-momentum p* = i9*. The propagator is the contribution
of the exchange of a virtual scalar particle to the amplitude for a scattering or decay process.
The intermediary need not be on mass shell, so p?> # m? in general. Rather, one must integrate
over all possible values of p* consistent with momentum conservation to find the amplitude.

6.5 Isospin

e The proton and neutron masses are the same to about one part in a thousand (m,, = 939.565,

= 938.272 MeV). Even with the accuracy available in 1932, Heisenberg suggested that
they are nearly degenerate energy states of the same system, the nucleon. Moreover, weak
interactions (like beta decay) transform nucleons into each other though the emission of other
particles, just as happens between two levels of an atom in a radiative transition. Nucleons also
feel essentially the same strong forces, which are (electric) charge-independent. In general,
degeneracies in spectra are indicative of a symmetry (recall that degeneracy with respect to
magnetic quantum number F,;,,, = E,;, in the hydrogen atom is due to rotation invariance).
All this can be explained by postulating that the strong interactions possess a new internal
isospin symmetry. [sospin (‘iso’ means ‘like’) was somewhat misleadingly named isotopic spin
(by E P Wigner); it does not have much to do with isotopes. The more accurate term isobaric
spin is sometimes used. Mass differences between the nucleons are attributed to electromagnetic
corrections to strong forces.

e In so far as the isospin degree of freedom is concerned, the nucleon is modeled as a 2-
state system with Hilbert space C? spanned by |p) = (1,0)" and |n) = (0,1)". Hermitian

. . . . 01
observables can be expressed as linear combinations of the Pauli matrices 7 = ) , Ty =
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(0 _Z) = ((1) (1)> and the identity. Including the ordinary spin-half of nucleons, the

v 0
wave function must lie in the tensor product (Clsospm ® (Cgpm with the isospin/spin observables
acting on the first/second factors. If we included translational degrees of freedom there would

be a third tensor factor L?(IR?) in the Hilbert space.

e By analogy with spin angular momentum S, isospin is defined as a vector observable I.
I = (I1, I, I3) are the components of the isospin vector observable in a 3d ‘internal’ isospin
space R, whose analogue in the case of spin (or angular mom) is ordinary 3d zyz-coordinate
space. While angular momentum J generates rotations in ordinary xyz Euclidean space, I
generates rotations in the internal R2 . The components of isospin are postulated to satisfy
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the SU(2) Lie algebra [/,, I5] = ien3,1,. Now this Lie algebra possesses irreducible unitary

representations of dimension 1,2, 3,---. The nucleon doublet carries the 2d irreducible rep-
resentation of isospin (denoted 2) where I, are represented by 2 x 2 hermitian matrices. In
the neutron-proton basis for C?, I = (Tl, T2, 73). This representation is also called the funda-

mental or defining representation of SU(2) Lie algebra. The proton and neutron are the isospin
I3 = i states (up and down relative to the 3rd direction of the internal R? ).

e Under a finite rotation by angle |9[ about the axis 6 in isospin space, the nucleon doublet
transforms as

N 5 UN where U = exp (—%ﬁ-é) — [cos(e/Q) s ésin(e/Q)} e SU(2). (123)

For example, under a rotation about the second axis [7 = (0, 1,0)],

_ (P cos@/2 —sinf/2\ (p
N= (n> - (sin9/2 cos /2 > (n) : (124)

Under an infinitesimal isospin transformation, the nucleon doublet N — N + 0N where
ON = —%z’@ - TN . Here § = (01,0, 05) are infinitesimal real parameters of the transformation
specifying the axis and angle of rotation in isospin space.

e [sospin symmetry is the approximate (in retrospect because v and d are not exactly equal
in masses) invariance of the strong interactions under rotations in isospin space RZ . This is
the analogue of invariance under rotations in ordinary Euclidean space nyz For example, a
0 —1
10 would take U|p) = |n)
and U|n) = —|p) in effect reversing the sign of /3. While the strong interactions are nearly
unchanged by this transformation, the proton and neutron have very different EM interactions
due to their different electric charges and magnetic moments. Thus, the EM interactions pick
out a specific direction in isospin space, the third direction. Now we may define the charge

rotation by 7 about the 2nd direction in isospin space U =

operator, which in the |p), |n) basis for C? is just Q = . Like other observables acting

00
on the nucleon Hilbert space it must be a real linear combination of the Pauli matrices and
the identity. We find ) = (Tg +1) =13+ % So () does not commute with /; and I5.
In particular, electric charge is not invariant under rotations in isospin space: EM interactions
violate isospin conservation.
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e If we use electromagnetic probes to observe particles of definite electric charge, we do not
see states like [p) + |n), though they too are elements of the Hilbert space. Turning on EM is
like breaking rotation invariance by switching on a magnetic field B = B2 in the z-direction
of xyz-space. The magnetic field breaks the degeneracy in energy (Zeeman splitting) among
the 2.J, + 1 states that differ in their projections of J on Z.

e The isospin raising and lowering operators /. = [; & ¢, are defined by analogy with those
for angular momentum and allow us to construct representations of the isospin SU(2) algebra.
As with ordinary spin, we have (2/ + 1)-dimensional irreducible representations where the
Casimir I? = I} + I3 + I3 takes the values I(I + 1) foreach I =0,1,1,3/2,2,... etc. [ =0
is the one dimensional trivial representation where [, are all represented by the zero matrix.
The corresponding group elements are all represented by the identity matrix.

e Looking at masses of strongly interacting particles, one notices that they come in multiplets
of particles of nearly equal mass and the same spin and parity, but different electric charge and
strangeness. This is due to isospin symmetry, the states of a multiplet differ in their isospin
projections I3, and are related by the action of /... The nucleons as well as u,d form I = %
doublets. Pions 7%(139.6) MeV, 7°(135) MeV form an [ = 1 triplet as do their orbital
excitations p*, p°. (K*, K°) and (K° K~) are isospin doublets. The spin 3/2 baryons (and
anti-baryons) provide several examples of isospin multiplets. The {2~ is an isospin singlet.
=~, =0 are an isospin doublet while ¥, X%, 3% form an I = 1 triplet. The A’s transform in a
4-dimensional / = 3/2 representation. The microscopic origin of isospin symmetry lies in the
nearly degenerate masses of the up and down quark, which form an [ = % doublet. The other
quarks s, c,t,b and leptons are all isospin singlets. Since the strange and charm quarks have
rather different masses, a transformation (like the isospin transformations that relate v and d)
that relates them would not be a symmetry of the strong interactions, so it is not useful.

e The empirical formula ) = I3+Y/2 relates isospin to electric charge where Y = B+S+C+
B + T is the hypercharge. B is baryon number, S, C, B, T are the strangeness, charm beauty
and topness quantum numbers respectively that count the number of 3, ¢, b, ¢ (anti-)quarks. This
formula can be explained using the quark model.

e E.g., the triplet of pions 7y, o, 3 carry the 3d adjoint representation 3 of isospin, where
the matrix elements of the isospin operators are the structure constants themselves: (I,)z, =
—i€qp. Check that these matrices furnish a representation (the ‘adjoint’ rep.) of the SU(2) Lie
algebra [1,, I5] = ieapy 1.

00 0 0 01 0 -1 0
L=:{00 -1, L=¢:1 0 00}, Is=2|1 0 0]. (125)
01 0 -1 0 0 0 0 0

If we denote the components of the pion triplet in this basis as 7 = (71, 7o, 73)", then the
representation is (1,7m)g = (ly)pyTy, = —i€np,m,. In order to relate these 7, to the physical
pions of definite electric charge we must find the eigenstates of () = I5. I3 is not diagonal
in the span(|m), |m2)) sub-space in this basis. So |m;), |m) are not the physical pions. The
observed pions are 7* = (m; & imy)/v/2 and 7™ = 73. Check that I3|7*) = +|x*) and
I3]0 = |70).
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e As for the nucleon doublet, under an infinitesimal isospin transformation, 7 — 7+ d7 where
om = —i6,1,m or in components,

(0m)p = =100 (1n) gy = —i0a(—i€apy) Ty = €garlaTy. (126)

—

So 67 = 6 x 7 is the change in the vector 7 under an infinitesimal c.c. rotation by |§| about
the 0 axis.

e Another interesting isospin multiplet consists of the anti-nucleons (7, p) with I3 = (3, —1).
The vector space spanned by the anti-nucleons carries the conjugate of the doublet representa-
tion, denoted 2 or 2*. For SU(2) it turns out that 2 and 2 are equivalent representations. In
other words, by a suitable choice of basis for the anti-nucleon Hilbert space, the anti-nucleon
doublet transforms in the same way as the nucleon doublet. To see this, recall that under a
rotation about the second axis, the nucleon doublet transforms as N — N’ = U(f)N or
p = cp—snand n’ = sp+ cn, where ¢ = cos6/2, s = sin /2. Applying charge conjugation
Cp=p,Cn=n we get

n'=cn+sp, and P = —sn+ cp. (127)

So when (p, n)transforms via U(y, 6), (n, p) transforms via U (g, —0). However, if we reverse
the sign of p and define the anti-nucleon doublet as N = (7, —p)*, then N transforms in the
same way as V:

n' =cn—s(—p), and —p =sn+c(—p) (128)

More generally, check that N = (2, —p)* transforms via U = exp(—1i6-7), justas N = (p, n)"
does. This shows that the fundamental/defining 2 representation of SU(2), and the conjugate
representation 2 are equivalent. This also explains why the isospin-1 triplet of pions is written
a7t = ud, m° = \/ii(dci — wu), ™~ = du in terms of the quark doublet (u,d)" and anti-quark
doublet (d, —u)!. There is also an isospin singlet pseudoscalar meson which may be written as
n = \%(uﬂ + dd) and another isosinglet pseudoscalar meson 7' = s5. The pions kaons and
1, ' comprise the pseudoscalar meson nonet. All these have zero orbital angular momentum.
The corresponding excited states (particles) with orbital angular momentum one are the nonet

of vector mesons, (p“, p°, K*, ¢, w).

e In general, if D(g) are the matrices representing a group G with elements g. Then the
matrices D(g)* also provide a representation of the group. It is called the complex conjugate
representation. In the case of the fundamental representation of SU(2), D(#) = e~ "7/2, so
D()* = €"7"/2 Now check that —7" satisfy the same commutation relations as 7,: [7,, 7] =
2i€4pcT.. So while 7 furnish the fundamental 2 representation of su(2) Lie algebra, —7* furnish
the 2* representation. Find a unitary equivalence between the two.

e The rules for addition of angular momenta also apply to isospins. E.g., the total isospin
observable for a system with B nucleons is defined as the sum of the isospin operators for
each I = I + .. +IM Isospin multiplets higher than 3/2 do not appear in the spectrum
of hadrons, presumably because mesons made of up and down quarks and anti-quarks must
belong to % ® % = 0 @ 1 and baryons/anti-baryons have three up or down quarks/anti-quarks
must belong to % ® % ® % = % &) % &) % Of course, there are mesons with a strange quark or
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anti-quark and only one up or down quark or anti-quark, such as kaons, they must live in an

I = % multiplet coming from % G0 = % Similarly there are baryons with strangeness (or
charm) equal to =1 which could belong to % ® % ®0 =160 (e.g. the S = —1 isotriplet

¥*, 5% or S = +2 which would belong to 3 ® 0 ® 0 = 3, like the 2, 2°.

e However, there are nuclei with baryon number B > 1 with isospin more than 3/2. All
nuclear states of a given I multiplet are approximately degenerate in energy.

e When electromagnetic and weak interactions can be ignored, the proton and neutron are
no longer distinguishable particles but rather like two spin states of an electron. Fermi statis-
tics now implies that the state vector of a multi-nucleon state must be anti-symmetric under
exchange of any two nucleons. For example, this helps to constrain the possible states of two-
nucleon systems.

6.6 Two nucleon states

e Consider a two nucleon system (in a bound or scattering state). The states of definite total
isospin [ and I3 consist of a triplet of / = 1 states that we may denote pp, \/%(pn + np),nn

with I3 = 1,0,—1 and an I = 0,3 = 0 iso-singlet \%(pn — np). The triplet states are
symmetric under exchange while the singlet is anti-symmetric. It is generally the case that all
members of an irreducible isospin multiplet of a multi-nucleon system behave in the same way
under exchange of any pair of nucleons, since I, = ) ; [ﬂ(g ) which transform members of the
multiplet into one another are symmetric under exchange. As with ordinary angular momentum,
the states of the triplet transform as a vector under rotations in isospin space while the singlet is

invariant.

e Now, the near equality of proton and neutron masses and their strong interactions may be
interpreted as a symmetry of the strong nuclear hamiltonian A under exchange of neutron and
proton. However, this does not require invariance of ' under arbitrary rotations in isospin
space. Indeed, a term in H such as C'I? has the same value (C/4) for the proton and neutron,
but it is only invariant under rotations about the 3rd axis of isospin space. So do we really need
the nuclear hamiltonian to be isospin invariant?

e Gottfried and Weisskopf use experimental facts about two nucleon states to argue that nature
has chosen invariance under all rotations in isospin space as the realization of the equivalence
of n and p. For the 2 nucleon system, the term CZ? has the same value C for |pp) and |nn)
but vanishes for pn,np, pn + np and pn — np. This means that the states of the / = 1 triplet
are not degenerate in energy if C' # 0. However, it is found that the energy of a 2 nucleon state
depends only on whether the state belongs to an iso-triplet or is an iso-singlet (i.e., on the value
of 1) and not on the value of /5 or on whether the state contains two ‘like’ nucleons or ‘unlike’
nucleons. Using such data, we infer that the nuclear hamiltonian can depend on [ but not on
the magnitude of the projection of I on any particular axis, i.e., is invariant under rotations in
isospin space.

e The difference in energies of triplet and singlet states can be attributed to a term in the hamil-
tonian such as H' = I; - I5. Being a scalar product H’ is invariant under rotations in isospin
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space. In fact, /' = $(I* — I} — 13) = 5(I(I + 1) — 3/2). So H' takes the values —3/4 and
1/4 for the singlet and triplet and can explain the singlet-triplet energy splitting.

6.7 The Deuteron

e The deuteron is the nucleus of deuterium, the second isotope of Hydrogen. It was discov-
ered and isolated by H Urey (along with Brickwedde and Murphy) in 1931 (Nobel prize in
Chemistry, 1934). The initial discovery was through the observation of very weak ‘satellite’
atomic spectral lines in addition to the usual spectral lines from a sample of hydrogen that also
contained deuterium (about 1 part in 10000 in naturally occurring samples). The mass of the nu-
cleus my affects the wavelengths of atomic transitions through the reduced mass m = T;"Jr—%
that enters the Bohr energy spectrum —3mc?a?/n?.

e The deuteron is a proton neutron bound state. The deuteron is to nuclear physics what the
hydrogen atom is to atomic physics, both are two-body systems to first approximation. The
deuteron is a rich source of information on inter-nucleon forces. But it is not as simple as the
hydrogen atom since the inter-nucleon force (even in a non-relativistic approximation) unlike
the electrostatic Coulomb force is non-central (a.k.a. ‘tensor force’), it depends on the orien-
tation of their spins (via S, -7and S, - 7 ), as well as on separation r. The deuteron ground
state is not quite spherically symmetric (slightly cigar shaped) unlike the spherically symmetric
ground state of hydrogen. Nevertheless, like the 1S state of hydrogen, the deuteron has zero
electric dipole moment due to cancellations. What is more, nucleons and pions in a nucleus
are not elementary particles like electrons, nuclei and photons in an atom. In particular the 1
Fermi size of nucleons is comparable to the size of the deuteron while the sizes of the electron
(point-like) and nucleus (fm) are much smaller than the angstrom size of an atom. So despite
its apparent simplicity, the deuteron is a somewhat complicated system when viewed in terms
of quarks and gluons. Nevertheless, a good deal about the inter-nucleon strong nuclear force
can be learned from a study of the deuteron. We confine ourselves to a very brief introduction
largely ignoring the non-central nature of the inter-nucleon force.

e There are other two body bound states in classical (e.g. Kepler problem) and quantum physics.
An electron-positron bound state is called positronium, its bound state spectrum is given by the
Bohr formula for Hydrogen with the reduced mass given by half the electron mass. Positro-
nium is short-lived due to eTe™ annihilation. Electron-electron bound states (Cooper pairs)
occur in BCS superconductors. Here the attractive force is very weak and long ranged, due to
phonons (ionic lattice vibrations) in the material, so the electrons in a Cooper pair can be several
nanometers apart. Since the attractive force is very weak (milli eV), the temperature must be
sufficiently low for thermal fluctuations not to break up the pair, hence 7. is low. Moreover, the
electrons in a Cooper pair can either be in an S = 0 (anti-symmetric singlet) state or an S = 1
(symmetric triplet) state since % ® % = 0@ 1. Most of the traditionally studied low-7,. super-
conducting materials are well modelled by S = 0 Cooper pairs. The pair as a whole is a boson
and many pairs can Bose condense. However, Fermi statistics applies to the electrons making
up the pair. An anti-symmetric S = 0 spin state for the pair must go with a symmetric spatial
wave function, i.e. an [ = 0 S-wave. So we say that traditional superconductors involve S-
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wave Cooper pairs. There are some superconductors where the spin state of the Cooper pair is a
member of the symmetric S = 1 triplet, whose spatial wave function must be anti-symmetric.
The simplest such possibility is an [ = 1 P-wave spatial orbital, which is anti-symmetric under
exchange ((—1)!=! = —1). The latter are called P-wave superconductors.

e The deuteron is the ground state of the two nucleon system, with binding energy 2.2 MeV,
which is small enough compared to nucleon rest energies to permit a non-relativistic quantum
mechanical treatment. On the other hand, the binding energy is large enough to make beta
decay of the neutron into a proton energetically disallowed (more on this when we discuss beta
decay). Free neutrons in the early universe decayed to protons; neutrons that are left over today
are those that were ‘saved’ by being bound inside deuterons (and to a lesser extent inside other
light nuclei)!

e Since nucleons have spin half and isospin half, the deuteron must have spin either zero or
one and isospin either zero or one from % ® % = 0@ 1. The deuteron is experimentally found
to have a non-zero magnetic dipole moment (yq = 0.857up where up = ehi/2myc is the
nuclear ‘Bohr’ magneton and m,, is the nucleon mass). This is not possible if the deuteron is
spin-less, since the magnetic moment would not have a preferred direction to point in. So the
deuteron has spin S = 1 and must be symmetric under exchange of spins of the two nucleons.
What is more, though the deuteron has zero electric dipole moment, it has a non-zero electric
quadrupole moment. A non-zero electric quadrupole moment is disallowed for spin zero and
spin half particles, so this too is consistent with deuteron spin being one rather than zero. A
further piece of experimental data is that the deuteron has even parity.

e To obey Fermi-Dirac statistics (nucleons have spin half), the wave function must be anti-
symmetric under exchange of position and isospin of the two nucleons, since it is symmetric
under exchange of spins. Since nucleons have isospin half, the deuteron can have isospin / = 0
or 1. In most systems with central potentials (e.g. hydrogen atom), the minimum energy state
is one with zero orbital angular momentum, i.e., the symmetric S-wave state. If we ignore
the non-central forces between nucleons (of the form (S, - r)(S, - r)/r?) and work with the
central Yukawa potential between nucleons, then we expect the deuteron ground state to be an
[ = 0 S-wave state which is symmetric under exchange. (When one includes non-central spin
dependent forces, the g.s. of the deuteron is found to include a small (few percent) [ = 2 D-
wave ad-mixture. Note that even-{ is needed for the even parity (—1)" of the deuteron.) The
Pauli principle then implies the deuteron wavefunction must be anti-symmetric under exchange
of isospins, 1.e. it must be in an iso-singlet / = 0 state.

e Note that a two nucleon bound state with / = 1 would be an nn or pp or pn+np isospin state,
all of which should have the same energy since isospin rotations are a symmetry of the strong
forces (energy should not depend on the projection /3). However, no pp or nn bound state has
been observed. This is interpreted as implying that while pion exchange between nucleons in the
I = 0 channel provides a sufficiently strong attractive force to produce a deuteron bound state,
the force in the / = 1 channel is not adequate to produce bound states. However, scattering
states with [ = 1 do exist.

e On the other hand, the attractive nuclear force in the / = 0 channel is too short-ranged (~ 2
fm) to support any excited bound states of a proton and neutron with higher orbital angular
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momentum. So the deuteron is rather weakly bound and lucky to exist. Indeed, the helium
nucleus is much more tightly bound with a binding energy of about 28.3 MeV. However, nuclei
with baryon number more than two do possess rotational excitations.

e To estimate the spatial dependence of the deuteron wave function, we could work in the
approximation where non-central forces are ignored, then we simply have to solve the non-
relativistic Schrodinger eigenvalue problem in a Yukawa potential —ge*" /r and find the spher-
ically symmetric g.s. wave function (7). Since it is a short ranged potential, the wave function
should vanish exponentially fast for large . For small r the Yukawa potential is the same as
the Coulomb potential so we expect the g.s. wave function to approach a non-zero constant
at r = 0, as for the hydrogen atom where 115(r) o< e™"/2%, Though an analytical gs wave
function for the Yukawa potential is not available, excellent approximate solutions are possible,
though we do not discuss them here.

e As another application of isospin conservation in the strong interactions, consider the pro-
duction of deuterons in nucleon-nucleon scattering. There are three strong interaction processes
resulting in a deuteron and pion (to conserve charge) in the final state (a) pp — dxt and (b)
pn — drn°® and (¢) nn — dn~. The first two happen when protons are fired at a hydrogen
or other nuclear target while the third requires a neutron beam. In all cases, the final state has
I =1, due to the pion. Since isospin is conserved in strong interactions, the reactions can only
proceed via the I = 1 channel even if the initial state has both / = 1 and / = 0 components
present. In the pp and nn reactions (a) and (c), the initial state is necessarily one with 7 = 1
and the two are simply related by a rotation in isospin space (i.e. application of /_ twice). So
we should expect their cross sections to be equal (as is found experimentally). In collision (b)
the tensor product initial state [p)|n) = (][I = 1,15 = 0) + |I = 0, I = 0))/+/2 could be either
inan I = 0,13 =0 (pn—np)/v/2 stateorinan [ = 1,15 = 0, (pn +np)/\/2 state with equal
probability. But the reaction proceeds exclusively through the I = 1 channel. Thus we expect
Opp : Opn @ Opn = 2 1 11 2 as is experimentally observed. An analogous calculation is discussed
in more detail in the context of 7N scattering in the next section.

e The three proton nucleus L:3 with all protons in S wave states does not exist. Such a state
would be symmetric under exchange of positions and isospins. But there are only two possible
spin projections for a proton and one cannot accommodate a third proton in the same orbital by
Pauli exclusion. Remarkably, analogous three quark states exist. ATt = ywuu (and similarly
)~ = sss) is made possible because the state of the three quarks is anti-symmetric in color but
symmetric in position, spin and isospin (flavor).

e aj(nnpp) is a 4 nucleon bound state with J = I = 0 and a large binding energy of 28.3

MeV. Nuclei with I = 0 are particularly tightly bound and stable, they are called magic nuclei.

6.8 Isospin symmetry applied to strong interactions of pions and nucleons

e A classic application of isospin invariance of the strong interactions concerns cross sections
for m-nucleon elastic scattering, which played an important role in the discovery and analysis
of the I = 3/2 multiplet of excited states of the nucleon (A resonances) in 1952 by Fermi
and collaborators at the 450 MeV Chicago synchrocyclotron. They measured cross sections
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for scattering of charged pions off a hydrogen target using pion beams of energy up to a few
100 MeV. At these energies, they expected three types of reactions for negative pions: elastic
scattering (7~ p — 7 p), charge exchange (7~p — 7’n) and radiative capture (7~ p — ny)
but only elastic scattering for 7, 77p — 7" p. So they expected the cross sections to satisfy
Ox—p > 0r+,. However, they found the opposite! Let us analyze the reactions using isospin
invariance.

e Consider the 6 possible strong scattering processes between charged pions and nucleons
mN — mN, some are elastic while others involve charge exchange

(a) 7p—7atp b) mn—7mn (¢) T p—=>7TDPp
(d 7 p—=7n () 7fn—=7n (f) 7n—>7 (129)

An expression such as 7 p for the colliding particles means that 7 is the projectile and p is
the target. We regard this state as living in the tensor product Hilbert space C3 ® C2. In fact

|7*) @ |p) is one of the 6 basis vectors in the uncoupled basis (labelled by Ig(fr), IéN)) for this
Hilbert space. Since I, = 1 and Iy = 1, a pion nucleon system can have total / = 1 or I = 3.
E.g., in (a) and (b) both LHS and RHS must have I = 3/2 since I3 = 3/2,—3/2 in these two
cases. On the other hand the other 4 combinations 7~ p, 7°n, 7tn, 7°p are linear combinations
of I =3 and I = 3/2 states, as determined by their Clebsch-Gordan coefficients, which relate
uncoupled basis states to coupled basis states |7, I3).

33 131 211 111
+ _ g 0
) = 153t = 3\2 2> Sl5i5) I > 3\2 2> 51505
23 1 13 3 3
0 = —_ =y —— —_ = —— - = —_— =y — =) — el - = |=,—=).

Since strong interactions are invariant under rotations in isospin space, they can only depend
on [, not /3. So pion nucleon scattering is described by just two isospin amplitudes (or matrix
elements) Az, and A1 . These amplitudes are not fixed by consideration of isospin invariance,
but depend on the detailed dynamics (space-time, isospin and spin dependence of hamiltonian).
We say that each reaction can proceed through either the I = 3/2 or I = 1/2 channel. More
precisely, the amplitude for a process ¢« — f is the matrix element M = (f|H|i) and the
cross section o is proportional to |My;|*. Here |i) and |f) are initial and final states such as
|7~ p) and |7°n) etc., and the proportionality factor K is the same for all reactions (at the same
collision energy) ignoring mass differences within an isospin multiplet. The initial and final
states are uncoupled basis states, but based on isospin rotation invariance, we know somethings
about the matrix elements of the interaction hamiltonian between coupled basis states. So we
write the uncoupled basis states as linear combinations of I = 3/2 and [ = % states. Due to
isospin conservation the strong interaction hamiltonian /7 has zero matrix elements between

states of different /. So the only two amplitudes that could be non-zero are

A

1
2

1 1
= (o #lHl, ) and Ay = (32,55 [H|3/2,55). (130

where *, % are any values of I3 (the amplitude cannot depend on them since [H, I.] = 0).
Now we may express the cross sections o, for the 6 reactions in terms of these two amplitudes.
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For example, the first two reactions 77p — 7"p and 7~ n — 7 n can only proceed via
the I = 3/2 channel, so 0, = 0, = K|As3./*. For(¢c) 7 p = mp, (d) 7 p = 7 (e)
ntn — 7wn and (f) 7"n — 7% we get

2
1 2 | \f \/5

C:K —A —Al 5 :K _A - _Al )

7 ‘3 3/2+3 2 od 9 3/2 9 2
1 2 | 2 2 [

O'EZK §A3/2+§A% y O’f:K §A3/2— 514% . (131)

In the 1952 Rochester conference, Fermi reported on measurements of cross sections of three
of these reactions at the 450 MeV Chicago synchrocyclotron

(1=a) 7#tp—=atp 2=d) 7 p—=7"n and (3=¢c) 7 p—7p (132)

These are selected since it is easier to have a proton target (liquid hydrogen) than a neutron
target. They found that the cross sections were in the ratio o1 : 09 : 03 = 9 : 2 : 1 (the
measured cross sections in millibarns are 195 : 45 : 22). From our calculation (which was first
done by Heitler in 1946), we know that

2 1
01 :09 103 = |A3/2‘2 : §‘A3/2 — A%lQ : §’A3/2 -+ 2A%‘2 (133)

Fermi concluded that the scattering proceeded primarily through the / = 3/2 channel, i.e., that
A =~ 0.
2

e The cross section was measured from the attenuation of a pion beam while traversing a liquid
hydrogen target. There were several peaks in the cross section, with the first at an invariant mass
of 1232 MeV (see fig 3.8 in Perkins 4th ed. p.92) which was interpreted as the A resonance.
The measured ratio of cross sections at the A resonance was

o1 o(ntp — 7tp)

oy +03 o(m p— mporn'n) (134)

This too is consistent with the assumption that in the neighborhood of the resonance, scattering
proceeds through the I = 3/2 channel, since if we ignore Ay, then 01/(oy + 03) = 3.

e The 7p scattering was analyzed using partial waves. At the low energies considered one
expects contributions primarily from s(! = 0) and p(I = 1) waves. If pions and nucleons
have spin zero and half, then there are three possibilities for the spectroscopic terms of the
wp state: [;: s 1,P1,D3/2 and two possible isospin channels I = %,3/2. The phase shifts
were determined from the angular distribution® and it was found that the phase shift in the
Il =1,J = 3/2,1 = 3/2 channel changed by 7 around a pion beam kinetic energy of 200
MeV (or total energy 340 MeV) corresponding to the ‘3,3' (I = 3/2,.J = 3/2) resonance A
with an invariant mass of 1236 MeV.

35Phase shift calculations we done with the aid of the MANIAC (Mathematical Analyzer Numerical Integrator
And Computer designed by von Neumann and built by N Metropolis) at Los Alamos by N Metropolis and E Fermi.
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6.9 Alpha decay

e Alpha decay N(A + 4,7 4+ 2) — N'(A,Z) + a3 is the most common type of radioactive
decay of heavy unstable nuclei including naturally occurring U-238, Thorium-232 and Radon-
222. Decay half lives t1 vary greatly from billions of years to a few micro seconds even
though the range of altha particle kinetic energies is relatively narrow 5-10 MeV. Moreover
the ¢1 increases rapidly with decreasing alpha particle kinetic energies. This is encoded in the
empirical Geiger-Nuttal rule/law proposed in 1911

Z Z
logtl/gza—+b or logW:—a—+c (135)

VE VE

where W = % = % = ltoli/j is the decay rate (equal to the exponential decay constant A\) and I'
the energy width of the decay and 7 the mean lifetime. a, b are approximately constant and Z

is the atomic number of the daughter nucleus.

e Gamow and independently Condon and Gurney proposed a model for alpha decay based on
quantum mechanical tunneling, and explained the Geiger-Nuttal law in 1928. First, the pro-
cess may be treated non-relativistically since the alpha particle k.e. of 5-10 MeV is much less
than its rest energy. The alpha particle is held inside the nucleus by the strong nuclear force,
which however is short ranged. Outside the nucleus the doubly charged alpha particle sees an
electrostatic Coulomb barrier due to the charged daughter nucleus. The nuclear potential is
complicated, but it is sufficient for our purposes to model it as a finite attractive square well.
Suppose 7 is the maximum distance between the daughter nucleus and the alpha particle over
which the nuclear force operates. Then the potential seen by the alpha particle is taken as
V(r) = =V, for r < rq and V(r) = Z,Z4e?/4mr for r > ro. Here Z, = 2 and Z; is
the atomic number of daughter nucleus. The height of the barrier seen by the alpha particle
was known to be at least twice as high (2 20 MeV) as the typical k.e. F of an emitted alpha
particle. However, there is a non-zero probability that it may tunnel through the barrier. Let
r1 be the distance at which the alpha particle emerges after tunneling out. Then F = %:162.
The classically forbidden region is 7o < r < r; and the maximum height of the potential is
V(ro) = ZqZqe*/47rg. Since the tunneling probability is small we use the semi-classical for-
mula obtained via the WKB approximation. A simple way of obtaining this formula is to recall
that the semi-classical approximation to the time-independent Schrodinger equation is given by
the time-independent Hamilton-Jacobi equation. It is obtained by putting 1) = ¢V/" and work-
ing to leading order in /. One obtains the time-independent HJ equation for Hamilton’s charac-
teristic function W (x), £ = H(x, W(z)) where p=W'(z). If H(q,p) = p*/2m+V (x) then
W'(x)?/2m+V (z) = E. The solution is W (x) = [* \/2m(E — V(z))dx. Now if we are in a

classically forbidden region £ < V', the WKB amplitude becomes ¢~ = ¢ 1 Jeg V2RV =B)de
The transmission probability for tunneling in 1d across a classically forbidden interval from r
to r; is therefore

e = exp [_% / V2m(V (r) — E)dr| . (136)

To find the decay probability per unit time or decay rate W, we must multiply this probability
with the number of times per unit time that the alpha particle arrives at ry. If we suppose that
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the alpha particle is simply bouncing between the walls of the nucleus 2r, apart with a speed
determined by %va = E + Vj, then it arrived at 7y v/2r( times per unit time. Thus

L AEETT)
W=e"———. (137)
27’0

The integral for v may be expanded for small ry/r; in a Laurent series in V'E . Show that

2mc? 2mc?r 2K, Z
2y = naZaZa\| 5 — W oZula| =  +O(E) = Jlﬁd — 2K/ Zgry  (138)

Here K; = 1.98 MeVY/? and K, = 1.485 fm /2 (see Griffiths, Intro to QM Ch. 8). It is
clear that log W behaves like 1/ V'E to leading order, plus a constant plus a term proportional
to log E coming from log(v/2r). In estimating log W' we may take 1 = 0, its value affects
the speed of the alpha particle inside the potential well but only has a sub-leading effect on the
energy dependence of log IW. A numerical estimate for ry may be obtained from the empirical
law of approximate constant density of nuclear matter, A/r®> = constant. The radius of a
nucleus of atomic mass A is 7 ~ (1.07fm)AY?. Use this to estimate the constants in the
Geiger-Nuttal law for U-238.

6.10 Brief introduction to nuclear beta decay

e Nuclear beta decay was discovered by H. Becquerel (1896) long before the discovery of the
nucleus (1909-13) or the discovery of the neutron (1932). Though discovered by chance in the
context of natural radioactivity of uranic salts (at that time, the name ‘uranic salts’ was applied
to salts of several nearby elements in today’s periodic table, not just isotopes of uranium), beta
decay is the prime example of a weak interaction process and provides a window into the sub-
nuclear world of elementary particles. Its theoretical understanding contributed greatly to the
theory of weak interactions, parity violation and the electroweak standard model.

e In beta decay, a nucleus with mass number B and atomic number Z decays to a nucleus
with same mass number B and atomic number Z + 1 along with an increase in nuclear charge
by +e and the emission of two particles, an electron (3~ particle) and an anti-neutrino. The
(anti)neutrino was not initially detected and current constraints suggest that its mass is less than
an eV/c?. The basic reaction is the decay of a neutron inside the nucleus n — p* + e~ + 1,
so the number of protons and charge increase by one. E.g. Thorium(234,90) beta decays to
Protactinium(234,91) with a half life of 24 days. Carbon(14,6) decays to Nitrogen(14,7) +e~ +
v, with a half life of 5730 years.

e Free neutrons beta decay with a half-life of 10.5 minutes. The mass difference m,, — m, —
m, = .782 MeV manifests as kinetic energy of decay products. But neutron beta decay in a
nucleus may or may not happen depending on the nuclear binding energies. Typically, replacing
a neutron by a proton in a nucleus costs energy, since the proton is less strongly bound than a
neutron, due to electric repulsion by other protons. The binding energy of a neutron in a nucleus
is usually of order of a few MeV, and more than that of a proton. This tends to inhibit 5~ decay.
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Indeed, neutrons in a Helium(4,2) nucleus (« particle) or any other stable nucleus do not decay.
But beta decay does take place if the cost of replacing a neutron with a proton in the nucleus is
outweighed by the mass difference m,, — m, — m. = .782.

e More precisely, following Gottfried and Weisskopfs’s notation, let ®;(NV, Z) denote a nucleus
with N neutrons and Z protons in a state labelled by j (j refers to other quantum numbers
like angular momentum, as in an atom). Its total mass is denoted M;(N, Z). The beta decay
Q;(N,Z) = @ (N—1,Z+1)+e" + 1, is energetically allowed if the mass of the initial state
exceeds that of the final state

M;(N,Z) = My(N —1,Z +1) > m, +m, (139)

This condition can be written in terms of binding energies. Denote the binding energy of a
nucleus with N neutrons and Z protons in state j by BE;(N,Z). BE > 0 is the energy
required to dissociate the bound nucleus into its far separated constituent nucleons, so

BE;(N,Z) = Nm,, + Zm, — M;(N, Z). (140)
Thus the condition for beta decay to occur is also
BE;(N,Z)— BEj;(N —1,Z+1) <m, — (m, + me+m,) =~ 0.782 MeV. (141)

In other words, if the daughter is more tightly bound than the parent (this rarely happens), then
beta decay can happen. More interestingly, beta decay is energetically allowed if the daughter
is less tightly bound than the parent, but not by so much as to offset the mass difference of .782
MeV.

e Another observed reaction, related by crossing, is the capture of an (inner, typically K shell)
atomic electron by a proton in a proton-rich nucleus p* + ¢~ — n + v, to produce a neutron
and neutrino. This is called K-electron capture.

e Free protons have never been observed to decay into neutrons, this reaction is energetically
forbidden since m, < m,,. However, inside some nuclei, the charge lowering 5" decay p —
n + e* + U, occurs, provided the mass increase is more than compensated by a gain in binding
energy. It is related to neutron decay by crossing. E.g., Fluorine(18,9) — Oxygen(18,8) +e™ +
v.. It often happens that replacement of a proton by a neutron lowers the energy of a nucleus,
due to the reduced electrostatic repulsion. It could also happen that the neutron can occupy a
lower nuclear energy level which was Pauli-excluded from being occupied by the proton that it
replaces [p, n are not identical particles if mass differences and EM interactions are included].

6.10.1 Need for the neutrino in beta decay

e Neutrinos were not detected till 1956. Till then, in nuclear beta decay, the only observed
outgoing particle was the electron (aside from the recoiling nucleus). Thus it seemed like a
2 body decay N — N’ + . We have shown using energy-momentum conservation that in
the rest frame of the parent nucleus, the energies of N’ and [ are fixed by the masses of the
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three particles. So the beta particle must be mono-energetic. However, experiments*® showed
that the spectrum of emitted beta particle energies was continuous, in apparent violation of
energy-momentum conservation. Bohr, in the wake of the recently discovered uncertainty prin-
ciple suggested that energy conservation may be true only in some statistical sense in quantum
physics, so individual beta particles could come out with any energy. But this seemed to be
inconsistent with the abrupt end-point in the beta energy spectrum. There was also a problem
with angular momentum conservation.

e In three body decay, the daughter particles have a continuous energy spectrum. In 1930 Pauli
suggested that there was in fact an undetected light uncharged (no track seen in cloud chambers)
particle that was emitted along with the electron in beta decay, it carried away the missing
energy. This particle was called the neutrino by Fermi. It is required by angular momentum
conservation as well. Consider the beta decay ®,(N, Z) — ®;/(N — 1, Z 4+ 1). The initial and
final nuclei have the same number of nucleons (baryon number B = N + Z). Since nucleons
have spin half, both nuclei have either even or odd angular momentum in units of //2, according
as B is even or odd. It follows that the change in angular momentum is an integer multiple of
h, which must be carried away by the beta particle and other decay products. In particular,
there must be an even number of fermions in the final state, aside form the daughter nucleus.
Since the electron is a spin half fermion, the simplest possibility is a three body decay with the
neutrino being the other fermion. Measurements of the energy and angular distribution in beta
decay show that the neutrino has spin half. Current experimental bounds put m,, < 1 eV/c?.

6.10.2 Neutrino vs anti-neutrino, and lepton number

e Neutrinos do interact with matter, though very weakly, with cross sections roughly of order
o, ~ E x 107! mb where E is the neutrino energy in GeV*’. For example, we have the
following crossed/conjugate versions of neutron beta decay: v, +n — p+e~ and U, + p —
n + e™. These neutrino/anti-neutrino-nucleon scattering processes are also called inverse beta
decay. Since 1956 they have been experimentally observed.

e Since neutrinos are neutral, one wonders whether the neutrino and anti-neutrino are the same
particle, as in the case of ~, 7", Z°. Experimental evidence against this was obtained by R.
Davis. Nuclear reactors produce a large flux of anti-neutrinos/neutrinos from decay of free
neutrons. Their interactions with matter in the vicinity was studied experimentally. It was
found that only positrons are produced in scattering with nucleons. If v = © then both the
above scattering reactions would take place and we would expect both electrons and positrons
to be produced in the neighborhood of reactors. This indicates that the neutrino is not its own

36Experiments by Otto Hahn and Lise Meitner in Berlin (1911) (who later collaborated in the discovery of
nuclear fission), with further detailed confirmation from Charles Drummond Ellis at the Cavendish in the 1920s.
Ellis and Chadwick were together in an internment camp in World War I where they did experiments in a horse
stable. They both joined Rutherford’s Cavendish lab subsequently, Chadwick studying alpha scattering and Ellis
studying beta decay.

37This approximate formula for the cross section as a function of neutrino energy is valid for E less than the
energy scale of electroweak mixing/unification (80 GeV). Cross sections cannot indefinitely increase with energy,
that would violate unitarity (essentially, probabilities cannot exceed one).
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anti-particle, which is assumed in the standard model.

e In weak processes, electrons or muons are always accompanied by neutrinos, e.g., beta decay
n — p+ e~ + v, and muon decay 1 — e + e + v, and piondecay 7T — = + 1.

e Assuming v # U we may assign a quantum number L (lepton number) that is conserved in all
particle reactions. We put L(e~) = L(v) = L(p~) = L(r—) =1, L(e™) = L(v) = L(u") =
L(r") = —1 for the leptons and anti-leptons and L = 0 for the nucleons (and mesons). Lepton
number is the analogue of baryon number for leptons. We see that beta decay n — p+e + n
conserves lepton number (zero on either side) as do all reactions related to it by crossing. On the
other hand, lepton number violating processes such as 7~ — p~ have never been observed.
The experimental limit on mean lifetime of the L-violating process of neutrinoless double beta
decay is 7("°Ge —™ Se + 2¢7) > 10?°y (see Perkins).

e Refined versions of lepton number. Interestingly, many lepton number conserving reactions
that are otherwise not forbidden, e.g. ;© — ey have not been seen. So conservation of individual
electron, muon and tau lepton numbers L., L,, L, was proposed. E.g., L. = 1 for e, .,
L. = —1 for their anti-particles and L. = 0 for all other elementary particles of the SM. L., -
are conserved in the perturbative SM.

e With the discovery of neutrino flavor oscillations such as v, <+ v,, we have to accept that the
individual lepton numbers cannot be exactly conserved. However, no process involving charged
leptons that violates L., L, or L. has been seen till now, though it is expected that the L. and
L,, violating process j. — ey will be experimentally detected in careful searches in future.

6.10.3 Fermi’s current-current interaction vertex for beta decay and weak interactions

e The typically long half-lives (minutes to years) of nuclei that undergo beta decay attest to
the weakness of the force involved, which could not be purely electromagnetic, since neutrinos
are uncharged. Alpha decay, could be treated using non-relativistic QM (as Gamow-Condon-
Gurney did) since the alpha particle kinetic energies are much less than rest energies. By con-
trast, beta decay is a relativistic process since neutrinos travel at close to the speed of light and
beta particle energies usually exceed their rest mass. So beta decay requires a quantum field
theoretic treatment. Fermi proposed a theory of weak interactions in 1934. It was based on
an analogy with the tri-linear photon-electron interaction vertex of quantum electrodynamics
qj" A, where ¢ is the electron charge. j* = evy"e is the electron-positron electromagnetic cur-
rent. It can annihilate an electron and create an electron or create an electron-positron pair etc.
(recall that the field e acting on the vacuum annihilates an electron or creates a positron, while
el creates an electron or annihilates a positron and that ¢ = ef+?). We say the electromagnetic
current j* is a neutral current. It cannot change charge since the photon field A, to which it
couples, is uncharged). By analogy with the ete™ electromagnetic current, Fermi introduced
‘charge changing’ weak currents for pairs of particles participating in the weak interactions, e.g.
pyHn is the charge raising proton-neutron weak current.

e In 1934, it was not necessary to invoke a force carrier (boson like pion or photon) for weak
interactions since they seemed to occur on length scales small compared to nuclear dimensions
(now we know the length scale of weak interactions is the Compton wavelength of the W

113



boson, 107'® m). So weak interactions were modeled as point or ‘contact’ interactions by
Fermi. Since there are four fermions involved in n — p + e~ + 7., Fermi’s theory involved a
4-fermion current-current vertex given by the interaction Lagrangian

GF _ _ _ _ GF . t T
L= 2 ((pyFn)(evuv) + (11" p)(Pyue)) = ﬁ(J“Ju + J%5,) (142)
The 2°¢ term is the hermitian conjugate of the first (p = p'7° etc). G is the Fermi coupling
constant.

e Since the four Dirac fields p,n,e, v have dimensions M?3/? (coming from kinetic terms
f d%ﬁy“c{)“p + ... in the action, which must be dimensionless), the Fermi coupling has di-
mensions [Gr] = M~2. Based on measured decay rates (W = h/T", which are proportional
to G%) one finds Gp = 1.16 x 107° GeV~? = 1.02 x 107°/m [see Perkins]. j* = py"n
is called the charge raising proton-neutron weak current since it can annihilate a neutron and
create a proton. J. ; = e,V 1s the charge lowering electron-neutrino weak current since it can
annihilate a neutrino and create an electron (or annihilate a positron and create an anti-neutrino).
So the current-current interaction j#.J [1; can correspond to the process vn — p + e. Beta decay
is related to this reaction by crossing, removing the v from the lhs and replacing it with a 7 on
the rhs. The second term in £ corresponds to processes like K -electron capture p+e — n+v
and crossed versions thereof.

nu

e There are similar weak currents that we may associate to other pairs of particles that partic-
ipate in weak interactions, e.g. the uv, charge lowering weak current is Ji = y\v,. The
vertex that governs muon decay p — e + v, + 7 is

_Gr
V2

Remarkably, the same Fermi constant GGr determined by beta decay rates also gives the cor-
rect muon decay rate. The charge changing weak interactions are universal in the sense that
they involve a single coupling constant. To include all the charge-changing weak interactions
(involving leptons and hadrons), we may define a total charge-raising weak vector current

L (@7 ve) (T 7ap) + hec.] (143)

I =pyn+oyte+ 0+ (144)

The charge lowering weak currentis J_ = J:rr and the interaction Lagrangian is £ = G—\/g (n,w JY TV + h.c.) .

This governs various weak interactions including muon capture by a nucleus i~ p™ — nv,.

e For example the decay rate of the muon W = I'/h = 1/7 (7 is the life-time and T" the
energy width) can be calculated by treating the 4-Fermi interaction to first order in perturbation
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theory. W is equal to the square of the transition matrix element times phase space factors,
so to leading order, W oc G%. Since the electron kinetic energy usually much exeeds its rest
mass it is reasonable to treat it as massless. Then the only other dimensional quantity in the rest
frame of the muon is the muon mass m,, (quantities like the energy of the outgoing electron and
neutrinos are summed over to arrive at the total decay rate). W being a probability per unit time
has inverse mass dimensions, by dimensional analysis we must have W G%mi. Evaluation
of the matrix element and phase space factors yields 7~' = G%m?, /1927 in the approximation
where the electron mass is neglected.

e Subsequent discoveries (experimental and theoretical) necessitated two important modifica-
tions to Fermi’s theory. Discovery of parity violation along with other experiments showed that
weak currents involved in the current-current interaction are not quite vector currents but vector
minus axial vector, e.g. py*n — py*y°n. This was the work of R Marshak and E C G Sudar-
shan as well as Feynman and Gell-Mann in the late 1950s. The second modification replaced
the point-like 4-fermi interaction vertex by a finite range interaction mediated by intermediate
vector bosons, the weak gauge bosons W=. A theoretical reason for this is that the zero range
4-Fermi interaction leads to a non-renormalizable quantum theory. Attempts to calculate decay
rates and cross sections beyond 1st order perturbation theory give infinite answers. Models with
coupling constants with negative mass dimension (e.g2. Grermi and Gnewton ) are perturbatively
non-renormalizable. On the other hand, the weak interaction is not quite of zero-range. It was
fruitful to introduce heavy force carriers called intermediate vector bosons (W ¥) to mediate
the short-ranged charge changing weak interactions. Like the tri-linear ¢.Jj; A, electromagnetic
vertex, the weak interaction vertex is g(JLW, + JEW ). g is the dimensionless weak cou-
pling constant like the electromagnetic coupling ¢. .J. are the charge raising and lowering
weak currents introduced above. Like the photon field A,,, Wf are the gauge fields associated
to WW* gauge bosons. Photon emission and absorption are replaced by emission and absorption
of W#=. W can annihilate a W™ or create a W~ while W can annihilate a W~ or create a
wt.

e Beta decay n — p + e + v, previously thought of as a single vertex 4-fermion interaction is
now viewed as two weak vertices n — p+ W~ and W~ — e~ + 1, (each proportional to g),
separated by the propagator for an exchanged virtual W, as shown in the Feynman diagram.

e However, W¥ are very heavy, my+ = 80.4 GeV. At low momentum transfers relevant
to beta decay, muon decay etc, the W propagator mg;ﬂf, ~ m% Comparing with the 4-
w w
V2 _g?

Fermi vertex, Gp = (the factors are conventional). Viewed from this perspective, the

8 M3,
weak interactions are weak since they are mediated by very heavy intermediaries. From the

numerical value of G, the weak ‘fine-structure constant’ g2/4m =~ .03 is not very different
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from Sommerfeld’s electromagnetic o = e?/41 ~ 1/137 ~ .007, indeed the two interactions
are mixed in the standard model. To understand these ideas more precisely we will need to
develop some field theoretic concepts.

6.11 Gamma decay and absorption

A third type of radioactive decay is gamma decay of a nucleus by photon emission. Rather
than discuss gamma decay of nuclei, we will discuss the simpler but analogous topic of gamma
decay of excited atoms. Atomic levels and wave functions are known better than nuclear energy
levels and wave functions. To do so, we need to understand the quantum theory of the photon
field and then the coupling of the photon field to bound atomic electrons. While the photon field
must be treated relativistically, it suffices to treat the atomic electrons non-relativistically.

7 Quantum theory of the photon field

e Photons in the form of light are the elementary particles we are most familiar with. So let us
begin with a look at the classical and quantum theory of light (radiation).

e The earliest ideas of quantization arose from Planck’s attempt to fit the spectrum of black
body electromagnetic radiation. The photoelectric effect and Compton scattering reinforced the
need to treat light quantum mechanically, light, like electrons and atoms, displayed both wave
and particle-like behavior.

e Heisenberg’s and Schrodinger’s development of point particle non-relativistic quantum me-
chanics shows that the position and momentum of a particle are subject to quantum fluctuations.
This is also motivated by Heisenberg’s microscope thought-experiment which suggests that the
determination of position with greater accuracy would make the determination of momentum
more uncertain. The electromagnetic field is also subject to quantum fluctuations. This can
be motivated by Weisskopf’s microscope thought-experiment. Here, we try to pin point the
position of a charged point particle by measuring the electric field it produces, and fix its mo-
mentum by measuring the magnetic field produced by the current of the moving charge. If the
electric and magnetic fields could be simultaneously determined, then we might be able to fix
the instantaneous position and momentum of the particle, violating the Heisenberg uncertainty
principle. To avoid this problem, we expect the electric and magnetic fields to display quantum
fluctuations. This gives us a reason to quantize the radiation field. Once quantized, we will be
able to identify the photon as a state of the quantized radiation field. However, it is harder to
quantize the radiation field than a point particle. This is primarily because a non-relativistic par-
ticle or system of non-relativisitc particles has a finite number of degrees of freedom, while the
EM field has an infinite number of degrees of freedom (the electric and magnetic fields at each
point in space). The quantization of the EM field had to wait till the late 1920s and 1930s work
of Dirac, Pauli, Heisenberg, Jordan, Fermi etc., while the quantum theory of a point particle
was already formulated by Schrédinger and Heisenberg by 1926-27.

e Another new feature is the possibility for photons to be created or absorbed. The number of
atomic electrons in Schrodinger’s treatment is fixed. But in radiative transitions the number of
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photons is not conserved. So the Hilbert space must include a vacuum state of no photons, states
with one photon of a definite energy hv, states with two photons etc as well as creation and an-
nihilation operators that connect these states. These states, which can be labelled by the wave
vector and polarizations € of the photons |kjA;;ko)s; - +) realize the particle-like character
of photons seen in the photoelectric and Compton effects. The quantum theory also realizes the
wave-like character of light familiar from EM waves. The quantized electric and magnetic field
operators do not commute with the Hamiltonian H = % J(E? + B?)dr (recall the Weisskopf
microscope). They are in fact linear combinations of photon creation and annihilation opera-
tors, and their eigenstates do not contain a definite number of photons or have definite energy.
However, as we will see, the matrix element of E(r,¢) (or B) between a one photon state |k, \)
and the vacuum takes the form of a plane wave of wave vector k and frequency w = hi|k| with
polarization ¢ (or k x €x)!

e The quantum theory of the EM field is based on Maxwell electrodynamics, to which it must
reduce in the classical limit. So we begin by expressing the radiation field of Maxwell theory in
a manner that makes quantization straightforward by analogy with particle mechanics.

7.1 Classical radiation from Maxwell’s equations in radiation gauge

e Maxwell’s equations for the vacuum electric and magnetic fields in rationalized Heaviside-
Lorentz units are

VB-0 vxBE-—2B V. E_, aad vxB=1;1%8 (145)

c Ot c ¢ ot

where for consistency of the two inhomogeneous equations the charge and current density must
satisfy the continuity equation % + V - j = 0. The first two homogeneous Maxwell equations
state the absence of magnetic monopoles, and Faraday’s law of induction. The second pair of
inhomogeneous equations are Gauss’ law and Ampere’s law with Maxwell’s correction term
involving the time derivative of the electric field (the displacement current). Gauss was Ger-
man, Ampere French, Faraday English and Maxwell Scottish. The motion of a charge e in an
electromagnetic field is governed by the Lorentz force law

F:e[EJr%xB] (146)

e The first pair of homogeneous Maxwell equations are identically satisfied if the fields are
expressed in terms of scalar and vector potentials (¢, A)

10A
E=-V __(9_ and B=V x A. (147)
c Ot
However, the gauge potentials (¢, A) are not uniquely determined by the E and B fields, more
on this momentarily. In terms of the gauge potentials, the Ampere-Maxwell equation becomes
(use Vx (VxA)=-V?2A+V(V-A))
1 0?A

j o1
~V?PA+V(V-A)= o Eatv - Zap (148)

117



So introducing the scalar and vector potentials means that the first pair of homogeneous Maxwell
equations have already been solved. The gauge potentials play a very important role in the quan-
tum theory. The hamiltonian for the interaction of a charged particle with the EM field is written
in terms of A, rather than in terms of E or B.

e The inhomogeneous Maxwell equations can be written in a relativistically covariant form by
introducing the 4-vectors A* = (¢, A) and j* = (cp,j) and the field strength tensor F* =
O" AV — 0V A*. Then the inhomogeneous Maxwell equations become 0, F'* = % j¥ along with
the consistency condition J,,j* = 0 which expresses local charge conservation.

e However, A and ¢ are not uniquely determined by the measurable electric and magnetic
fields. Two gauge potentials (¢, A) and (¢’, A’) which differ by a gauge transformation

A'=A+Vo, ¢ = ¢_1% (149)
correspond to the same electromagnetic fields. Gauge transformations form a group G which
acts on the space of gauge potentials A = {(¢, A)}. Each orbit (equivalence class of gauge
potentials) corresponds to an electromagnetic field (E, B) and the space of electromagnetic
fields is the quotient .A/G. A choice of orbit representatives is called a gauge choice. It is
obtained by imposing condition(s) on the gauge potentials which are satisfied by one set of
gauge potentials from each equivalence class.

e A convenient gauge choice is Coulomb gauge V - A = 0. Given a vector potential A’ we
find its representative in Coulomb gauge by making the gauge transformation A = A’ — V6
with 6 chosen to satisfy Poisson’s equation V20 =V - A’.

e Gauss’ law simplifies in Coulomb gauge: V- E = —V2¢ — 224 = ( becomes —V?¢ = p,
whose solutlon 1nv01ves the Coulomb potential (this is why V - A = 0 1s called the Coulomb
gauge!) o(r = [ &3 p r t) . In particular, in Coulomb gauge, the scalar potential ¢(r, )
is not a dynarmcal quantlty, 1t 1s entirely fixed by the instantaneous charge density. Now let
us specialize to the case where there are no charges present in the interior and boundary of the
region of interest, so that p = 0. Then ¢ = 0. In the absence of charges, Coulomb gauge
is called radiation gauge (¢ = 0, V - A = 0), since electromagnetic radiation is most easily
described in this gauge. Indeed, V- A = 0 or k- A;, = 0 in Fourier space means there are only
two (transverse) components of the vector potential that are dynamical. These correspond to the
two independent polarizations of electromagnetic radiation. In radiation gauge, the Ampere-
Maxwell equation becomes

:v%»+% (provided V- A = 0,6 = p = 0). (150)

This is the vector wave equation in the presence of a current source j. One is often interested in
EM waves in vacuum, in which case j = 0 and we get the homogeneous vector wave equation.

A 1PA o | A0 0
ZGW—V (provided V-A =0,j=0,¢ =p=0). (151)
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7.1.1 Fourier decomposition of A(r,t), transversality condition and polarization

The wave equation describes EM waves, including traveling plane waves. Since the equation is
linear, a super position of plane waves is also a solution. This suggests that we may express the
general solution of the wave equation as a superposition of plane waves. This is what Fourier
analysis does for us. We first imagine that the EM field is considered in a large cubical box of
volume V' and write the vector potential as a Fourier series

A(r,t) = % 3 Ag(t)e (152)
k

The Fourier coefficient Ay (t) is called the Fourier mode corresponding to wave vector k.
The pre-factors ¢/ vV are not very important and for later convenience: the formula for the
electric field —%%—‘:‘ becomes simpler. The allowed values of k are determined by the boundary
conditions, but are not important to us since we will eventually let V' — oo so that all k are
allowed. For simplicity, we consider the radiation field in a cubical cavity of volume V' with
periodic boundary conditions. This allows us to work with Fourier series. We will eventually
let the sides of the box go to infinity, and the Fourier series will become Fourier integrals. The

distinction is not important for us here.

e The advantage of the Fourier expansion is that the wave equation [LJA = 0 reduces to a
system of ODEs, for each mode k

Ac(t) + KAL) =0 = Ay(t) = —wlAx(t). (153)

Thus each mode Ay evolves independently in time like a classical oscillator of angular fre-
quency wy = c|k|. We anticipate that the time dependence of the vector potential may be
written as a linear combination of e*** and e~***. However Ay is a vector, not a scalar, so it
has a direction. Which way does it point? This brings in the concept of polarization.

e The Coulomb gauge condition V - A = 0 becomes

VA== k Ad)e* =0, = Y k-Ae™ =0 forall r  (154)
\/V k k

The only way for this to happen is for the individual Fourier coefficients to vanish, i.e., k- Ay =
0 for each k. In other words, the Fourier modes Ay must each be transversal (orthogonal) to the
corresponding wave vectors. Thus the Coulomb gauge condition is also called the transversality
condition. We will soon see that k is the direction of propagation of the corresponding EM
wave, so we see that Ay, must be transverse to its wave vector.

e So we may write Ay = >, Ak €, as a linear combination of two basis polarization vec-
tors €, €5, which are perpendicular to k. For convenience we choose them to be mutually
orthogonal so that €7, €5, k form an orthonormal system:

. .k
k~6,\20, 6,\'6)\/:(5)\7)\/, €1 XEQZkZ% (155)

€12(k) of course depend on k, but for brevity, we do not display the k-dependence explicitly.
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e A single-mode EM field with Ay \ o< €, would correspond to an EM wave with the electric
field Ey —%Ak pointing along (“polarized along”) the €, direction. The corresponding
magnetic field is By o< k x Ay. We see that for a fixed Fourier mode k, the electric Ej; o Ak
and magnetic fields By o< k x Ay are both orthogonal to k, i.e., k- Ey, = 0 and k-By = 0. This
is the statement that EM waves are transversely polarized. One choice of basis for polarization
vectors is*®

6 =42, e=19 and k=2 (157)
Since €1, €9, k form an orthonormal basis for 3d Euclidean space, we may write the identity
matrix as a sum of projections to the subspaces spanned by each

I =e1é + exeh + kk! or 0, = (€1)i(€1); + (e2)i(ea); + 12

(158)

Thus the transverse projection operator (it appears in the Poisson brackets below) may be ex-
pressed as

kik;
Sij— =t = Y e (159)

7.1.2 Electromagnetic energy, Lagrangian, conjugate momentum and Poisson brackets

e The energy in the electromagnetic field in the radiation gauge becomes

H= %/(E2+B2) & = %/ (%Au(v X A)Q) d3r5/7-[d3r. (160)
C

The instantaneous configuration of the radiation field is specified by the vector potential A(r,?),
subject to V - A = 0. Comparing with the point-particle energy H = %mq'2 +V(g)=T+V,
the electric energy is the kinetic energy and the magnetic energy is a potential energy. The
corresponding Lagrangianis 7' — V':

1 1 1.
I = 5 / (E* - B?) d’r = §/ (—2A2 —(V x A)Z) dr = /E dr. (161)
c
Recall that the momentum conjugate to a coordinate ¢ is g—s. So the momentum conjugate to
A is ;o= % = —1F;. Itis tempting to write Poisson brackets {4;(r,t), —tE;(r,t)} =

8;;0%(r — r’). However, this would not be consistent with the radiation gauge condition, which
requires that the divergence of the lhs must vanish. In fact the divergence of the lhs in both r
and r’ must vanish since V- A =0 and V - E = 0 in the absence of charges.

381t is also interesting to choose a complex basis of ‘right’ and ‘left’ circular polarization vectors. E.g. if
7€2 = g’

—

€1 =

ISH

1 1 A
€y = ﬁ(i« +ij) and e = —(2 —ij), while k=3 (156)

These are orthonormal in the sense €3 - €xr = 0y \, 2-€x = 0.

N
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e Poisson bracket relations that respect the transversality constraints are

C

{lEi(r,t),Aj(r’,t)} =0,(r—r'), {Ai(x. 1), A;(v',6)} = {Ei(r, 1), E;(r',t)} = 0. (162)

Here 55(1‘ — 1’) is the transverse projection of the delta function:

Pk Eiki\ acm_ey 1 Eiki \ ooy
T o _ v oy ik-(r—r’) _ — o uhy ik-(r—r’)
oh(r—1') = / oy (5” 2 ) e =7 Ek (5,] 7 )e . (163)

The transverse delta function is symmetric and divergence-free %55(1‘ —r') = —%55(1" —
r') =0.

e These Poisson brackets may seem a bit ad hoc. The justification for any set of Poisson
brackets is that they must give the correct equations of motion with the appropriate hamiltonian

(and satisfy anti-symmetry and the Jacobi identity). We will verify later that these p.b. imply
the vector wave equation for A (this is easier to check in Fourier space).

e Let us return to the Fourier expansion of the vector potential and write the electromagnetic
energy in terms of the modes A’

A(r,t) = \/_ZA ek (165)

e The electric and magnetic fields are

1 . .
E=——>) Ae*" and B= N (k x Ay)e™™. (166)

k
e The electric (kinetic) energy is (we use f dPr KT — Vg and Ay = =A)
1 2 13 3 i(kt+k) T 2
KE. = 2/E d’r 2V§AkAk//d rel ZAkA = ;mk\ (167)

While the magnetic (potential) energy is
pE - 12 (kx Ag)-(K'xAy) [ K rgdy — ¢ D (kxAg)-(kxA_y) = ¢ > kxAyl?
N O Kk Kk 2 Kk —k 5 k|“-
kK Kk Kk
(168)

¥Since A is real, the Fourier coefficients must satisfy the symmetry A*, = Ajy. Why is this true? This is a
general fact about Fourier series. Suppose f(z) => " _ f,e*. Then f*(z) =), fre ™. But now let us

o0

relabel the dummy index of summation as 7’ = —n, then f*(z) = S05__ __ f* e =3 f* ¢ But this
must equal f(x) for all =, and this is possible only if the Fourier coefficients are all the same, i.e., if f, = f*,, .
To make the reality of A(r,t) manifest, we could also write

—_

A, t) = 5= (A(t)e’™™ + Af(t)e ™) (164)

2V 4
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Thus the electromagnetic energy is

1 . .
H=3%" (|Ak|2 + Wk x Ak]2> where wy = c|k|. (169)
k
Comparing with the hamiltonian of a particle of mass m = 1 in a harmonic oscillator potential,
Hgy,o = %(f + %quQ we see that the electromagnetic energy is a sum of energies of a collection
of oscillators Ay . This may also be seen from the equation of motion [JA = 0.

7.1.3 Solution of vector wave equation as superposition of polarized plane waves

e Indeed, the advantage of the Fourier expansion is that the wave equation [JA = 0 reduces
to a system of decoupled ODEs, for each mode k and each independent polarization A. Upon
dotting with €),

A(t) + AK*A(t) =0 becomes Ay (1) = —w?Ai () where wp=clk|. (170)

Thus each mode Ag ) evolves independently in time like a classical oscillator of angular fre-
quency wy

A (t) = ape ™+ c;‘(’/\ei“’“t. (171)
The real and imaginary parts of ¢y ) are the two constants of integration. Thus
Ak<t) = Z g)\ [Ck,)\e_iwkt + Cik(’)\eiwkt} . (172)
A

If we were working with complex polarization vectors e, we would have

Al(t) =D [acaére ™ + e ] (173)
A

For simplicity, let us stick to real polarization vectors. Using these Fourier coefficients we syn-
thesize the vector potential that is the general solution of the vector wave equation incorporating
the Coulomb gauge condition*’

A(r,t) Z €x [cky,\ei(k'r_wkt) + cf(’)\e_i(k'r_wkt)} (175)

C
\/V k,\
i(k-r—wt)

A has been expressed as a linear combination of plane waves eye’ traveling in the di-
rection of their respective wave vectors k, and with polarization A. The corresponding electric
field is (here and elsewhere + c.c. denotes addition of the complex conjugate)

A 0 — i(kr—w
E(r,t) = _EA = W E Wk (ckAe (ker—wt) _ c.c.) (176)
K\

409 When V — oo, these Fourier series become integrals % Yo — [ (ggT’)cg with k taking all values. For
instance, )
4’k (k-r—wt)
A(r,t)=c 27 [e(k, Nexe +cc] where c(k,\) = VVe. (174)
s
A
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Here the constant Fourier coefficients cx y, ¢ , are determined by initial conditions on A, £.
With a slight abuse of notion, it is convenient to define

—iwit *

a(t) = cae ) Ck,)\(t) = Ci,/\ewkt

where ¢y, ¢, are the initial values. (177)

7.1.4 Change of phase space variables from A, E to Fourier modes cy ), ¢, ,

It is clear that the Fourier modes ¢y x(t), ¢j; ,(t) of definite wave number and polarization have
a simpler (simple harmonic) time-dependence than the position space E, A fields (which are
linear combinations of several modes). Moreover, the hamiltonian does not couple distinct
Fourier modes. This motivates a change of phase space variables from A and E to ¢, c*. We
define*!

C . .
Alrt) = —=> & [an®)e™ + o\ (t)e *"]
VG
1 . .
Ert) = —=» &wk (an()e™ — (e ™) (178)
VS

These changes of variables are chosen so that the transversality constraints on A and F are
automatically satisfied. Note that the electric field is not obtained by differentiating A in time,
it is an independent field. On the other hand, the magnetic field is obtained by taking curl of A,
it is a dependent field.

e A significant advantage of ¢, ¢* over A, F is that they have simpler p.b. than A and £. Upon
quantization c,c* are related to annihilation and creation operators for photons with definite
wave vector and polarization.

e The equal-time Poisson brackets among the components A; and F; are satisfied if the modes
(), e\ (t) satisty the following equal time p.b.

* ]' * k
{Ck1)‘ <t)7 Ck/,)\’ (t)} = Qiw 5kk/ 6/\)\/7 {Ck,)\(t)7 Ck/ X\ (t>} = {Ck,/\<t>7 Ck’,)\’ (t)} =0. (179)
k
Apart from some constant factors, this must remind us of commutators between SHO annihila-
tion and creation operators [a,a'] = 1,[a,a] = [a', a'] = 0. Let us indicate how this is verified
in one case. All dynamical variables A, E, ¢, ¢* are evaluated at the same time ¢ which we
suppress

1 l Kor P
{Ei(r),Aj(r’)} = V Z Wik {ck’,\(e)\)ie’k — C.C., ck//\/(e/\/)jek +C.C}

K\ KN
) WE e 1! oyl
= — E — |:5kk/5)\)\/6,\i6)\/j€l(kr kr’) —I—C.C.}
iV 2w
KK

#10f course, we know the time dependence of c(t), c*(t) from solving the equations of motion. But that explicit
time-dependence is not needed now, it simply motivates the following change of phase space dynamical variables.
Equal time Poisson brackets between dynamical variables do not depend on their time-dependence nor on what the
hamiltonian is.
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_ 1 kikj \ ike—r) _ 1 T N ST /
= 37 (Ek: (513‘— 12 )e +c.c. —WQV(Sij(r—r)—(Sij(r—r).

We used the completeness/transverse projection formula > L Exi€rj = O0ij — l%zl%] In the last
line, the Fourier series is a real function of r — r’, since d;; — l%l-l%j is an even function of
momentum. So the addition of the complex conjugate just doubles it. One may similarly check
that the components of the electric field Poisson commute with each other and so too do the
components of the vector potential.

7.1.5 Hamiltonian in terms of Fourier modes cy», ¢},

e Let us express the classical hamiltonian in terms of the Fourier modes. We will show below
that

1 *
H = 3 /(E2 +B?)d’r = 2 kZAwZCk’/\CkA (180)

e To obtain this formula for the hamiltonian, let us work for simplicity with a real o.n. basis for
polarizations €; X €5 = k. The expressions for A, E, B in terms of ¢, ¢* are

c . .
Art) = —= Z Ex [aa(t)e™ + ey (He ]
Vis
(3 . .
:E(I'7 t) = — Z E’,\wk (Ck)\ (t)e’k'r — C;)\@)eilk.r)
s

B(r,t) = VxA= # Zwkff x & (cn(t)e™™ — ey (e ™) (181)
)

Now we compute the electric energy using orthogonality [ k=) T By — Vixx and exey =
OAN -

1 1 k. _ik- K- iK'
2/EQal?’r = 37 Z €) " EAWK wk// [ckAeZkr — )€ Zkr} |:Ck/)\/€Zk T ye ik r} d’r
I,k A\
1
2 2
= 75 D wi [aacio + Gactin — 2laal’] - (182)
kA

The magnetic energy is
1

1 . > ik ik K _iK'-
§/B2d3r: ~3v g wiwir (kX €x) - (K x €) [Ck,\eZkr — iy ek ] {ckwelk T chye T dPr.
IR"BWY

It is clear that the spatial integrals will produce either dx i or Jk s in the various terms. Now
we use k = +k’, orthogonality of wave and polarization vectors, and the scalar and vector triple
product identities to simplify

(kxen) (K xey) =k (e x (kxe)) =k [k(ex-er) —ex(en - k)] = (k- k) fyn. (183)
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So the magnetic energy becomes

1 1 k *
5 / B2d3I‘ = —5 gwi[—ck7,\0_k7)\ — ck7/\c_k7)\ - 2|Ck7)\|2]. (184)

We see that the cc and c*c* terms cancel between the electric and magnetic energies giving
H =23, wicq - To make the energy look like that of a collection of harmonic oscillators,
we define rescaled Fourier modes

h * h *
Ck = 4/ Yon aky, and ¢, = Yo - (185)

Then the hamiltonian and p.b. become

1
H= Z huwy (ai,Aak,A) ) {axa, ail/,x} - ﬁ‘sk,k’%,x» {axr, awn} = {aiw ai',A/} =0.
k,\

(186)
Note that the introduction of factors of & does not make this a quantum theory, we are simply
choosing to measure the energy of each mode in units of hw;. We will quantize this hamilto-
nian dynamical system soon by replacing classical dynamical variables by operators on Hilbert
space and p.b. by commutators {.,.} — =-[.,.]. These re-scalings ensure that the quantum
hamiltonian and commutators take a standard form.
e Simple as the hamiltonian and p.b. are, we must still check that they imply the correct
time dependence for a and a*, previously obtained by solving the vector wave equation, i.e.,

ax A (t) = e7“kqy 5 (0). Hamilton’s equation for evolution is

. . 0k 10 .
Ak = {ak,)n H} = {ak,x, Z hwlalu&lu} = Z hwlaluM = —WWEak)- (187)

ih
Ly lp

The solution of this equation is ay () = ax x(0)e~™**. Thus we have verified that the Hamil-
tonian and p.b. we have postulated for the classical radiation field lead to the correct time-
evolution. This justifies the ‘ad-hoc’ introduction of the transverse delta function in the p.b.
between A and E.

e [ et us motivate the passage to the quantum theory by recalling how to ‘canonically’ quantize
a harmonic oscillator using creation and annihilation operators.

7.2 Quantization of the harmonic oscillator using creation and annihilation operators

e Newton’s equation for a particle of mass m executing simple harmonic motion is mq =
—w?q. The energy of such a harmonic oscillator is £ = img¢* + 1mw?¢®. In terms of the

momentum p = mg, the hamiltonian is H = % + 2mw?q?. Position and momentum satisfy
the p.b. {¢.p} =1, {q.q¢} = {p,p} = 0.

. . . . . 2 2
e Since Aw has dimensions of energy, even classically we may write H = hw(55— + $79¢ ).

Defining a constant with unit of inverse length 3 = /% we have the dimensionless coordinate
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and momentum § = B¢ and p = 35 with p.b. {¢,p} = ; and H = 37w (¢* + p?). We now

define the complex combinations

= éjgp and a* = % with {a,a"} = —% and H = hwa*a = hwla|?.
(188)
In the quantum theory, ¢, p become operators. In the Schrodinger representation p = —iha%
and the p.b. {¢, p} = 1 is replaced by the commutator [q, p] = ik (i e., multiply the rhs by ih).
It follows that [, p] = i. In the Schrodinger representation p = — check that this gives the
desired commutator [£,p| = i.

dg’

e Now if a! = (¢ — ip)/v/2 denotes the hermitian adjoint of the operator a (quantum version
of a*), then [a, a'] = 1. Moreover,

1 1
a'a 5@«+p+qgm) §@W+ﬁ—1) (189)
e The hamiltonian operator
2
p 1 29 1 2 2
o+ gmW e = She(& +p?) (190)

may be written as H = hw(a'a + %) We have used that fact that aa’ — afa = 1. N = afa is
the number operator. We may check using the commutation relations that

[N,a] = [a'a,a] = [a',ala = —a and [N, a'] = [a'a,a'] = a'[a, a'] = o (191)
It follows that
[H,a)| = —hwa and [H,a'] = hwa'. (192)

a,a’ are called the annihilation and creation operators (or lowering and raising operators) be-
cause of the way we may interpret these relations. Suppose |¢)) is an energy eigenstate with
energy eigenvalue £. Then assuming a|t)) is not the zero vector, a|t)) is also an energy eigen-
state with a little lower energy ' — hw, since

H{al)) = aH|yp) — hwalp) = (E — hw)(alv)) (193)
Similarly, a'|¢) is also an energy eigenstate with a slightly higher energy F + hw.

e Now the SHO hamiltonian is a positive operator, in the sense that its diagonal matrix element
in any state is positive:

1 1
(p|H|o) = M+WMM shw + (aglag) = m+W@W>hw (194)

Since eigenvalues are simply expectation values in normalized eigenstates, the energy eigen-
values must all be > %ﬁw Now, if there is one energy eigenstate |¢)) with eigenvalue F,
then by repeated application of the lowering operator a, we may produce an energy eigenstate
with negative energy, contradicting the positivity of /. To avoid this problem, successive ap-
plication of a must result in a state |0) (taken to have unit norm) which is annihilated by the
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lowering operator. This state is the ground state of the hamiltonian H|[0) = 1%w|0) with energy
Ey = $hw. |0) is also called the vacuum state. The first excited state is |1) = a!|0), with an
energy F) = %hw.

e Note that the ground or vacuum state is not the zero vector. The zero vector ¢)(z) = 0 is not
a state describing a particle, since it has zero probability to be found any where. But the simple
harmonic oscillator describes one particle at all times, so every physical state of the SHO must
satisfy the normalization condition ffooo |¢)(x)|*dz = 1. One may find the position space wave
function of the ground state, i.e., (x|0) = ¢o(x) using the condition at)(z) = \/%(é"—l—af)?ﬂ =0.
This implies ¢/ /1) = —€ or ¢ = Ae ¢/2 = Ae~7***/2_ Find the value of constant A to ensure
the ground state is normalized to one. Note that though the average value of x in the ground
(vacuum) state is zero on account of evenness (parity symmetry) of 1o(x), the position does
suffer fluctuations, (x?)y # 0. Similarly, one checks that (p)y = 0 but (p?), # 0.

e We check using the commutation relation aa’ — a'a = 1 that |1) has unit norm
(11) = (0laa’|0) = (0]0) + (0]a’a|0) = 1. (195)
Similarly, the second excited state is o a'|1). The square of its norm is
(0laaa’a’|0) = (0la(a’a + 1)a’|0) = (0]aa’|0) + (0|(a'a + 1)aa’|0) =1 +1=2. (196)

So the normalized second excited state is |2) = \/%aTaT|O>, with an energy 2/w. Proceeding
this way*?, one finds that the n'" excited state (normalized to one) is |n) = \/Lnj(af)”m) with
an energy eigenvalue E,, = hw(n + 3).

¢ In the Schrodinger picture, the states evolve with time, as specified by the Schrodinger equa-
tion ihw = H|y(t)), while observables like H,z,p are time-independent. Energy levels
are stationary, in the sense that they evolve by a phase

In(t)) = e "#/"n(0)). (197)

¢ In the Heisenberg picture, states are time-independent while observables carry the time de-
pendence. By definition, the state in the Heisenberg picture is just the Schrodinger state at
t=20.So

6(1))s = e HM(0)) = [B(t)s = e g, (198)

The Heisenberg picture operator A; corresponding to the Schrodinger picture operator A is
defined as

Ap(t) = /A e YN — UTAU,  where we denote U = e~ HV/", (199)

It follows that the hamiltonian is the same in both pictures H; = H; = H. Further, the states
and operators in the two pictures coincide at ¢t = 0.

#2The normalization factors may be obtained by first showing that af|n) = v/n + I|n+1) and a|n) = \/n|n —
1).
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e Matrix elements and expectation values (which carry physical significance) may be computed
in either picture, resulting in the same values

WOl AR(O)|0) = (d()|UUTALTUT (1)) s =5 (B(£)|A]vo(1))s. (200)

Just as the Schrodinger equation governs the evolution of states in the Schrodinger picture, the
time evolution of an observable A;, is governed by the Heisenberg equation of motion

L 0A
ma—t" = [A,, H). (201)

Let us derive the Heisenberg equation of motion. Recall A(t) = UTA,U

ihO, Ay, = ih(O U AU +ihUTA,0U = ~HUTA,U+UYA,UH = —HA, + Ay H = [Ay, H].

(202)
Here we used U = e~1*/" 5o that ihd,U = HU = UH since H and U commute. And taking
the hermitian adjoint, —ihd,U" = HUT.

e The Heisenberg equation of motion is the quantum version of Hamilton’s classical equations
written in p.b. form. Start with {A, H} = %—’? and replace p.b. by commutators and multiply
the rhs by ih.

e Let us use the Heisenberg equation of motion*® to find the time evolution of the SHO creation
and annihilation operators in the Heisenberg picture.

8ah

th— = [CLh,H] = ([CZ, H])h = hway, = E

ot

= —iwa, = ap(t) =e “a,(0)

(203)
Similarly (or taking the hermitian conjugate), we get a (t) = e**a] (0). This is the same time
evolution as in a classical harmonic oscillator.

7.3 Quantization of radiation field in radiation gauge

e We will quantize the radiation field by the canonical procedure of replacing Poisson brackets
with commutators, as we did for the harmonic oscillator. Indeed, the radiation field can be
regarded as an infinite collection of harmonic oscillators, one for each mode labelled by wave
vector and polarization (k, \).

H=2 Z WiCE Cicr (204)
kA
where the vector potential is
c . .
Alr,t) = —=Y & [an()e™ + e ™. (205)
VS
BWe also use [H,a] = —hwa,[H,a'] = hwa' and the relation [By,, H| = [UTBU,H|] = U'[B,H|U =

([B, H));, on account of [H,U] = 0 where U = e~ *Ht/",
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Recall the p.b. among the modes of the EM field

1

{Ck)\a CI*(,J\,} = ka Oxk’ O, {Ck,)\y Ck’,)\’} = {C;A, Cl*(/’)\/} = 0. (206)

To make the Hamiltonian and p.b. look simpler and to follow a notation similar to the one used
in quantizing the SHO, we define re-scaled Fourier modes for the radiation field

h x / h *
Ckx = 2—wk ax X, and Ck,)\ = 2—% G,k)\. (207)

Then the hamiltonian becomes

H =" huwpag,ain. (208)
kA

Then the Fourier decomposition of the vector potential reads

h — ik-r * —ik-r
A(r,t):%;,/mg [ r (D)™™ + apy (t)e 7] (209)

and the equal-time p.b. among the ay », ay , are

1 . xx
{(lk’)\, CLik{/)\,} = Eékk/(s)\,)\/, while {ak,,\, CLk/’X} = {ak,/\, ak,)\,} =0. (210)
Now we canonically quantize this system by analogy with the SHO. The p.b. among the a, a*
are replaced by commutators between a , multiplying the RHS by 4. Thus we get the canonical

commutation relations
[Gk,)\a CZL)\/] = 5k,k’5)\,)\’7 while [ak)\7 (Ik/)\/} = [QL)\7 (IL’X] = 0. (211)

The expansion of the vector potential operator now reads

c h - ik-r T —ik-r
A1) = = ; Vo [ak,A(t)e +af, (t)e ] 212)

We will find its time dependence shortly. There are similar expansions for the electric and
magnetic field operators as linear combinations of creation and annihilation operators. The
quantum version of the A, E' Poisson brackets are the commutators [E;, E;] = [4;A4;] = 0 and

[Ei(r,t), A;(x', t)] = ihcdl(r —1'). (213)

e The expression for the hamiltonian operator is ambiguous in the quantum theory since a, a'
do not commute. Classically we may write several equivalent expressions, H = > hwgaf,axy =
> hwganag, = 3 hwg(agaxn + anag,). If a,a* are replaced by a,a’ then one gets
hamiltonian operators that differ by an additive constant. If we use the first expression, then
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H = Yk hwkalT( \ak,x. But if we use the third (symmetric expression for H, which also
corresponds to %(E2 + B?)) then the quantum hamiltonian is

. 1 .
H = E fuw, (aL/\ak,,\ + 5) since CkaACLTk)\ = aL)\ak,)\ + 1. 214)
k,\

The additive constant Zk, A %hwk is called the zero point energy. In the infinite volume limit, it
is infinite. However, this is a constant addition to the energy, and can be eliminated by redefining
the zero of energy. Henceforth, we define H = Zk 5, hwi aL \axk - This definition is convenient
since it assigns energy zero to the vacuum state. 7

7.4 Hilbert space of photon states

e To find the spectrum of the hamiltonian, we proceed as we did for the SHO. Indeed, the hamil-
tonian of the quantized radiation field is a sum of harmonic oscillators, one for each ‘mode’
labelled by k, \. From the commutation relations, we find as before, that

[H, Clk’,\] = —hwkak,A and [H, CLL)\] = hwkaL/\. (215)

It follows that ay y, aLA lower and raise the energy by hAw;. Thus we have a vacuum state
|0) with energy zero, which is annihilated by all the lowering operators ay »|0) = 0. (This
also means (OlaLA = 0 for all k,\.) As before, Ny, = aLAak,A is a number operator. It
has non-negative integers as its eigenvalues, which count the number of photons with wave
vector k and polarization €, in an eigenstate. k, A\ are together good quantum numbers for
photons. Ny »,|0) = 0. The operator whose eigenvalues are the total number of photons is N =
Zk7 5 Vi, n. We say that the vacuum state has no photons of any wave vector or polarization.
However, the vacuum state is not the zero vector, it has unit norm (0/0) = 1. We will see that
though the average electric and magnetic fields in the vacuum state are zero, they have non-zero
fluctuations in the vacuum state. The free space around us (ignoring the EM fields from cell
phone towers etc) is to a reasonable approximation the vacuum state of the photon field. If we
measure the electric field, we will get small non-zero values which on average are zero. These
small non-zero values are due to quantum fluctuations. This is just like saying that z and p are
on average zero in the ground state of the harmonic oscillator. Nevertheless (z?) and (p?) are
non-zero in the ground state of the SHO. The position x of the particle is the counterpart of the
vector potential A, while the particle momentum p is the analog of (—1/c times) the electric
field.

e A state with one photon of wave vector k and polarization A is |1y )) = aLA|O>. This
1-photon state has energy hwy, .

e Similarly, a state with two photos is
[ Liexs L) = af yake /[0, (216)

It is an eigenstate of the hamiltonian with energy /i(wy + wys). Since creation operators com-
mute, it does not matter in what order we write the creation operators, so

[T v Tiea) = [T, L) (217)
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In other words, the state function of a system of two photons is symmetric with respect to
exchange of the quantum numbers of the two photons: photons behave as bosons.

e The above two photon state has norm one if the quantum numbers are distinct, i.e., (k, ) #
(k/, \). If the quantum numbers are the same, then the normalized 2-photon state is

1210) = (aL/\)2|O). (218)

1
V2!
This follows from the commutation relations of creation and annihilation operators just as in
the case of the harmonic oscillator.

e More generally a normalised multi-photon state with n,n’,n”,... photons with quantum
numbers (k, \), (k', \), (K", \"),... is

(alT(,,\)n (a;r(,w)”' (alT(N,,\")nH

/ " J—
[Paexs Mher v T s - - -) = Vol V! vn'!

Again, by the commutativity of the creation operators, these multi-photon states are symmetric
under exchange of any pair, they describe bosons. These multi-photon states together span the
Hilbert space of the quantized radiation field. It is called the bosonic Fock space of photons.
The basis we have chosen to describe the Fock space is called the occupation number/photon
number basis, since the basis states have definite numbers of photons with specified wave vector
and polarization. It is in this way that the quantum theory accommodates the particle-like nature
of photons discovered by Planck, Einstein et. al. On the other hand, a linear combination such
as |1xa) — |2wn) is also a valid state of the radiation field, but it does not have a definite
number of photons, a measurement of the number of photons may result either in the answer
one or two. Such states play a role in the ability of the quantum theory to accommodate the
wave-like character of light, as we will see.

.0). (219)

7.5 Fluctuations of E and B fields, EM Waves from matrix elements

e In the quantum theory the transverse photon vector potential field in radiation gauge is the
hermitian operator

c — h ik-r —ikr
Alr ) = Y én 5 [ak,,\(t)e kr 4ol (£)e ] . (220)
kA

The time dependence of A as well as the electric and magnetic field operators is determined
by that of the creation and annihilation operators. To find their time-dependence, we use the
Heisenberg equation of motion which is the quantised version of Hamilton’s equation a =
{a, H} obtained by the replacement {-,-} — [-, ] /ih

dak7 A
dt

ih = laxn, H] = hwgay = axa(t) = € “*ay»(0) (221)

Similarly, aL NOES eiwktaLA(O). We may regard ay () as the annihilation operator in the
Heisenberg picture while ay (0) is the annihilation operator in the Schrodinger picture. We
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will often omit the argument of a, and hope it is clear from the context. Thus our Fourier mode
expansion of the quantized vector potential is

¢ d h i(kr—w —i(kr—w
A(r,t) = Wi Z Exy/ Yoor [ak7,\(0)e (er=wit) L gl (0)eilr—w) | (222)
kA

We notice that the time dependence is the same as in classical radiation theory (this is generally
true when the hamiltonian is quadratic in fields and commutators are canonical). It follows that
E and B are the hermitian field operators

A [ hw . ,
E(r,t) = = ZZ 2—‘;5)\ (ak,\el(k'r_w’“t) — aL/\e_z(k'r_‘”’“t)>
K\
. hwy > ~ i(k-r—wyt) T —i(kr—wgt)
B(r,t) = VxA= zz W(k X €)) (ak)\e —ap € ) (223)
K\

Being linear combinations of creation and annihilation operators, the electric and magnetic
fields do not commute either with the number operator or hamiltonian (nor with each other).
Their eigenstates do not have definite energy or number of photons in general. On the other
hand, states of definite energy (like the vacuum) are not eigenstates of E or B. For instance,
acting on the vacuum the electric field operator produces a linear combination of one photon
states with all possible wave vectors and polarizations.

: hw - —i(kr—w
E(r,t)|0) = —ZZ,/Q—V’“W (er=wit) |7, ) (224)
kA

It follows that the matrix element of the electric (or magnetic field) between the vacuum and 1
photon state 1y  is a transversely polarized plane EM wave

(Lia|E(r, 1)|0) = —i @ge—“k'r—wﬂ and  (1,\|B(r,1)]0) = —z'\/E(eA x k)eikr=wt)
’ 2V ’ 2V

(225)
Since plane waves satisfy Maxwell’s equations, we see that these matrix elements of the elec-
tric and magnetic fields in the quantum theory satisfy the same wave equations (Maxwell’s
equations) as the classical electric and magnetic fields. The wave nature of light follows from
Maxwell’s equations. So this is one of the ways in which the quantum theory of the photon
field accommodates the wave nature of light while also manifesting the particle-like nature of
photons. From the viewpoint of the quantum theory, we may regard Maxwell’s equations as
determining these matrix elements of the fields. This is a useful point of view, since it also
applies to the Klein-Gordon and Dirac equations.

e Historically, the Dirac and KG equations were introduced as relativistic quantum equations
to describe a single electron or single pion. This interpretation was inconsistent in situations
with significant relativistic effects: due to the possibility for particle creation and annihilation,
particle number is not conserved and it does not make sense to look for a theory of a definite
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number of particles. The apparent successes of the ‘1 particle’ Dirac equation (like the predic-
tion of the magnetic moment of the electron or fine structure of the hydrogen spectrum) are all
in the regime where relativistic effects are very small. In the current view, the Dirac and KG
equations are not one particle wave equations like the non-relativistic Schrodinger equation, but
rather classical wave-field equations, on the same footing as Maxwell’s equations. The appear-
ance of factors of 7 in the Dirac and KG equations does not make them ‘quantum’, but is due
to a conventional choice of units for momenta and energies. Strictly, these classical relativis-
tic field equations do not admit particle interpretation at all. However, when quantised via the
process of ‘field’ quantization (somewhat misleadingly also known as ‘second’ quantization)
that we have just carried out for the EM field, we arrive at the quantised Dirac and KG fields.
States in the Hilbert space of these quantum fields now admit physical interpretation in terms
of particles. Remarkably, the matrix elements of these quantised fields (Dirac, KG, Maxwell)
between the vacuum and 1 particle states, satisfy the classical wave-field equations that one
started with.

e By contrast, the 1 particle (or n-particle) non-relativisitic Schrodinger wave equation is al-
ready quantised. Unlike KG, Dirac or Maxwell, it is not to be regarded as a classical field
equation awaiting quantization. It already deals with operators and states in Hilbert space.

e As the Weisskopf microscope thought experiment suggested, the electromagnetic field dis-
plays quantum fluctuations. To see this, consider the simplest of states, the vacuum |0) with
no photons. In this state, (0]A|0) = 0 since the annihilation operators will kill the ket-vacuum
while the creation operators kill the bra-vacuum. Since E = —%%—i‘ and B = V x A, the
electric and magnetic fields also have zero expectation values in the vacuum state. However,
just as (0|z%|0) > 0,(0[p?|0) > 0 in the g.s of the SHO, one checks that (0|B?|0) > 0 and
(0|E2|0) > 0 since E?, B? include terms of the form aa’ which have non-zero vacuum expec-
tation values. It follows that there are vacuum fluctuations in the electromagnetic fields, even
when their mean values are zero. E.g., free space around us (ignoring the EM fields from cell
phone towers etc) is to a reasonable approximation the vacuum state of the photon field. If we
measure the electric field, we will get small non-zero values which on average are zero. These

small non-zero values are due to quantum fluctuations.

e Question: How is (0[E2|0) > 0 and (0|B?|0) > 0 consistent with (0| H|0) = 0? Ans: our
hamiltonian H =} hwa'a differs from [ 1(E? 4+ B?) = Y 1Aw(aa’ + a'a) by an additive
constant (‘zero point energy’ > %hwk). The non-zero vacuum fluctuations in E and B, in a
sense, add up to give this ‘zero point energy’.

e Heuristically we may say that in the vacuum, though there are no real photons, there can be
virtual photons that pop in and out of existence here and there, for short periods of time. These
virtual photons are a way to visualize, for example, the evaluation of the expectation value
(0laa'|0). Virtual photons are not directly detected, they are not present in the initial or final
state. But virtual photons have real effects such as (1) The measurable vacuum fluctuations in
the electric and magnetic fields. (2) The Casimir force between metal plates in vacuum. (3) The
spontaneous gamma decay of atoms, nuclei and hadrons from excited states. While stimulated
emission of photons from excited atoms is understandable, it was found that excited atoms can
spontaneously emit photons. In a sense, virtual photons ‘stimulate’ the atom to ‘spontaneously’
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decay.

7.6 Polarization, helicity, spin and angular momentum of the photon

e We have seen that a one photon state can have two linearly independent polarizations, say the
linear polarizations €; = Z, €&, = g for k = kZ or the basis of right and left circular polarizations
€+ = \%(i: + 4y). The circular polarization vectors have the advantage of transforming into
multiples of themselves under an infinitesimal rotation by angle 6 about the 2 axis:

0x =—0y, oy=0x = Jde, =ife, and de_ = —ifle_. (226)

This is precisely how the |m = 1) and |m = —1) angular momentum states of the j = 1
angular momentum multiplet transform under infinitesimal rotations about the z-axis

M m) ~ (14001 /h)jm) = (14 i0m)lm) = dlm) = ibm|m)  (227)

So the right and left circular polarized 1 photon states transform under rotations about the prop-
agation direction k, like states having angular momentum projection m = =41 along k. In
other words, a general one photon state must be a linear combination of helicity A = +1 and
helicity h = —1 eigenstates (h = J - p). We say that the photon (when in a state of definite
helicity) has helicity +1. A longitudinal polarization vector pointing along the direction of
propagation would be unchanged under rotations about k and transform like the |m = 0) state.
So a longitudinally polarized photon would have zero helicity, it is forbidden for photons and
classical EM waves. On the other hand, phonons or massive gauge vector bosons like the W+
and Z° can be longitudinally polarized.

e Going by the definition of the spin of a particle as the maximum value of its helicity, the
photon has spin one, though it can only be in a linear combination of |s, k) = |1,1) and |1, —1)
states.

e What is more, the spin of the photon (or any other massless particle) is not related to the
SO(3) rotation group (or its double cover SU(2)), but rather, to the group E(2) of Euclidean
motions (translations and rotations) in a two dimensional plane (not ordinary position space).
The ‘spin group’ is the subgroup of the Lorentz group that leaves the momentum vector of the
relevant particle invariant, it is also called Wigner’s little group or the isotropy subgroup or
stabiliser. For a massive particle the momentum vector is time like, e.g. (m, 6) and it is clear
that rotations in Euclidean space leave this momentum vector invariant. An isomorphic copy
of this group leaves any other time-like momentum 4-vector invariant. For a massless particle,
the momentum vector is light like, e.g., (E£,0,0, F') and one may show that its stabiliser is
isomorphic to E(2). The representations of the little group determine the allowed values of
helicity. This is responsible for the absence of the zero helicity photon. More generally, a spin
s massless particle has only two helicities +s, nothing in between, unlike massive particles.

e So far, we have only discussed the intrinsic angular momentum (spin) of the photon. A photon
could be in a linear combination of states with definite linear momenta c¢;|k, A) + co|k’, ). In
this manner, it is possible to build a 1 photon state of definite orbital angular momentum [. The
total angular momentum includes both the orbital and spin contributions. However, a photon
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cannot be in a state of total angular momentum ;5 = 0, if it were, then the projection of the
angular momentum on any axis would be zero, and in particular, the helicity would be zero. So
there is no 7 = 0 monopole photon field.

e On the other hand, there are 1 photon states with higher total angular momentum 7 = 1,2 -
and definite parity, they are called multipole fields. These correspond to electric and magnetic
dipole (j = 1), electric and magnetic quadrupole (j = 2), octupole ..., 27-pole fields of clas-
sical EM. The electric multipole fields are symmetric linear combinations of helicity h = +1
(and angular momentum ;) while magnetic multipole fields are anti-symmetric linear combi-
nations.

8 Interaction of atomic electrons with radiation

8.1 Overview of atomic structure & transitions

e Let us begin with a brief overview of atomic structure and transitions. Though weak interac-
tions do play a tiny role (especially in parity-violating effects), atomic structure is determined
to an excellent approximation simply by applying non-relativistic quantum mechanics to the
Coulomb interaction between electrons and nuclei, while imposing Pauli’s exclusion principle.
The mass of the nucleus my is too large compared to m, to affect atomic wave functions and
energies much. To a good approximation, they depend only on the charge (via the fine struc-
ture constant o = e?/4whc) and mass of the electron m, and the nuclear charge 7. There
are two length scales associated with atomic electrons, their reduced Compton wavelength
h/mec = 1/m ~ 4 x 10~ m and the atomic size (Bohr radius ay = 1/am). The typical atomic
size, binding energy and speed of electrons in atoms can be estimated using the Bohr model of
the H-atom, or variationally by using Heisenberg’s uncertainty principle. Heuristically (replac-

ing (1/r) by 1/(r) etc.), the expectation value of energy is £ ~ % — ~- . Using ApAz ~ 1
we get F ~ W — & Minimizing in Az we get ag & (AZ)min = —. The resulting
energy is Enin ~ —sma® = —1Ry = —13.6 eV. Putting |E| ~ $muv? we find that the speed of
an electron in an atom is roughly v = « in units of c¢. We notice that (1) the size of the atom is
much larger than the Compton wavelength of its constituents ag = 1/am, > 1/m, > 1/my;
(2) the electron moves non-relativistically and (3) the binding energy %ma2 is much less than
the rest energy of the constituents (Ry < m.c? < myc?). These are general features of a non-
relativistic bound state. To a good approximation, a nucleus is a non-relativistic bound state of
nucleons, the solar system is a non-relativistic bound state of sun and planets. A hadron is very

different: it is a relativistic bound state of quarks and gluons.

e The solution of the Schrodinger equation for the hydrogen spectrum suggests that an atom
would remain forever in an excited stationary state. In the presence of an external EM field,
atoms can be stimulated to make transitions between stationary states. The rate of stimulated
emission or absorption is proportional to the intensity of light (energy density of the stimulat-
ing EM radiation). However, spectroscopists have known for long that atoms in excited states
spontaneously decay in about a nanosecond through emission of light, even in the absence of
any stimulation. How is this to be explained theoretically? Einstein showed that to understand

135



thermodynamic equilibrium between atoms and radiation (whose spectral distribution is gov-
erned by Planck’s blackbody law) in a cavity, the rate for spontaneous decay from excited states
must be non-zero. Remarkably, Einstein’s 1917 argument preceded the formulation of quantum
mechanics and the development of time dependent perturbation theory (by Dirac)! However,
Einstein’s argument does not explain how there can be spontaneous decay even in the absence
of external EM fields. The explanation for this is provided by the quantum theory of radiation.
Even in the vacuum state where the mean electric and magnetic fields are zero, there are vacuum
fluctuations which, in a sense, ‘induce’ spontaneous emission**!

e The interaction of atomic electrons with radiation leads to decay of atoms in excited states
to lower energy levels via spontaneous emission of photons. As for any non-relativistic bound
state, the reduced wavelength A = 1/AFE of photons emitted is large compared to the atomic
size ag. To see this, note that the energy difference AE ~ tma® ~ 1/2mad. So A/ag ~
mag = 1/a = 1/v > 1. The radiation field of the decaying atom may be expressed as a
multipole expansion in powers of the small parameter ag/\ ~ . We will see that the leading
term corresponds to electric dipole radiation (E1), which is followed by electric quadrupole E2
and magnetic dipole (M1) terms.

e Not all transitions between atomic levels are allowed, there are selection rules based on parity
and angular momentum conservation. In one photon emission, the angular momentum j; of
the atom in its initial state must equal the combined angular momentum of the photon (j,) and
final state atom (j;). By the rules for combining angular momenta we must have |j; — j,| <
Ji < |if + j,|. Dipole radiation has J, = 1, so dipole transitions must satisfy the selection
rule Aj = 0,4+1. Now a 1 photon state (dipole or not) cannot have zero angular momentum,
Jv # 0. It follows that j;, j; cannot both be zero, there are no 1-photon transitions between
a pair of zero angular momentum states. Parity conservation implies II; = II;IL,. We will
see that II, = —1 for E1 (I, = 1 for M1), so it follows that parity must be reversed in El
transitions.

8.2 Coupling of atomic electrons to the EM field

e To systematically study the interaction of electrons in an atom with the radiation field, we be-
gin with the atomic hamiltonian H, and treat the interaction with the EM field as a perturbation
H, . For simplicity, let us consider a one electron atom such as hydrogen, ignoring the spin of

“Note that spontaneous absorption is almost never seen to occur, an atom in its ground state in vacuum is rarely
found to spontaneously get excited. A statistical mechanics argument for this may be offered, using the principle of
equal a priori probabilities: in equilibrium, all states of a system with the same energy are equally likely. Consider
an atom in the presence of electromagnetic radiation present in the vacuum. Suppose the energy difference between
the ground and first excited state of the atom is AF. There is only one way in which this quantum of energy can
be possessed by the atom: by being in the first excited state. On the other hand, this energy can be kept in the
radiation field in very many ways, essentially, since the electromagnetic field has very many degrees of freedom,
the electric and magnetic fields at each point of space. Since a priori all these possibilities are equally probable, it
is infinitely more likely for the quantum of energy to be stored in the electromagnetic field than in the atom. This
explains why atoms are typically found in their ground states and are not seen to spontaneously absorb radiation
from the vacuum and get excited.
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the electron. In rationalized Heaviside-Lorentz units,

2 2
=2 _ < (228)

- 2m  A4nr

We know that the eigenstates of H, are |nlm) with energies

g me* e? mca? where (47)h? and e?

nlm = — = — = — an = o =

: 2(4m)2n?h? 2(4m)nag 2n? 0 em 4mhe
(229)

are the Bohr radius and fine structure constant. Here the principal quantum number n takes the
values 1,2, ... corresponding to the K,L,M shells. The angular momentum/azimuthal quantum
number [ = 0,1,...n — 1 corresponds to the s,p,d, f orbitals and the magnetic quantum
number m; = —I[,—l + 1,...,] — 1,[ corresponds to the various possible projections of the
angular momentum on the z-axis. Each level has a degeneracy of n?. If we included the spin
of the electron, then the energies are not altered but the degeneracies are doubled to 2n* on
account of the two possible spin projections on the z-axis m; = j:%. If we have a hydrogenic
atom with Z protons in the nucleus e? is replaced by Ze?.

e According to the Schrodinger equation, all the eigenstates |n,l,m) are stable if the hydro-
gen atom is considered in isolation. However, when we consider the hydrogen atom coupled
to the electromagnetic field, we find that all except the ground state |100) are unstable to de-
cay by emission of one or more photons, as is experimentally observed. The decay may be
either stimulated by external EM radiation or ‘spontaneous’. Even in the vacuum state, the
electromagnetic field displays quantum fluctuations and these quantum fluctuations can cause
spontaneous emission.

e The interaction of a charged particle with an EM field is given by the Lorentz force law. The
interaction of an electron (charge e¢) with an EM field (given by the vector potential A) may be
derived from a Hamiltonian. It is obtained by replacing the electron momentum p by p—eA /c.
This is called the minimal coupling or Lorentz prescription (it can be proved by checking that
the resulting equation of motion for r(¢) is Newton’s equation with the Lorentz force). Thus

2 1 A 2 2 2
P__>_(p_€_) P © L ATA P AL (@30

2m 2m 1 2m  2mc 2mc?

e In the quantum theory, p = —iAV. So p and A(r) do not commute in general, [p;, A;] =
—1h0;A;. In particular,

p-A—A-p=) [p,A]=—ihV A, (231)
However, in Coulomb gauge, V- A =0,s0 p- A = A - p. Thus the hamiltonian becomes
2 2 2 2
H=(2 - ) A p+-S A2—H— S A.pt+ - _A2 (232)
2m  4nr me 2mc? me 2mc?

where H, is the standard hydrogen hamiltonian including kinetic energy and Coulomb poten-
tial. The first interaction term linear in A is usually the dominant one, responsible for decay
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by single photon emission in perturbation theory (e.g. electric dipole radiation). The quadratic
term in A is usually a small correction, it is called the dielectric term. It is responsible for
simultaneous two photon emission processes. We will ignore it. It becomes more important
when the effect due to the first term vanishes (as in the decay of the 2S state of hydrogen).

e In addition to this ‘minimal’ electromagnetic coupling of the electron, there is Pauli’s mag-
netic moment interaction between the spin of the electron and the magnetic field

e—ha B where B=V x A. (233)
2mec
Though an ad hoc addition to the hamiltonian in the non-relativistic treatment of the atom,
Pauli’s magnetic moment interaction also arises via the minimal coupling Lorentz prescription
in Dirac’s relativistic theory of the electron. The magnetic moment interaction is usually smaller
than the electric dipole interaction and we will ignore it. It is responsible for magnetic dipole
radiation from atoms.

8.3 Golden rule for radiative emission rate in first order perturbation theory

We would like to study a radiative transition of an atom from an initial (excited) state |i) to a
final state |f) while emitting a single photon with wave vector and polarization k, A. There is
the analogous absorption process as well. The hamiltonian that governs these processes in the
leading approximation mentioned above is

% o2 e
2m  Adrnr mc

A(r,t) is dependent on time. So we have a time dependent perturbation to the atomic hamil-
tonian, which we wish to treat to first order. For emission, our initial state at ¢ = 0, |i) ® |0)
consists of an atom in state |¢) and the radiation field in its vacuum state |0). After a time 7,
we ask for the amplitude to make a transition to the state | f) ® |1x ) consisting of the atom in
state | f) and the radiation field in the given 1-photon state. From 1st order perturbation theory,
assuming ¢ # f, the transition probability is the absolute square of the

. T
Amplitude(f, 1y, « i;T) = —% / (f, LA Hy(8)]d) e "B EDt/h gy . (235)
0

Recalling that

c
vV i 2w

A(r,t) Ex [aweﬂk"f—ww) +af,, e K Tmewt) | (236)

we see that only the term involving the creation operator aL,’ ye“xt for k' =k and ' = X can
have a non-vanishing matrix element between the vacuum initial state and the final 1-photon
state |1y, ). On the other hand, for absorption of a photon with wave vector k and polarization
A, only the annihilation operator term ay ye~“’** can contribute.
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e Thus, without loss of generality, we may factor H;(t) = Hyetrt where H, is time-
independent. The + sign is for emission and — sign for absorption. Thus the amplitude for
emission is

1 - T . 1 ~ e—i(Ei—Ef—flwk)T/ﬁ _ 1:|
X —— . 77,(E7;7Efffwk)t/h i .
(237)
The transition probability is its absolute square
H,|i)|? 4sin?(QT /2
PrObek)\(;i(T) — ‘<f| 1|/l>| S ( / ) (238)

h? 0?2

where ) = (E; — E;y — hwy,)/h and | — 1> = 4sin?(0/2). Plot sin*(Q7T'/2)/Q? as a
function of () for various times 7' and notice that this function is increasingly concentrated
around €2 = 0 as 7" grows. For long times 7', the transition probability is significant only when
Q= (E; — Ef — hwy)/h =~ 0. Recalling the representation of the Dirac ¢ function,

2 sin? 1QT

— lim 2 = 0(Q). (239)

T T—ooo Q2T

we see that for long times, the transition probability is proportional to the time:
2 ~
Proby, 1, i(T) — Ey<f|Hl|z)|2 T 6(E; — Ey — hwy) (240)

We used h~16(Q) = §(hS2). Dividing by T, the transition probability per unit time (or transi-
tion rate) approaches a constant for long times

2 .
Rates i, i — f|<f|Hl|@>|2 §(E; — E; — hwy,) (241)

The same formula holds for absorption with the change —hw;, — +hwy,.

e In the case of emission, when the volume of our box V' — oo, there is a continuous energy
spectrum of possible final state photons which could have wave vectors pointing in various
directions. So it is interesting to find the transition rate for photons emitted into an elemental
solid angle df) around the direction (6, ¢) and having an energy lying between hw and h(w +
dw). This rate is given by the product of the above rate by the number of photon states in this
range. We will eventually sum/integrate over all the possible states (energies, directions and
polarizations) of the emitted photon to find the total decay rate, but we go in steps.

e Now the energy of a photon is E = hwy, = hc|k|. So photon states in a given energy range

lie in a spherical shell in k-space. In general, we associate one quantum state to a phase region

of volume d°rd®p/h?. So the number of photon states in a volume V' (with fixed polarization

- we will sum over polarizations later) with wave vectors in the range [k, k + dk] is (p = k)
Vdp Vdk 1

— 2
dn = Goyits = @~ @ H (242)
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upon transforming to spherical polar coordinates. For photons emitted into the solid angle
dS2, let us denote the number of photon states with energy in the interval [E, E + dE] by
p(E,Q)dEdS). Then

1
p(E,Q)dE dQ = dn = dk dS. (243)
(2m)?
Thus, the density of states (F = hw = hck)
dk Vk2dQ Vw2dQ
E,Q)dE dQ) = VEdQ)—dEF = ———dF = ———dE. 244
PLESY (277) dE (27)3he (27)3he3 (244)

Multiplying by the previously obtained rate and integrating over photon energies (which is fixed
by the energy conserving ¢ -function), we obtain Fermi’s Golden Rule for the emission rate of
a photon with polarisation A and wave vector k pointing in the solid angle d2 around the
direction defined by 6, ¢:

27
w(@)d0r = a5 [ 1RO 8~ By ~ ool AE = S|l (B ) d
(245)
where By = hwy = E; — E;. The letter w is a commonly used symbol to denote the rate of a
process in physics. This formula for w is called Fermi’s golden rule.

e Now let us apply this to the case of photon emission. The relevant interaction hamiltonian is

the coefficient of the creation operator a;. ,e™*" in —(e/mc)A - p:

2

h .
H=—"0 | 2 eikrg p, (246)

me V2w,

Note that (1ji,]al,|0) = 1, so we do not indicate the photon creation operator or photon state
any more. Thus the rate for photon emission into df? is

2r  e2h

_eh Vw? dQ 2wy,
h 2m2w,V

(2m)3 hed ~ 8m2m2hc?

w(Q)dQ = [(fle™T&\ - pli)|* dQ
(247)
Notice that the factor of 1 in the density of states cancels the 1/V from the square of the matrix

element leaving a finite limit as V' — oo.

fle~™ré - pli)|®

8.4 Electric dipole approximation
To determine the emission rate, we must evaluate the matrix element
(fle”® T & - pli) (248)

between the initial and final atomic states |¢), |f). Here k, €, are the photon wave vector and
polarization while r, p are the position and momentum operators of the electron. Computing
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this matrix element between atomic energy eigenstates is in general quite difficult since it in-
volves the exponential of the position operator. To make progress we would like to expand the
exponential in a series.

ekt =1 _—jik-r—(k-r)*4---. (249)

This is a reasonable approximation if we are considering EM radiation in the visible/UV/IR
region of the spectrum. The wave number of £ = 27” of visible light corresponds to wave
lengths of several thousands of angstroms while atomic wave functions are spread over lengths

of the order of an angstrom. So the order of magnitude of

size of atom _3

(k-r) is (250)

wave length of light ~

The electric dipole approximation E1 consists in approximating e %™ by 1. Retaining the next
term e T ~ 1 — ik - r is called the electric quadrupole approximation E2. We expect the
quadrupole term to be a thousand times smaller than the dipole term.

e To compute the transition rate in the long wavelength E1 approximation, we need to find the
matrix element

(flex-ple) = ex- (flpl2). (251)

The matrix elements of position between hydrogen energy levels are somewhat easier to com-

pute (by direct integration), than the momentum matrix elements. We may relate them using a

trick: the commutator of the hydrogen hamiltonian with position is proportional to momentum:
p? h

{I', Ho] = [I‘, %] = Zap (252)

Bearing in mind that |¢) and |f) are eigenstates of H, with energies E; ; we get

N : : : :
i—{flpli) = (flfr, Holli) = (Ei — Ep){flr[i) = hwor(fr]d). (253)
Thus
(fléx - pli) = —imwéy - (fIxli) - and [(flex- pli)l* = m*&*[e - (fIe[)[*  (254)
So the transition rate in the E1 approximation becomes
2w’ N
w()d = Wlex - (flrla) ] Q. (255)

8.5 Selection rules for E1 transitions

e Selection rules state that the matrix element for electric dipole transitions (f|r|i) vanish for
certain initial and final states. So there can be no E1 transitions for certain quantum numbers of
the initial and final states.
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e The parity selection rule states that an E1 transition is forbidden if the initial and final atomic
levels i), |f) have the same parity. To see this first recall that parity acts as

Py(r) =¢(-r) and P*=1 = P '=P. (256)
It follows that parity anti-commutes with position, for
(Pr +rP)yY(r) = —r¢p(—r) + ryp(—r) = 0. (257)
Therefore P~!'rP = PrP = —r. Using this, the dipole matrix element satisfies
(flri) = =(fIPrPli) = =PrB(flrli) = (1+ PrP)(flr|i) = (258)

Hence, either the matrix element vanishes or the product of parities Py FP; is —1. So the parity
must change in an E1 transition.

e Recall that the parity of the hydrogen level |nlm) is (—1)'. So the El transition |nim) —
|n’l'm') is forbidden if [ + !’ is odd. In particular, I’ — [ = 0 is forbidden. So for instance there
cannot be E1 transitions between two S-wave states or two P-wave states or two D-wave states
etc. In fact, combining with the angular momentum selection rule (see below), this implies

Al =

e Angular momentum selection rule. As we argue heuristically below, in E1 transitions the
emitted photon carries angular momentum j, = 1 in units of A. (See QM2 lecture notes
for a more detailed treatment or see a book on quantum mechanics) Suppose j;, j; are the
total angular momentum quantum numbers of the initial and final electronic states. Then the
selection rule states that an E1 transition is forbidden if

Aj = jg — ji # 0, %1, (259)

Moreover the transition from j; = 0 to j; = 0 is also forbidden. Heuristically, in the matrix
element {f|r|i), the operator r behaves as if it has angular momentum one*. Then we are
adding the angular momentum j; of the initial state to this, j; ® 1 and we know that if j; # 0, 2 5>
the resulting system behaves as if it has angular momentum j; = j; — 1 or j; or j; + 1. So j;
and j; must differ by 0 or +1. If j; = 1 then j; mustbe 3 or 3/2. If j; = 0 then j; = 1, so
0 — 0 E1 transition is forbidden.

e In particular, the ‘metastable’ 2S state of hydrogen is stable to radiative decay in the El
approximation. In fact, it is stable to decay via all 1 photon electric and magnetic multipole

transitions, it decays via 2 photon emission. This accounts for its unusually long mean lifetime
of 0.12 seconds.

8.6 Polarization and direction averaged E1 emission rate

So far we have found that the E1 transition rate ¢ — f accompanied by the emission of a photon
into solid angle df2 with polarization \ is

e2w’ )
w(Q)dQ) = ———=|é) - r|i)|” dS2. 260
(@ = 52 ey (7]el) (260)
®To motivate this, notice that r = (z,y,z) = r(cosf,sinfcos¢,sinfsing) so L(z,z + iy) =

(cos 6, sin Qeiw) which we notice are proportional to the [ = 1 spherical harmonics Y19, Y7 +1.
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From here on, we are interested in the rate of emission, irrespective of the direction or polariza-
tion of the outgoing photon. To do this averaging, it is convenient to write the square of the dot
product in terms of the angle O, between the unit polarization vector € and the dipole vector
matrix element (f|r|i) = ry,

Irsi - €x] = |rp| cosO,. (261)
Then
2w’ 5 o
w(Q) dQ2 = T |r4:]° cos” O, d) (262)

~

To do the sum over polarizations A, let us work in a real right-handed orthonormal basis €1, €2, k
with €; X €, = k and define spherical polar coordinates ¢, ¢: ry; makes an angle ¢ with k and
the projection of ry; onto the €; — €, plane makes an angle ¢ with ¢;. Then

cos©; =sinfcos¢ and cosO, = sinfsin . (263)
Then the sum over polarizations just gives a sin? § factor
3

2 2
_ W 2 2 2 _
Z U)(Q)dQ = W‘I‘ﬁ| (COS @1 -+ cos @2)dQ =

A=1

e’

W |I'fi|2 Sin2 0 dQ2 (264)

e There is another way of summing over polarizations to show that

> IE - (fleli)* = |ryi]* sin® 0 (265)

A

where 6 is the angle between the dipole matrix element and k. To do this we abbreviate
(flr|i) = r = (r1,r9,73), write in components and use the completeness of the orthonormal

~

system €1, €9, k:

3
Z &y (fle]d))? = Zriqir;‘e,\j = Z i Z(—:)\ie,\j
A 7j=1 A

A )
= > i} (6 — kiky) = |7 — |r - k|* = r*sin 6. (266)

e Before performing the average over directions we remark that to obtain the energy radiated
per unit time into solid angle df2 we must multiply the above polarization averaged rate by the
energy per photon Aw
WP sin?0 a0 267

Powergq = W|rﬁ| sin (267)
The power is proportional to the fourth power of w and to the square of the matrix element of the
electric dipole moment of the electron er. Moreover, it has a sin® # angular dependence where
0 is the angle between the dipole moment matrix element and the direction of propagation k.
No energy is radiated along the direction of the dipole moment (‘it is darkest underneath the
candle’!). This is reminiscent of the formula for the intensity of energy radiated by an oscillating
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electric dipole*® p(t) = 2py coswt 2 in classical E & M, which may be described by the flux
of the time-averaged Poynting vector (S) across the element r2d§27. In HL units (see Griffiths
and put g = 1)

4 (2 4
#pgs’li—ff 2dQO7 = #pgsm? 0dS. (268)
Here 2pg = 2qps is the maximum value of the dipole moment and s is the separation between
the oscillating charges +2¢(t) = +2q coswt.

(S) - r2dQF =

e The w* dependence is also expected classically from the Larmor formula which states that
the power radiated is proportional to the square of acceleration [acceleration ~ w? from the
formula for p(¢)].

e Returning to the rate of El transitions wyq, we follow the polarization sum by the integral
over directions

™ 27 1 1
/ / sin? @ sin 6 df dp = 27?/ sin? @ d(cos 0) = 27 x 2/ (1—t*) dt = 8% (269)
0o Jo - 0

1
So the polarization and direction averaged emission rate is

e2w? ) e\ dw? L, daw?
= _ = 2 nl? = i 270
v S /wdQ 37rhc3|rf | (47rhc) 3c? il 3c? il (279)

. . . . 2 .
It has dimensions of inverse time. Here a = ;rhc is the fine structure constant. We have

computed this rate to first order in perturbation theory in the electric dipole approximation.
Multiplying by the photon energy hw we also get the power radiated in all directions
ewt
37TCS |rf1| :
This too is reminiscent of the classical formula for the power radiated by the above oscillating
electric dipole. In HL units (see Griffiths and mind the factor of two in the definition of dipole

moment)

Power =

(271)

4,2
(Power)cjassical = / (S -7 r2d0 = 220, 272)

3med
This increase in power with the fourth power of the frequency is used to explain the blueness of
sunlight scattered by the atmosphere.

e Sakurai points out that Heisenberg obtained the formula for the rate w prior to the develop-
ment of the quantum theory of radiation, by a use of the correspondence principle.

8.7 Life-time of 2p state of hydrogen: Lyman « transition

e The mean lifetime 7 of state |i) is defined as the reciprocal of the sum of transition rates to
all possible final states |f) allowed by the selection rules and energy conservation

1
— = w (273)
Ti 7

46The factors of 2 are because ! + e~ = 2 coswt and we used exponentials in the quantum theory.
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The sum over final states » FWrei is called the total decay rate of the state 7, the summands
being the partial decay rates. 'y, ; = hwy.; is called the partial energy width, I';,; = > f Iy
is called the total energy width of the unstable state i. The lifetime 7 = h/[;,;. Note that we
do not speak of partial life-times.

e Now consider the first excited states of hydrogen, they are of course degenerate, including
the 2s and 2p levels. The only lower level they can decay to is 1s (Note that 2p — 2s has zero
rate since w = (). The 2s — 1s electric dipole transition is forbidden since they have the same
parity. The 2p to 1s El transition is allowed by the selection rules. Spectroscopists call it the
Lyman « transition. The Lyman « transition has been a useful tool in cosmology. The Lyman
alpha ‘forest’: absorption lines in light from very far away quasars due to excitation of hydrogen
in inter-stellar gas. One sees not one line but several lines, indeed a forest of lines, because of
the shifting of spectral lines due to relative motions of the various clouds of intervening gas.
But all the lines are believed to correspond to the same Lyman « atomic transition.

e Ty, in the E1 approximation is given by

1 4aw?
Typ =W = 32 ——[{150|r|2pm;)|? (274)
The rate is the same for all the values of m; = 0, 1. Let us compute it for m; = 0. Recall that
the hydrogen wave functions are given by ¢, (7,0, ®) = Ry(1)Y;n (6, ¢). We have

2 1 1 r 3
Ris= ——e % Yoo=—, R —eT? Y, = \/ —— cosf 275
1 00 \/E 2p — \/Ta?’a 10 A ( )

Note that the Ry, decays twice as slowly as R, excited states are more spread out. Also
Ry,(r) has one more node than R, as we expect of the first excited state. The pre-factors are
fixed by normalisation [ |[¢[*r2drd2 =1, [|Y},[?d2 = 1. So

3 2 1 r
150|r|2p0 :/drde r?sinf —— 0050 e /e e "2 1y, 2) (276

Now r = (x,y, z) = r(cos d,sin 0 cos ¢, sin f sin ¢). We see that only z component contributes
to the matrix element, the x,y components vanish since they are proportional to the integrals
f% cos ¢d¢ and fo sin ¢ d¢. So we only need

o 2 1 r
1s0|z|2p0) d / df sin 6 «cos -y — cos@ drr 2= e/, —e /2,
s0l20) = [ s e va' Vel

(277)
where a = —— = %o = .53 Angstroms is the Bohr radius. Doing the integrals we get a

matrix element that is of order of the Bohr radius

256
243+/2

h 4Arwh?

(1s0[|2p0) = a=0.74a=39%x10"%m = |ry|*=0.55a>=1.52x 107" cm?

(278)
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The energy of the emitted photon is

2 2 2 2 2 2
m:Egp—Els:—% (212—112> :3m§°‘ :—8(;—& (212—112> :%:13.@%:10.%\/.
(279)
Since h = 6.52x 10716 eV.s, w = 1.56 x 10'®/s corresponding to the wave length A\ = 27c/w =
1216 Angstroms of the Lyman « line. With o = 1/137 and ¢ = 3 x 10! cm/s we get the
numerical values of the 2p-1s Lyman « transition rate and mean lifetime of the 2p level

4 3
w = ;“; t?=06x10°s" = 1~ 16ns (280)
C

e The energy widths of excited levels that decay via El transitions are of order I' = A/T ~
a?|r ]2, Now the dipole matrix element is of order the Bohr radius |ry;|?> ~ a? while fiw
is of the order of a Rydberg Ry = %chOzQ. Let us write the width in natural units, where
ay = ﬁ We get I' ~ Ry o® = ma®. This gives a simple way of estimating its numerical
value, 7 ~ %% We can restore factors of ¢, i by not ing that c7 is a length, so it must be
a multiple of the Compton wave length of the electron, so c¢7 = %ﬁ The first factor is the

Bohr radius ag. Putting in ag = .53 Angstroms, o = 1/137 and ¢ = 3 x 10® m/s we get
T~ 107 s.

e A similar calculation can be performed to find the rates for El transitions between other
hydrogen levels that are not forbidden by the selection rules. For small values of n, the dipole
matrix element |ry;| is of order the Bohr radius and w = 10'® Hz, resulting in lifetimes on the
order of nanoseconds or tens of nanoseconds. Some of these allowed decays are 2p-1s, 3s-2p,
3p-1s, 3p-2s, 3d-2p e.t.c.

e When a decay is forbidden in the electric dipole approximation we go to the next approx-
imation: the electric quadrupole approximation E2 coming from the second term in e~ KT =
1 —ik-r—+.... One must also consider the magnetic dipole approximation M1 due to Pauli’s
coupling of the magnetic dipole moment of electrons to the radiation field. The lifetimes of
excited states that decay to leading order via E2 and M1 transitions are about a million times as
long as those that decay via E1

A 2
TE2,M1 ™~ <a—> i1~ 107% s (281)
0

e The 2s level cannot decay in the E1 approximation due to the parity selection rule, the only
lower level 1s has the same parity. In fact is is forbidden to decay even via E2 or M1. It
eventually decays via 2 photon emission. This is in fact the superposition of two amplitudes,

one coming from treating the interaction hamiltonian —-= A - p to second order in perturbation
2
€

theory and by treating the dielectric term (5 A?) in first order perturbation theory. The 2s
level consequently has a long lifetime 755 ~ .12 s.
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9 Spin zero, half and one relativistic fields and their interactions

9.1 Need for quantum fields for matter particles

e We are chiefly concerned with phenomena where sub-nuclear particles have energies much
more than their rest masses, so that they travel at relativistic speeds. Moreover, these phenomena
involve length scales comparable to or less than particle de Broglie wavelengths, necessitating a
quantum mechanical treatment. The theory of quantum fields is a formalism that (among other
things) is able to incorporate both special relativistic and quantum mechanical principles.

e Classical Maxwell theory deals with propagating disturbances in electric and magnetic fields,
they involve infinitely many degrees of freedom. The concept of a propagating field was needed
to accommodate the finite speed of propagation, it replaced notions of instantaneous action at a
distance. With the discovery that light photons also displayed quantum mechanical and particle-
like behavior, it became necessary to quantize the EM field and deal with field operators for the
photon. The quantum field theory of photons was developed from 1928-29 onwards.

e On the other hand, particles like electrons in atoms had already been given a successful
quantum mechanical treatment involving finitely many degrees of freedom (described by the
coordinates x;). Coordinates and momenta are hermitian operators satisfying Heisenberg’s
commutation relations [#%(t), 5’ (t)] = ihd% and time is a parameter. A familiar consequence
of [Z,p,] = ih is that if a particle can be found at all possible locations —oco < x < oo, then

p. = —thd, also has a continuous spectrum —oo < p, < 00.

e However, this framework needed to be generalized to incorporate special relativity. It may
not be obvious why a relativistic generalization would require the concept of an electron field.
Indeed, as Weisskopf and Gottfried point out, one could try to develop a relativistic quan-
tum mechanics of one electron (or a definite number of electrons) with finitely many degrees

of freedom, by defining 4-vectors of quantum mechanical operators z* = (f,i,g),,%) and
p* = (H/c, Dy, Dy, p.) (perhaps parametrized by proper-time). Generalizing the Heisenberg
commutation relations in a Lorentz covariant manner leads to [2#,p”] = —ihn*”. This for-

mula takes the same form in all inertial frames z'# = Afz,,p” = Ayp” since " does not
change under Lorentz transformations. It also reduces to the Heisenberg relations for the spatial
components. In particular, we must have |z, H | =0or d%i = 0. It appears that the particle
would have to have zero proper velocity in any state. This seems to be too stringent a dynami-
cal restriction to accommodate the observed phenomena. Moreover, if we assume that the time
operator has a continuous spectrum (as observed), then the relation [Z, H /c] = —ih would im-
ply that the hamiltonian must have a continuous spectrum, including arbitrarily negative values,
making the stability of matter problematic. These predictions are not borne out by the behavior
of relativistic electrons. On the other hand, what is observed is that at relativistic speeds, the
number of electrons is not conserved due to pair production and annihilation, necessitating a

framework with an indefinite number of degrees of freedom.

e This attempt at elevating time to an operator so that Lorentz transformations could transform
position and time operators into each other does not succeed. Another option is to demote x, y, 2
to parameters just like time and introduce instead quantum fields ¢;(x,y, z,t) that depend on
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space and time parameters and transform among each other under the Poincare group. Indeed,
this is what the analogy with the electromagnetic field would suggest since F, B are functions
of x,v, z,t and transform into each other under Lorentz transformations. The field concept also
brings in an infinite number of degrees of freedom as required by experiment. As history has
shown, the quantum field concept has succeeded in particle physics far beyond the expectations
of the initiators of the subject (Dirac, Pauli, Heisenberg et. al.). Thus we embrace the field
concept both for force carriers like the photon and matter particles like the electron.

9.2 Lagrangian, equations of motion and Noether’s theorem

e The classical dynamics of fields is governed by relativistic wave equations such as the Maxwell,
Klein-Gordon, Dirac/Pauli/Weyl and Yang-Mills equations which we will study shortly. These
follow from various Lagrangian densities (the word density is often dropped) £ via Hamilton’s
principle of extremal action § [ d*zL = 0. For example, if ¢, are a collection of fields and
L = L(¢a,0,¢a.), then the Euler-Lagrange field equation for each component a is

oL oL oL oL
— =0,=— or — =0, where 7= (282)
06 " 00,04 9, " 90u¢a

¢q(x,t) specify the instantaneous configuration of the system. 70 = 8875 is called the mo-

mentum conjugate to ¢, and is conserved if ¢, does not appear in L. The energy/hamiltonian
density H = 7¥¢, — L is time-independent if the Lagrangian is not explicitly dependent on
time. The canonical Poisson brackets are {d,(x,t), T (y,t)} = 00°(x —y).

e Noether’s theorem: suppose L is invariant under an infinitesimal symmetry transformation
$a = ¢a + 004, then

oL oL
0=0L =552 50,0,

by use of the equations of motion. Thus the current j* = 7 d¢, is locally conserved d,,j* = 0

r %0 + V-] =0 where j* = (jo,f). It follows that the ‘Noether charge’ in a region V',
Q = [, j° @ is independent of time, Q) = [, j°dx = — [, V- jd’z = — [, j-7dA =0
provided the fields are such that the flux of j across the boundary of V' is zero. Note that
the charge () = f 70 (y)dgy(y)d3y is a linear combination of the conjugate momenta 7°. It
follows that {¢,(z), @} = dd.(z). So the conserved Noether charge generates the 1nﬁn1tesnnal
symmetry transformation via the Poisson bracket. This is as expected. We know from classical
mechanics that the p.b. of any quantity with an observable is equal to the change in the quantity
under the infinitesimal canonical transformation generated by the observable.

50,00 = (0,100 + T (0,0¢) = O, (T 56,) (283)

9.3 Klein Gordon scalar field for spin zero particles

e The simplest classical relativistic wave equation, the KG equation, describes free propagation
of classical massive scalar fields. Its quantization (upon including some interactions) describes
spin zero (scalar) particles such as the Higgs boson and m mesons. It is obtained from the
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relativistic energy- -momentum dispersion relation E? = p%c? + m?c? via the ‘correspondence
rule’ £ = zhat, p = —ihV.

0?¢ m2c?
2 2 22 2 4

h8t2 —h*c*Vep+m°c'p or (O+ s
where O = (1/c¢?)9? — V? is the d’ Alembert or wave operator. 7i/mc is the Compton wave-
length corresponding to the mass m. The equation is relativistically invariant if ¢ transforms
as a scalar under the Poincare group ¢'(z') = ¢(x). Let n,, = diag(l,—1,—1,—1) be the
Minkowski metric. The contravariant and covariant components of the position, gradient and
momentum 4-vectors are

)o(r,t) =0 (284)

0 10 10
o (298 = (et 7 _ v (ot 7 w_ (2
T (2°,%) = (ct, &), zup=nwe (ct,—%), 0O <c pre V) , O <c ETR V> ,

8:1:“

p* (E/c,p) =1ih (i@t, —V) =tho" and p, =n.p" = (E/c,—p) = thd,. (285)

Then p? = p*p, = —h?0"9, = —h?0 and the KG equation is (p* — m?c*)¢ = 0 or (09, +

2¢2/h?)¢ = 0. Despite the appearance of factors of 7, this is not to be regarded as a quantum
mechanical wave equation. The quantity A = /i/mc has dimensions of length and may simply
be regarded as a parameter of a classical field model with equation of motion ([J + 15 )¢ = 0.
Such an equation could be used to model propagation of scalar classical EM waves (i.e. ignoring
polarization) through a plasma, where A is a Debye length. Interpretation in terms of particles
must await quantization as in the case of Maxwell theory.

e The KG equation may be studied either for a real or complex scalar field. The complex case
is more relevant to the standard model of particle physics since the Higgs scalar field is a (pair
of) complex scalars.

e The KG equation is the Euler-Lagrange equation following from the action S = [ £ d'z
where

L =(0,0)"(9"¢) = m*|8]* = 0h¢]” — [V¢|* — m®|g|". (286)
We regard ¢, ¢* as a pair of independent fields. Up to a 4-divergence, which does not contribute
to the action with decaying boundary conditions, this is equal to £ = ¢*(—39,0" — m?)¢.
Extremization with respect to gb* gives the KG equation for a complex scalar ¢ (i.e the EL
Lagrange equation reduces to ? = 0 since £ written this way, does not involve derivatives
of ¢*). Similarly, the EL equation from extermination in ¢ gives the complex conjugate KG
equation (O + m?)¢* = 0.
e From £ we get 7r¢ o'¢* and 7r¢* = 0"¢. The momenta conjugate to ¢, ¢* are 7r¢ = ng*
and 7T¢* = (;5 The corresponding conserved energy density defined as ‘H = 7T¢¢ + 7r¢*¢ —
reduces to H = |9,0|? + |V|? + m?|¢p|>. We interpret T = |¢|? as the kinetic energy dens1ty
and V = |V¢|? + m?|¢|* as potential energy density. So £L =T —V while H =T + V. The
KG equation (without a mass term and for a real scalar in one spatial dimension) is also used to
model small oscillations of a stretched string whose height is ¢(z,t). In that case, integration
by parts yields [(9,¢)*dx = — [ ¢p92pdx with suitable boundary conditions. The latter may
be interpreted as a bending energy of the string, it grows with the curvature (second derivative)
of the string. It is a potential energy in the sense that it is due to the tensional forces exerted on
a piece of string by the neighbouring pieces of string, which tend to straighten out the string.
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e One may recall from a course on relativistic QM that a complex KG field admits a local
conservation law 0;p(x,t) +V - j(x,t) = 0 for the density and current

plet) = 15 (60— 08) and o) =ie(@Vo-oVe). @8]

Note that p,f are identically zero for a real scalar field. e is a constant with the physical
meaning of electric charge, as we shall see. In Lorentz invariant form, this is the conservation
of the 4-vector current. Check using KG, that

i = (e0.7) = —iel@d"6 — @0)0) = 4" =0 (288)

This is Noether’s conserved current for the global U(1) symmetry ¢ — e*?¢, ¢* — e ¢
corresponding to the infinitesimal transformations d¢ = ie¢, d¢* = —ie¢*. One finds the

conserved current —ief(¢* 0" ¢ — (0#¢)*¢) which is just j# upon omitting the small parameter
0.

e In the non-relativistic limit ¢(r, t) = e~"<*t/My)(r, t), where ¢ is slowly varying in time. The
KG equation reduces to the non-relativistic Schrodinger equation for ¢ and the components
of —hj*/2me reduce to (cP,.J) where P = || and J = 5= (*Vp — V¢ i) are the
conserved Schrodinger probability density and current. However, the conserved KG density p
is not always positive and we cannot interpret ¢ as a probability amplitude. Pauli and Weisskopf
reinterpreted the KG equation as a scalar field equation and the current j# as the electromagnetic
current of charged spinless particles, such as pions. (Note: j* needs to be modified to be
conserved in the presence of an EM field, see the next section). When quantized, the creation
and annihilation operators of the scalar field create/destroy scalar particles. The ‘charge’ e
should be the eigenvalue of the conserved charge operator () = f j%d3x in a one-scalar particle
State.

o A self-interacting scalar field (such as the Higgs field) is obtained by including a real poten-
tial V(¢*, ¢) in the Lagrangian £ = |0¢]*> — m?|¢|> — V(¢*, ¢) leading to the eqn of motion
(0% + m*)o + g(;ﬁ = 0 (some times the m?|$|*> mass term is included in V'). To retain the
above U (1) global symmetry, V' must only be a function of the combination ¢*¢. Of particular
interest is the quartic ‘Mexican hat’ potential V' = (\/4)(|¢|*> — v?)? which is minimal when
|¢| = v, the so-called vacuum expectation value of the scalar field. The field equation for a mas-
sive real scalar field (9% +m?)¢ + V'(¢) = 0 follows from £ = 10"¢0,¢ — sm*¢? — V(¢).

Why the factor of two difference between complex and real scalar fields?

9.4 Complex scalar coupled to EM field

Though the above complex scalar field possesses a global U(1) symmetry, the lagrangian
(0,0)*(0"¢) — V (¢*¢) isn’t invariant under local U (1) phase transformations ¢’ = ¢*@¢(z),
where 6(x) is a function on Minkowski space. This is because J,¢ does not transform in the
same way as ¢ does. There is an extra additive term (inhomogeneous transformation) in the
partial derivative of ¢':

0,9 = €? (0,0 + (ied,0)9)] . (289)
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The reason to seek invariance under local phase changes is that it naturally leads to coupling
to the electromagnetic field. Indeed. this extra term can be gotten rid of by introducing an
additional field A, which transforms to A}, = A, + 0,0. In other words, the Lagrangian may
be made local U(1) invariant by ‘minimally coupling’ the scalar field to an electromagnetic
vector gauge potential A* = (¢, A) (note that ¢ is the electric potential, distinct from the
scalar field ¢. ¢ is a scalar while ¢ transforms as the time component of a 4-vector). This
is done by replacing partial derivatives by covariant derivatives in the Lagrangian of the scalar
field

Dyg = (9, —ieA,)¢ and L = |D,ol* = V(¢*¢). (290)

Under a local U(1) gauge transformation, the covariant derivative of ¢ transforms in the same
way as the field itself. Check that

A=A, +0,0 and ¢ =9 = (D) (x) =e"ID,¢(z) (291)

so that £ is gauge invariant. The number e is the charge of the scalar field, and we have
described the interaction of a charged scalar field (necessarily complex) with an external elec-
tromagnetic field. It is instructive to write out the Lagrangian

L = (0y+ieA,)p* (0" —ieA")p—V (¢*, ¢) = |0,8)* +ieA,(¢* O p—0"p*¢)+e* A AP 6>~V (6% 0).
(292)
The tri-linear ‘charge interaction’ terms ieA,(¢*0 ¢ — O'¢*$) are derivative interactions. A
scalar that does not have such a derivative interaction with the gauge potential is said to be
uncharged (neutral). The Higgs is a neutral scalar particle. 7= are charged scalar particles.

e The resulting equation of motion for the scalar is

ov ov

2 _ oy 9 . 242 - I —
(0% — 2ieA -0 —ie(D - A) 6A)¢+8¢* 0 or D,D ¢+8¢*

0 (293)

and its complex conjugate. The second form is manifestly gauge covariant, both terms transform

by multiplication by e**?(®)

e The gauge-invariant generalization of the conserved current is
' = —ie(¢"D"p — (D"9)"§) = —ie(¢" ") — (9"9)"d) — 2 A || (294)

Check using the eom that d,j* = 0. j* is called the electromagnetic current of the charged
scalar field. We will see that it enters as a source in Maxwell’s equations*’, 9, F* = j¥ so that
its conservation is crucial to the consistency of Maxwell’s equations.

9.5 Maxwell field equations for massless spin one particles

e The photon field A,, coupled to the complex scalar in the last section was an external field, it
did not have any dynamics of its own. The dynamics of the EM field is governed by Maxwell’s

#TTechnical aside: Note that the coupling of the scalar to the gauge field in the Lagrangian cannot simply be
written as £ = |0¢|? — %FQ — j*A,, due a factor of 2 in j#. Since j, depends on A, this does not lead to the
correct equation of motion.
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equations. In rationalized Heaviside-Lorentz units they are

VB=0 vxBE-— V.E_, aad vxB=1;1% (295)
c Ot c c ot

where for consistency of the two inhomogeneous equations the electric charge and current den-
sity must satisfy the continuity equation % + V- j = 0. For example, p,j’ may be the electro-
magnetic current due to a charged scalar field. The first two homogeneous Maxwell equations
state the absence of magnetic monopoles, and Faraday’s law of induction. The second pair of
inhomogeneous equations are Gauss’ law and Ampere’s law with Maxwell’s correction term
involving the time derivative of the electric field (the displacement current).

e The first pair of homogeneous Maxwell equations are identically satisfied if the fields are
expressed in terms of scalar and vector potentials (, A)

E:—Vw—la—A and B=V x A. (296)
c Ot
e The inhomogeneous Maxwell equations can be written in a relativistically covariant form
by introducing the real 4-vectors A* = (y, A) and j* = (cp,j) and the field strength tensor
Fr = orAY — 9V A*. Then the inhomogeneous Maxwell equations become 0, F* = % Vi
along with the consistency condition d,,j* = 0 which expresses local charge conservation.

e The electric and magnetic fields B = VxA and E = —%%—?—Vgp with cartesian components
E' B" = ¢%9; A* are then the components of the field strength F% = °A? — §"AY = —F"

and

0 —-E' —EFE? —FE3
E' 0 -—-B® B?
E? B3 0 -B!
E3 —-B? B! 0

FiI =94 I A' = 9, AT +0;A" = —IFBF = Fm = . (297)

The covariant components are given by F,, = 1,70 F*’. So Fy; = —F% and F}; = F.

e However, A and ¢ are not uniquely determined by the measurable electric and magnetic
fields. Two gauge potentials A* = (¢, A) and A" = (¢/, A’) which differ by a gauge transfor-

mation

1
A=A+ V0, gpfzgp—g% or A" = AP+ 0" (298)

correspond to the same electromagnetic fields and therefore leave Maxwell’s equations invari-
ant.

e The gauge transformations may be composed by addition 0;(z) + 02(z). So we have a
group of gauge transformations g(x) = ¢*?@® with §(x) living in the Lie algebra. The group
elements g(z) appeared in the gauge transformation of the scalar field ¢’ = €*?(®) ¢. The
gauge transformation of the photon field may also be written as Aj, = gA,g ! — i 90,97t
At any one space-time point, g = ¢’ is just a phase living in the abelian group U(1) and
0 is a real number living the Lie algebra of the circle group U(1). The gauge group (also
known as structure group) of Maxwell theory is U(1). A related concept is the group of gauge
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transformations, it is defined as the set of functions g(z) from Minkowski space to the group
U(1), which tend to the identity at infinity (#(x) — 0 as x — oc0). By replacing the real 6(z)
by a hermitian NV x N matrix 0} (z) at each  we will get a U(/N) non-abelian (or Yang-Mills)
gauge theory for the hermitian N x N matrix-valued gauge field [A,(x)];. In this case, the
single complex scalar field is replaced with an N -component (¢, -+, ¢n)" complex scalar
which transforms as ¢ — ¢*?(®)¢(z) under gauge transformations. For N = 2 we get the
complex doublet of Higgs scalar fields that appears in the the standard model.

e If we restrict to traceless hermitian matrices we get an SU (V) gauge theory. The gauge
group of the standard model is U(2)x SU(3) corresponding to the electroweak and strong
interactions. U(2) is a 4d group with a 4d Lie algebra generated by the identity and Pauli
matrices. Certain linear combinations of these 4 generators correspond to the photon, W and
Z fields. SU(3) is the color group with generators corresponding to 8 gluons.

e If we replace the indices a, b in the internal space of the Lie algebra of the gauge group with
space-time indices, then the gauge potential [A,]¢(x) becomes I'/,, which are the Christof-
fel connection coefficients of general relativity/Riemannian geometry. So the gauge potential
and its inhomogeneous transformation law are the analogues of the Christoffel connection and
its inhomogeneous transformation law. Moreover the group of gauge transformation is now
replaced with the space of functions g(x) from Minkowski space to Minkowski space, these
are the general coordinate transformations encountered in GR. The group of gauge transforma-
tions is the analogue of the group of space-time diffeomorphisms. Moreover, we will see that
the generalization of the EM field strength to a non-abelian gauge theory is the matrix field
[Fuly = 0,[AJ)E — 0,[AL)f —i[A,, A)p . Again, replacing internal indices with space-time in-
dices we see the emergence of the Riemann curvature tensor 127, . So the electric and magnetic
fields (and their non-abelian generalizations) are to be regarded as the curvature of the gauge
connection in the same way as R is the curvature of the space-time Christoffel connection.

e Maxwell’s equations describe propagation of electromagnetic waves at the speed of light:
each component of E and B satisfy the d’ Alembert wave equation or the massless KG equation.
When quantized, they describe massless particles (photons). Photons have spin one: in radiation
gauge (¢ = 0,V - A = 0) the dynamical variable is the vector potential A, and we have seen
that components of a 3d vector transform like a spin one multiplet. However, unlike a massive
spin one particle, the transversality condition V - A = 0 ensures that the photon has only two
helicities h = 41 (or spin projections).

e Maxwell’s equations 0"F,, = j, are the Euler-Lagrange equations following from the
Lorentz and gauge-invariant action (gauge invariance under A}, = A, + 0,0 requires current
conservation J,j* = 0)

1 1
S = / L d'xz, where L= —ZFWF“” —j*A, = 5(E2 —B?%) — j*A,. (299)

Here we assumed that j# does not itself depend on A (there are interesting exceptions, see
below). The sign of the Lagrangian does not affect the equations of motion, but is fixed by the
convention that it be the difference of EM kinetic (E?) and potential (B?) energies. Find the
conjugate field momenta, calculate the Legendre transform and show that the electromagnetic
energy density H = 3 (E? + B?)
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e The Lagrangian for a charged complex scalar coupled to the EM field is (D,¢ = (0, —
ieA,)o)

1 1
L= FuF"+(Duo)" (D) = = Fu P +106]" +ie Ay ("0 6 — (9"6")9) +* A%|g|* (300)
Check that the resulting equations of motion for the gauge and scalar fields are
9, F" =3 and D'D,p=0 where j"= —ie(¢*0"p— d'¢p*p) —2e*A%|6[>. (301)

e If ¢ is subject to a self-interaction V' (¢*¢) such that |¢| is non-vanishing in the ground state,
then the e2|¢|?A? term is like a mass term M?A? for the gauge field. This idea is exploited in
the Higgs mechanism to give a mass e|¢| to the gauge field.

9.5.1 Magnetic monopole and charge quantization

e While Maxwell’s equations allow for electric charges (monopoles) as sources for electric
fields V - E = p, they do not permit magnetic charges V - B = 0. Magnetic dipoles exist (bar
magnets, magnetic moments of particles, steady current in a loop) but no magnetic monopoles
have so far been found, despite experimental searches. Remarkably, Dirac found that the ex-
istence of a magnetic monopole could explain the observed quantization of electric charge in
multiples of a basic unit. If magnetic monopoles exist, they may be very heavy and rare parti-
cles. Grand unified theories predict the existence of certain types of magnetic monopoles.

e By analogy with a point electric charge e at the origin producing an electric field E = er%, a
magnetic monopole of strength g produces a magnetic field B = g-. Since we are concerned
with the motion of charges, we use Gaussian units where 47’s appear in Maxwell’s equations
rather than in Coulomb’s law, and also set ¢ = 1. Dirac’s discovery may be explained using
Saha’s 1936 analysis of the motion of an electric charge in the field of a magnetic monopole.
The Newton-Lorentz equation for the rate of change of momentum p = mv is ‘fl—f:’ = egv X T%
Saha evaluated the rate of change of angular momentum of the charge and got a non-zero answer
despite the apparent spherical symmetry of the field around the monopole

dL 1
E:rxanvxmv:egrx(vxi):eg—grx(vxr). (302)
r

r3
It turns out that to find a conserved angular momentum one must include the contribution of the
electromagnetic field. We may find this conserved total angular momentum without evaluating
the field angular momentum (% f r X (E x B)d>3r) by noticing that the RHS is in fact a total
time derivative 1 X (v x r) = 21 Indeed,

1 1, v o7 d (r

ﬁrx(vxr):ﬁ[rV—(r-v)r]:;—r—2r2£<;). (303)
In the penultimate equality we used 72 = r - r to write 7* = r - v. Thus we have a conserved
total angular momentum J =r x p —egr = L —eg’.

e Now the component of total angular momentum along the line joining the monopole to the
charge is J - # = —eg. In quantum mechanics, the component of angular momentum in any
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direction is quantized to be an integer or half odd integer multiple of 2. Thus eg = nh where
n € {0, j:%, +1, j:%, +2,...}. So if the least non-zero strength of a magnetic monopole is g,
then all electric charges must be integer multiples of //2g.

9.6 Pauli-Weyl equation for massless spin half particles

e Spin half particles have two spin projections so it is natural to look for a wave equation for
two component spinors. The Schrodinger hamiltonian for a free massive spin half particle (like
the electron) H = 2~ ® I is proportional to the identity in spin space. Notice that it can be
written as / = 5-(c - p)* where & = (01,02, 03) is the vector of Pauli matrices, (the vector

spin observable is S = 143). This follows from the identity o,0; = 6;:] + i€;;,0%. Note that
2 Y 0i0; j j

D3 P1— 12 2
. — . d d t . = — . 304
o-p <p1 Do s ) an et(o - p) p (304)

Since S and p transform as vectors under rotation, the Schrodinger-Pauli equation ¢h0;y) =
(0 - p)?1 is rotation invariant. However, it is not Lorentz covariant: it is second order in space
derivatives but first order in time derivatives.

e We seek a wave equation for a two component spinor that is first order in space and time
derivatives, which nevertheless has the property that each component satisfies the relativistic
scalar wave equation (KG equation). Notice that the first order operator ¢ - p is a square-root
of the operator p? ® I. Pauli found a relativistic generalization by defining o = (I, ), Py =
(E/c,—p) and considering the Minkowski inner product

" _ I_5. _ Po — P3 —(pl—’LPQ) — iho - —ih at_az 3x—28y )
R <—(p1—|—ip2) Po + p3 tho 0= Oy +10y Oy + 0,
(305)

o - p is a hermitian operator. The Pauli wave equation for a massless spin half particle is
(6-0)p=0 or (Oy+d-V)v=0 or pyp=(d-p)y. (306)

In components, if

v = <Z/;;) then Oy + 0.1+ 0pthe —i0y1ha = 0 and  Opthg — O.h2 + Optpr +i0y1h1 = 0.
(307)

So the Pauli equation couples the two components. Nevertheless each component satisfies the
massless KG equation. Indeed (E? —p?) [y = (E*—(¢-p)*¢) = (E+o0-p)(E—0-p) =0,
the last equality following from the Pauli equation. Thus /%]y = 0.

e In the 1930s, Pauli proposed his equation (0, + & - V)¢ = 0 for neutrinos, which were
believed to be massless. However, he found that the equation is not invariant under parity
E — Ep - —p,d — & (spin is an axial-vector like angular momentum). Under parity
the Pauli equation (E — & - p)yy = 0 turns into (E + & - p)y = 0. Till 1957, parity was
mistakenly believed to be a symmetry of the weak interactions, so Pauli rejected his equation
for the neutrino.
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e Note that a positive energy solution of the Pauli equation (¢ - p)y = Ev must have positive
helicity. On the other hand, positive energy solutions of the parity reflected Pauli equation (& -
p)1» = —E have negative helicity. The two Pauli equations are on a common footing. When
quantized, they describe parity-violating massless spin-half particles of positive or negative
helicity. Together we write them as

(E—G-p)by =0 and (E+6-p)_ =0. (308)

For £ > 0, ¢,,1_ are positive and negative helicity Pauli spinors. Sometimes, they are also
called right and left-handed Pauli spinors. Weyl also considered the same pair of equations so
Pauli spinors are also called Weyl spinors.

9.7 Dirac field equation for massive spin half particles

e Dirac discovered a parity-invariant relativistic wave equation for massive spin half particles.
This equation is relevant for the propagation of charged leptons (Dirac had the electron in mind),
quarks, nucleons and possibly neutrinos. Rather than follow his reasoning (which is similar to
the one used in arriving at the Pauli equation above; see Dirac’s book or our notes on relativistic
QM or QM3), we will arrive at Dirac’s equation from Pauli’s equation. Since a massive particle
can have either helicity, we expect a Dirac spinor to be made from two Pauli spinors of opposite
helicity. We can get a parity invariant equation by combining Pauli equations for two Pauli
spinors 1_, 1), of opposite helicity, which are exchanged under parity (I, = ¢5)

(E—d-p)Ypy =0 and (E+d-p)y-=0. (309)

To describe a massive spin half particle, we include mass terms that couple the two Pauli spinors,
since a massive particle can have either helicity. Putting £ = ihd, and p = —thV, the simplest
possibility we can concoct is the Dirac equations

i@ +7- V) — S0 =0 & (8= V) = by = 0
or (E—d¢-py=mip_ and (E+7 p)- =mipy (310)

h/mec is the Compton wavelength corresponding to the mass m. We put & = ¢ = 1 in the sec-
ond line above. The sign of the mass terms can be fixed by studying the physical consequences,
the energy of the particle should be a little more than mc? at low speeds, for instance. These
can be combined as an equation for a 4-component spinor

(z’(ao _05-v> (8 +05-v)) CL) —m (:L) . 311)

If m = 0 the two Pauli spinors evolve independently. Each of the components of v, and /_
satisfies the massive KG equation. For example,

(B —py = (E+G-p)(E G- ply = (E+35-pymp_ = m?y.. (312)
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These equations may be compressed by introducing the 4-component Dirac spinor and 4 X 4

Dirac matrices
_ 0 I i 0 :
b= <z+> = ([ 0) and = (_Ui (6) ‘ G

Then the Dirac equation takes the familiar form (iv#0, — m)y = 0. We are free to choose a
different basis for Dirac spinors and matrices. The above basis is called the Weyl or chiral basis
since for m = 0 the upper and lower components of the Dirac spinor are Pauli spinors with
definite (negative and positive) helicity and also because the chirality matrix 75 (see below) is
diagonal. The chiral representation is convenient for studying parity, chirality, helicity and the
ultra-relativistic m — 0 limit.

e For example, under parity z* — 2'* = (2%, —x). We had noted that if ¢, are exchanged
under parity, then the two Pauli equations go into eachother. This exchange is implemented by
7°. Check that ¢(2") = ¢ (') satisfies the parity transformed equation i(v*d;, —m)i'(z') =
0. We are also free to multiply by a phase in defining the parity transformed Dirac spinor.

e The condition that the components of the Dirac spinor each satisty the 2nd order KG equation
imposes the anti-commutator conditions {~*,v"} = 2n*” which define the Dirac or Clifford
algebra. Distinct Dirac matrices anti-commute while (1°)? = —(4")? = I. It follows that
~* are traceless (e.g. take the trace of 7°v#7° = —~#). Hermiticity of the Dirac hamiltonian
(H = a - p + Bm, look up Dirac’s approach) implies that 7° is hermitian while ~* are anti-
hermitian. Verify that these relations are satisfied in the chiral representation. The v matrices
are unique up to changes of basis 7/ = S~1~S where S is an invertible 4 x 4 complex matrix.
For example (7#)* and —(y#)* also satisfy the Dirac algebra and so each set must be related to
the v* by a change of basis.

e Dirac’s original basis for his matrices is different from the chiral basis. In his basis 7° is
diagonal, it facilitates passage to the non-relativistic limit.

I 0 ~ 0 o
0 _ T . . , .
V= (0 —I) = (—O’i 0) in Dirac’s basis. (314)
What is 75 in Dirac’s basis?

e The chirality matrix is defined as 75 = i7%y!72~3. Use the anti-commutation relations to

show that 5 anti-commutes with v, 42 = I and that it is traceless. So the eigenvalues of 5

_OI ?. is diagonal. Eigenspinors
of 5 with eigenvalue +1 are called right-handed, while eigenspinors with chirality —1 are

called left-handed. In the chiral basis ¥ = <¢0 ) and Y, = (1/}_) are the right- and left-
+

are =1 with multiplicity two each. In the chiral basis 75 =

0
handed spinors

Ys¥Yr = Yr Or %(IJF%)IPR =g and s = —1 or %(I — )% = Y. (315)

Pri = %(I + 75) are projections to right and left handed spinors. Notice that chirality is
defined independent of the value of mass m. If m = 0, then v, and 1_ satisfy Pauli equations
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(E—3&-p)Yy =0and (E+7-p)_ = 0 and are seen to have positive and negative helicities
for &£ > 0. So for massless Dirac particles, helicity and handedness are equivalent notions:
RH (+1 chirality) is the same as positive helicity and LH (-1 chirality) is the same as negative
helicity.

e Adjoint of the Dirac equation: Just as we have the KG equation for ¢ and its complex
conjugate for ¢* (for a complex scalar field), we have the Dirac equation for ¢ and the adjoint
equation for ¢! adjoint. The adjoint equation is more conveniently written in terms of 1) =
1T+, which is called the Pauli adjoint spinor. It is obtained by taking the complex conjugate
transpose of the Dirac equation and then right multiplying by the invertible matrix ° and using
hermiticity/anti-hermiticity of 7" /~" and the anti-commutation relations

—i(au@/)T)(VM)T = m%UT = —i(ao?/)wo—aﬂbwi) = m@ﬂ = —i(80&70+8i@/_wi) = m@E.

(316)
e The Dirac equation (i - @ —m)i = 0 (and its adjoint —itpy - & — mp = 0) (the derivative
is understood to act to the left) follow from the Lagrangian £ = (i - 0 — m)i> upon varying
with respect to the Pauli adjoint 1) = ¢77° and v respectively.

iv-0p=mip and —id " =mip or P(—iy-d—m)=0. (317)

e The Dirac equation admits a conserved ‘vector’ current j* = Yy*). This follows from
the Dirac equations for ¢ and :

Ougt = Oy b + by - 0P = impyp + Y(—im)yp = 0. (318)

As a consequence the total charge @ = [ j°d*z is independent of time. This is the conservation
law that follows from Noether’s theorem applied to the global ‘vector’ U(1) symmetry ¢ —
Y’ = €% of the Dirac Lagrangian.

e Examples of conserved charges arising from such global U (1) symmetries are quark number
(one third of baryon number) and lepton number, corresponding to global phase changes in the
quark and lepton fields, which are Dirac spinors in the standard model. Neutrinos were modeled
as massless Dirac fields (in effect satisfying the Pauli equations aside from interactions), but
now we know that they too are massive. It is still not established whether massive neutrinos are
Dirac fields, they could be Majorana fields.

e Under a Lorentz transformation 2’ = Az (where A = e~ (/2w /" and J,, generate boosts

and rotations) a Dirac spinor transforms to ¢'(z') = S(A)(x) where S(A) = e~ @/Dww™”
and ot = L{y" v},

e It can be shown that v») transforms as a scalar field under Lorentz transformations while
Y51 is a pseudo scalar scalar field. A scalar field ¢ transforms as ¢'(2') = ¢(x). To see
the behavior under parity, recall that parity is implemented on Dirac spinors via 7°: ¥(x) —
¥'(a’) = 2" (2’). Thus under parity v — 97*7°% = o) while P79 — 395" =
—1py®1). 1Py is a polar vector, called the vector current, which follows from the 1) — %)
symmetry of the Lagrangian. A polar vector is one that transforms as j;, = A} j, under Lorentz
transformations, while under parity I1(j°, 7) = (%, —7). Check that )v*~5¢ is an axial vector
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(under parity its spatial components retain their signs while the time component reverses its
sign). It is called the axial vector current (to be discussed below). If we define o = [, "],
then Y o*1) transforms as a rank two antisymmetric tensor field.

e The Dirac £ may be expressed in terms of left and right-chiral projections

L =Yridr + Yridpr — m(rr + Yrir) (319)

Notice that the mass terms couple the different chiralities. The weak interactions treat the LH
and RH quark and lepton fields differently, they transform as LH doublets and RH singlets under
weak isospin. It follows that mass terms for quarks and leptons violate gauge invariance. So in
the SM, all quarks and leptons are massless. They get their mass through their interactions with
a scalar field via the Higgs mechanism. The Yukawa interaction of Dirac spinors and scalars
also couples LH and RH spinors but in a gauge invariant manner.

e When m = 0, the Lagrangian posses an additional U(1) ‘chiral’ symmetry under which
the RH and LH spinors transform via complex conjugate phases ¢p; — e**®tp 1 or in short
1 — €%, The axial vector current j& = 1)y*vs1 is conserved as a consequence. Of course,
when m = 0 we are free to change the phases of 1 ; by unrelated angles. The vector and
axial-vector U (1) symmetries are a convenient way of formulating these two symmetries, since
U(1)y survives as a symmetry even when m # 0.

9.8 Interactions of Dirac fields with Dirac, EM and scalar fields

e Terms which involve a product of more than two fields may be introduced into the Lagrangian
density to describe interactions (‘interaction vertices’ where three or more lines meet in a Feyn-
man diagram). A minimal requirement is that the interaction term must be Lorentz invariant,
which is ensured if Lorentz indices are contracted. Additional requirements (like gauge in-
variant, behavior under parity, renormalizability etc.) may be imposed on possible interaction
terms, depending on the system we wish to model.

9.8.1 Four Fermi interaction

e Fermi’s theory of beta decays involved a point interaction among four Dirac spinor fields
(neutron, proton, electron and neutrino). It was a vector current-current interaction of the form
Lini = Gp(py*n)(évy,v)+ h.c. Each parenthesis contains a vector current. The 4-Fermi inter-
action preserves the parity invariance of the Dirac Lagrangians of the four particles.

e Following the discovery of parity violation in beta decay in 1956, the Fermi theory had to be
modified. Since the interaction among the four particles was very short-ranged, it was modeled
as an interaction between a pair of ‘currents’, each of which is quadratic in Dirac spinors.
Lorentz covariance permits five bilinears constructed from Dirac spinors: scalar, pseudoscalar,
polar vector and axial vector and tensor. Marshak and Sudarshan (with contributions from
Feynman and Gell-Mann etc.) found that the experimental data on weak decays is consistent
with vector minus axial vector (V-A) weak currents. Since vector and axial vector currents
transform differently under parity, their difference does not have a definite parity. This allows
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for a parity violating interaction. For example, the ev, current is j% = éy*(1 — 5)v. and
similarly for the p1v,, pn and each pair of quarks in a generation. The interaction Lagrangian is
a contraction of two such currents, e.g. Gp1jt,, J;,, + h.c. is relevant to muon decay. Since
Py, = 1(1—75) projects to LH spinors and ey*(1 —~s)v = é(1+75)7"v = ((1—75)e) 7 y*v,
we see that the weak currents only involve the LH fields. The charge changing weak interactions
couple only to the LH quark and lepton fields. The RH components of these particles simply
do not participate in the charge-changing weak interactions. This is incorporated in the SM by
making the LH fields transform as doublets under weak isospin while the RH fields are singlets
do not transform at all (so they do not feel the charge changing weak force at all). E.g. the
RH electron e does not participate in the charge changing weak interactions. An extreme
case of this are the RH neutrinos, not only do they not participate in the charge changing weak
interactions, they do not even find a place in the standard model. They either do not exist or,
more likely, are very heavy and have not been detected so far.

9.8.2 Dirac field coupled to photons

e As in the case of complex scalars, we may couple the Dirac field to the EM field by gauging
the above U(1) global symmetry (minimal coupling): 0,1 — D, = (0, — ieA,)y. The
covariant derivative of ¢ transforms in the same way as ¢ — ¢’¢) provided A, — A, +
0,0(z). The Dirac equation in the presence of an external EM field is

(iv-D—m)p=0 or (in"(0,—ied,)—m)y =0 (320)
It follows from the Lagrangian
L =1y D—m)p=1(iy-0—m)+ej"A, (321)

J* = 1y") is the electromagnetic current of the Dirac field. e is called the gauge coupling,
the strength of the interaction between the Dirac particles and the gauge field. e is also (up to
a sign!) the electric charge of the particle annihilated by 1/ or the anti-particle created when
1) acts on the vacuum. To find out, one must compute the eigenvalue of the conserved charge
operator Q@ = —e [ j°d*x = —e [¢Tpd®z when acting on the 1 anti-particle state created
when v acts on the vacuum. [Check whether the signs are chosen so that we may interpret 1)
to annihilate electrons of charge —e (and create positrons of charge e) by checking whether
@ = —e is the eigenvalue of the conserved charge operator Q = —e [ j°dz = —e [YTypd3x
in the one electron state. ]

e If we include the dynamics of the gauge field we arrive at the Lagrangian of quantum elec-
trodynamics

— 1 v 1 » .
Loep = Y(iy - D —m)y — ZF’WFM =iy 0 —m) — ZFWF“ +ejt'A,. (322)

The Maxwell equations in the presence of the charged Dirac field are 0, F"" + ey’ = 0.
Lqep is Lorentz and gauge-invariant by construction. Check that it is also invariant under
parity. The mass dimensions of A, 1) are M*', M3/, It follows that e is dimensionless. A
dimensionless coupling leads to a perturbatively renormalizable quantum theory.
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9.8.3 Coupling of Dirac field to scalars

e Coupling of Dirac field to scalar particles is called Yukawa coupling since Yukawa considered
a related model for nucleon-pion interactions. The Dirac equation modified in the presence of a
real scalar,

iy - O = myp + goip, (323)

follows from the Lagrangian

L=y(iy-0—m)y — g, (324)

Uy -0, ), ¢ are all Lorentz scalars, so the Lagrangian is Lorentz invariant. It is also invariant
under U (1) phase changes of ). The phase of ¢ cannot be changed since ¢ is a real scalar.
The Yukawa coupling constant g is dimensionless since [¢] = M, [1)] = M3/?, leading to a
perturbatively renormalizable model. g measures the strength of the scalar-fermion coupling
(tri-linear vertex). Notice that if ¢ is a constant, then the Yukawa coupling term behaves like a
mass term for the Dirac field. This idea is used in the Higgs mechanism to give masses to the
quarks and charged leptons.

o If we include the Klein-Gordon dynamics of the scalar, the Lagrangian becomes

, - 1 1
L =iy 0 =m)p — gov + 5|06 = Sp’lol”. (325)
The Dirac field appears as a scalar source term 1) in the KG field equation for ¢

O+ p2)p = —gy. (326)

The Yukawa coupling —g¢vn) is a (true) scalar coupling since 1) transforms as a true scalar
under parity. One can similarly consider coupling of Dirac fields to pseudoscalars.

9.8.4 Pseudo-scalar coupling of Pion triplet to nucleon doublet

e Attempts to model the inter-nucleon interaction using pions to match nucleon-nucleon scat-
tering data and deuteron properties lead to a pseudo-scalar meson coupling to nucleons. Let
us write a Lagrangian for pion-nucleon strong interactions, it must be invariant under SU(2)-
isospin rotations and of course Poincare invariant. Pions are not true scalars but pseudo-scalars,
they couple with opposite sign to the right and left handed components of nucleons (which are
spin half Dirac particles). To begin with, we ignore isospin and treat the nucleon field as a single

Dirac spinor and the pion field as a single real scalar field. Since 75 = 0 ?) in the chi-

ral basis, this opposite sign coupling to RH and LH nucleons is modeled by the pseudo-scalar
coupling B
iy -9 =mp— gyt and (O + p?)p = —gys¢. (327)

These equations follow from the Dirac-Yukawa Lagrangian
_ _ 1
L= iy -0 —m) = g(¥159)6 + 5(106]° — 1*[6]"). (328)
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Now let us incorporate isospin. The nucleon field ; has two components ¢ = 1,2, each of
which is a Dirac spinor. ﬂ creates a proton while acting on the vacuum while w; creates a
neutron. The pion field is an isospin one real triplet ¢ = (¢1, ¢2, ¢3). The physical pions
of deﬁnit? charge are 0 = ¢3, T = \%(Gbl + i¢y). The pseudo-scalar coupling of pions to
nucleons is given by

_ 1 . - oo _ .
£ = (310 — M)y + 5 (0 0,6 — 126 &) — g(bsTigtyy) - 6. (329)

My 1s the nucleon mass, the proton and neutron must have a common mass for isospin to be a
symmetry. We have used vector notation for the isospin triplet and indices 1 < 7,7 < 2 for the
isospin doublet. The contraction of indices and dot products make it clear that this Lagrangian
is a scalar under rotations in isospin space, thus implementing the isospin symmetry. Note that
the combination of two [ = % nucleon doublets in NT7N transforms as an I = 1 triplet which

can then be dotted with the iso-triplet gz? to get a scalar under isospin. This should not come as
a surprise % ® % = 1@ 0: NTFN is the iso-triplet while NTN is the iso-singlet.

e Note that in natural units ¢ and ¢ have dimensions of M3/ and M"' while ¢ has mass
dimension zero; the model is perturbatively renormalizable. However g*/hc is not small (it
can be as large as ~ 40 based on the strength of the inter-nucleon force). So perturbation
expansions in g cannot be trusted in general for pion nucleon interactions.

9.9 Charge conjugation for the Dirac field

e Under charge conjugation, the Dirac equation (i - (0 — ieA) — m)y = 0 for a spinor ¥
annihilating a particle of electric charge e turns into the Dirac equation for the charge conjugate
spinor 1. (to be found below), which describes particles of opposite electric charge —e but
same mass (anti-particles), (i - (0 + ieA) — m)y. = 0. Based on this observation, Weyl and
Oppenheimer pointed out that the anti-electron could not be the proton, as originally proposed
by Dirac.

e To find 1. we take the complex conjugate of the Dirac equation (—iy*-(0+ieA)—m)y* =0
and try to make it look like the Dirac equation with e — —e. Since —(y*)* satisfy the same
Dirac algebra as v*, they are related by a similarity transformation —v** = S~14#S with S
conventionally written as S = C'y" where C is called the charge conjugation matrix. Then left
multiplying the complex conjugate equation by S we see that 1), = C%9)* satisfies the Dirac
equation with e — —e:

(V" CY°(0, +ieA,) — C°m)y* =0 = (iy- (0 +ieA) —m)y, = 0. (330)

To find C' we must solve the equation Sv** = —~*S. S is of course defined only up to a
phase. The explicit matrix C' = S~° depends on the basis chosen. C' can be found in the
same way in both the Dirac and Weyl bases as in both these bases, 7, v!,~*® are real while ~?
is purely imaginary. So in any such basis, the condition on S is that it commute with ~? but
anti-commute with v%3. A choice that does the job is S = ~* (up to a phase). Thus in the
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Dirac and Weyl bases v, = v*)* and C = ~v2+°. Explicitly,

CDirac = ( 0 —5-2) and CWeyl = (02 O) . (331)

—09 0 g9

We may now check that charge conjugation takes LH spinors to RH spinors and vice versa. For
(.

0 ) and its charge conjugate

example, in the Chiral basis a LH spinor is of the form ¢, = (

spinor . = y*F = ( 00 1/)*) is right-handed. Upon quantization we may say that the
—029P_
anti-particle of, say a left-handed neutrino v, is a right-handed anti-neutrino and anti-particles

is the RH weak isospin doublet (V) .
R

corresponding to the LH weak isospin doublet (Z) c

L

9.9.1 Remarks on anti-particles

e Dirac introduced the anti-particle concept in 1929-31 using holes in the filled negative energy
sea [look at a field theory or relativistic QM text for this]. The name was given by de Broglie in
1934. Anti-particles are just like particles, they can possess position, energy, momentum (and
therefore fall in a gravitational field) and charge (and so leave tracks in detectors) etc.

e For each particle discovered so far, there is a corresponding anti-particle with the same mass
and spin. Relative to a particle, the anti-particle’s quantum numbers like electric charge, electric
and magnetic moment, strangeness, baryon and lepton number etc. have opposite sign, colors
are also reversed red to anti-red, so to speak or more precisely anti-quarks transform under the
conjugate 3* of the fundamental representation 3 of color SU(3).

e If a particle has no attributes other than energy, momentum, spin and angular momentum,
then its anti-particle is defined to be itself. If it has any other attributes like charge, then its
anti-particle is distinct and has the opposite charge.

e The antiparticle of the electron e~ is the positron denoted e* or e, it was the first anti-
particle to be discovered, in 1932 in cloud chamber photographs of C D Anderson and Blackett
and Occhialini. It is a matter of convention that we call the electron the particle and e the
anti-particle. 7% are anti-particles of each other as are p*. In these cases particles and anti-
particles were discovered at about the same time and they are all unstable, and have roughly
equal abundances, so there is not much meaning to calling p~ matter and p anti-matter. Anti-
quarks are distinct from quarks and most of matter is made of u,d quarks. Some electrically
neutral particles are their own anti-particles, e.g. the photon, neutral 7° meson, n° meson
and the Z° boson. However, not every neutral particle is its own anti-particle, for example
the anti-neutron is distinct from the neutron as is evident from the valence quark content n =
udd, n = tdd. Moreover neutron and anti-neutron have opposite magnetic moments and most
spectacularly, a neutron and anti-neutron can annihilate producing energy, while this does not
happen when a pair of neutrons are brought nearby (as in a nucleus or in a neutron star).

e Particle-antiparticle annihilation produces a state with energy and possibly momentum, but
no charge, baryon or lepton number etc. Before they annihilate, particle and anti-particle can

163



form short-lived bound states (e.g. 7° which is made of w@ and dd.). Particle-anti particle
collisions at high energy are a way of creating new particles. E.g., this was done with e*e™ at
SLAC (Stanford) and LEP (CERN) and with pp at CERN and Fermilab.

9.10 Yang-Mills field for spin 1 particles

Recall that minimal coupling of the EM field to a Dirac field (or complex scalar) could be
obtained by gauging a global U (1) symmetry ¢/ = ¢%?1) of the matter field Lagrangian, say
L = 9(iv - O — m)1p. Invariance under local gauge transformations ¢’ = g(z)1) where g =
¢’@ ¢ (1) and @ is a function on space-time, is ensured by replacing partial derivatives
by covariant derivatives D, = 0, — ieA, with the associated gauge transformation AL =
A, + 0,0 which leaves the field strength F,, = 0,4, — 0,A, invariant*®. The equations of
electrodynamics 0, F'*" = —ej” then follow from the Lagrangian £ = —iF B+ Y(iy-D—
m)y where j* = y*1). We will now generalize from the abelian gauge group U (1), to gauge
transformations g(z) = €@ living in a non-abelian gauge group G, such as SU(N). Here
O(x) isan N x N hermitian matrix field. The construction works for any compact semi-simple
G such as SU(2)x SU(3) as well as a group that has U(1) factors. The resulting non-abelian
gauge theory was first proposed by R Shaw and independently by C N Yang and R L Mills in
1954 for the isospin group G = SU(2). As it turns out, isospin is only an approximate global
symmetry (neutron and proton are not exactly degenerate in mass) and is not the one that nature
has ‘gauged’ (i.e., made a local symmetry). But the resulting framework of non-abelian gauge
theory does work in nature when applied instead to weak isospin SU(2) and color SU(3) (as
well as the abelian gauge groups: U(1) weak-hypercharge and U (1) of electric charge).

e It is helpful to simplify notation by absorbing the coupling e into #(z) and A,(x) so that
g=¢"D ) =g, A = gAg" +ig.g", Db = (0, —iA)¢ and L = — 5 F, F" +

Y (iy - D —m)vy. Though we do not do so here, one may work with the purely imaginary field
A, (x) = —iA, which lives in the Lie algebra of U(1).

e Suppose there are N matter fields (say Dirac spinors) that transform under the fundamental
representation of SU(N) (¢’ = g1 where g isan N x N special unitary matrix) leaving the
Dirac Lagrangian invariant. This may be made a local symmetry ¢’ = g(x)v(z) by defining the
covariant derivative D, = (9, —iA, ). The gauge potential A,(x) is a traceless hermitian
N x N matrix-valued field. Let ¢, be abasis (with a = 1, ...dim SU(N) = N?—1) of traceless
hermitian N x N generators for the Lie algebra, satisfying the commutation relations [t,, t,] =
1C¢,t. with real structure constants, and conventionally normalized according to tr t,t, =
%5@- Then we may expand A, = Aft,, where Af(x) are real. The #, span a linear space
of dimension n = N? — 1 which carries the adjoint representation of the Lie algebra. So for
a gauge group of dimension n, there are n independent gauge fields or gauge bosons. The
gauge field A, at a fixed location z* is said to live in the adjoint representation. The adjoint
representation of a Lie algebra or group always has dimension equal to the dimension of the
group or algebra.

e The covariant derivative transforms in the same way as v, i.e., (D,¢)" = g(D,1) provided

“8Notice that we may express the transformation of the gauge potential as A;L =gA gt + ﬁ 90,9~ .
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the gauge field transforms as A/, = gA,g~' + igd,g~"'. This ensures that the matter field
Lagrangian £ = ¢ (iy - D — m)t is gauge invariant as the following calculation shows.

L — g (iy- (0 —igAA™ + gdg™"))gy
= g iy 0g +igy- 0+ -gAg g +iv- 909 )9y
= Y (ig'v-0g+iv- 0+~ - A+iy- (99 ")g)v = L. (332)

In the last equality we used g~'9g + (9g~')g = 0 which follows from d(¢g~'g) = 9(I) = 0.
Thus, the Dirac Lagrangian minimally coupled to A, is gauge invariant if ¢, A transform in
the above manner.

e To find the gauge field dynamics we must find a non-abelian generalization of the field
strength tensor since d, A, — 0, A, is not gauge invariant nor homogeneous under gauge trans-
formations. Check this for an infinitesimal gauge transformation

g(z) = I +ib(x), oY =16y, A, =0,0—1i[A, 0 =D,0. (333)

Here we have defined the covariant derivative of the matrix field 6 by the last equality. The
formula for the covariant derivative of a field depends on the representation of the gauge group
to which the field belongs, it is different for the matter fields that live in the fundamental rep and
for fields like # or A that live in the adjoint rep. This is similar to the different formulae for the
covariant derivatives of various tensor fields in Riemannian geometry: V,f = 9, f for scalar
functions, V, V¥ = 9,V¥ +T'V for components of a vector field, V,g,, = 0,9, +I'T'g—ITg
for the components of a covariant second rank tensor field, etc. Here I'j. are the Christoffel
connection coefficients. Fill in the indices in the formulae for covariant derivatives!

e To find the correct generalization of the electromagnetic field strength, notice that in the
abelian case, we may express the field strength 9,4, — 0,A,, as the commutator of covariant
derivatives, check that F,,¢) = i[D,, D,]i». The field strength measures the departure from
‘flatness’ of the connection A,,, and just as in Riemannian geometry, the curvature is given by
the commutator of covariant derivatives. In the non-abelian case, the hermitian matrix field

F. =ilD,, D, = 0,A, —0,A, —i[Ay, A,  Fu = Fita. (334)

transforms homogeneously under a gauge transformation. This follows from the behavior un-
der gauge transformation (D,v) — gDy, DD, — gD,D,v, so that F,,¢ — gF,¢ =
gF,,g7 g. So we infer that F,, — gF,, g~ " transforms homogeneously by conjugation. Un-
der an infinitesimal gauge transformation g ~ I + if(x), 6F,, = —i[F),,0]. Unlike in the
abelian case, the field strength F},, is not gauge invariant. But we can easily find a gauge in-
variant quantities, they are quantities constructed from £}, that are invariant under conjugation,
for instance by taking the trace of a polynomial in F'. The simplest possibility is tr F},,, how-
ever this is zero in an SU(N) gauge theory since A, is traceless and the trace of a commutator
vanishes. A gauge-invariant and Lorentz invariant Lagrangian that is quadratic in derivatives

and reduces to %(E2 — B?) in the abelian case is the Yang-Mills Lagrangian

1 v 1 a apy : 1
L= —ggtr P = — 5 FLF™ since  tr faty = S0a. (335)
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The pre-factor of 1/e* would be absent if we did not absorb e into the gauge potentials. e
is called the gauge coupling, it is a measure of the strength with which the gauge fields A
couple to themselves and to the matter fields ¢). Thus the Lagrangian of an SU (/N') non-abelian
Yang-Mills gauge theory coupled to Dirac spinors in the fundamental representation of SU (V)
is

1 - .
L= =5 tr B P + (i (0, — iA,) — m)y (336)

An example is Quantum Chromodynamics, an SU(3) Yang-Mills theory coupled to quarks,
which transform in the fundamental representation of the color group SU(3).

e The classical Yang-Mills field equations that follow are a generalization of Maxwell’s equa-
tions B
D, F" = 0,F" —ie[A,, F*'"| = —e(yYy" ta))t,. (337)

Unlike Maxwell’s equations, but like Einstein’s equations, these are non-linear equations even
in the absence of quark matter sources on the RHS. Indeed D, D*” is cubically non-linear
in the gauge fields A. The non-abelian gauge fields Af (e.g. a = 1,---8 gluons in QCD)
interact with themselves, unlike photons in an abelian gauge theory. The interaction vertices are
obtained by expanding the Lagrangian and identifying terms that involve products of more than
two fields. Omitting some indices and displaying the coupling constant e explicitly,

L= —2%2 tr (DA — e0A —ie?[A, A])(eDA — DA — ie*[A, A]) + (i - (O — ieA)) (338)

The quadratic terms in £ ~ 0AJA, (i - 9 — m)v describe free propagation of the massless
gauge fields A7, (say 8 gluons in the case of SU(3)) as well as the massive Dirac fields ¢
(say quarks). We see that there are 3-gluon ‘cubic/trilinear’ vertices of strength e coming
from 0A[A, A] terms (these are derivative interactions) as well as 4-gluon vertices of strength
e? coming from the [A, A][A, A] terms. The possibility of self-interactions of gauge fields is
due to the non-abelian nature of the gauge group, for an abelian group like U(1) of EM, the
commutator terms vanish. Photons do not self-interact, while gluons, weak gauge bosons (and
gravitons) do self-interact. In addition, we have the cubic vertex ei)Av) where a gluon can pair
produce a quark and anti-quark.

e The local gauge symmetries that have so far been identified in nature are SU(3)¢ for color,
U(1), for electric charge, SU(2)y, for weak isospin, U(1)y for weak hypercharge and Diff (M)
space-time diffeomorphisms (general coordinate transformations in general relativity). It turns
out that U(1), is a combination of U(1)y and the third component of SU(2)y,. More on this
later. It is often said that the electroweak gauge symmetry SU(2)y, x U(1)y is spontaneously
broken to U(1),. What this means is that the ground state of the theory does not display the
full gauge symmetry, only the U(1)¢ of electric charge. Nevertheless, the theory as a whole
still possesses the full gauge symmetry.

e A key difference between the abelian gauge theory QED and the non-abelian gauge theory
QCD is that QED (as we know it) does not confine electrons and positrons and photons inside
bound states like positronium. Positronium can be split (actually, it decays spontaneously)
liberating electrons and positrons as well as photons. On the other hand, QCD in the phase
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that describes hadrons (as we know them) confines quarks and gluons inside hadrons. Hadrons
may be unstable (like positronium), but the decay or induced breakup of hadrons produces more
hadrons or leptons and photons, but not quarks and gluons.

e Not every non-abelian gauge theory is confining in the phase of interest. The SU(2) x U(1)
electroweak theory does not confine the W, Z, ~y, leptons or quarks. In part, this is because the
gauge symmetry is spontaneously broken in the ground state.

e Even QCD may have a phase where quarks and gluons are not confined, a ‘deconfinement’
transition is hypothesized at sufficiently high temperatures.

10 Hadrons, quark model and the strong interactions

10.1 Nucleons are not elementary; Pion exchange does not quite explain strong interactions

e The Dirac equation for a charged spin half particle minimally coupled to the EM field gives

the correct value for the magnetic moment of the electron. The magnetic dipole energy is
S eh

H=—[- B where i = guB%. The electron Bohr magneton is pup = 3 and g = 2
according to the Dirac equation. Small deviations from g = 2 could be explained by including
quantum fluctuations in the EM field (QED - Schwinger 1948).

e If the proton and neutron were also spin half elementary Dirac particles, then we expect
that the neutron should have zero magnetic moment since it is neutral while the proton should
have a magnetic moment obtained by replacing the electron Bohr magneton with the nucleon
Bohr magneton (replace m. — m,, and reverse the sign of charge) uy = eh/2m,c. But the
measured value (O Stern, 1933, Nobel prize 1943, also measurements by I I Rabi 1934 onwards
leading to development of NMR) p, = 2.79u is significantly different. The neutron, being
uncharged should have no magnetic moment according to the Dirac theory, but p,, = —1.9up.
So nucleons cannot be elementary spin half particles in the same way as electrons.

e Electron proton elastic scattering (carried out especially by R Hofstadter at SLAC) showed
that the charge of the proton is spread over a charge radius of about a fermi, it is not point-
like. Electric ‘form factors’ which are, loosely, Fourier transforms of charge distributions, were
measured, and a charge radius could be extracted. Nucleons were certainly non point-like,
unlike electrons which are point-like down to 10~ m.

e The discovery by E Fermi, H Anderson et. al. (Chicago, 1954) that the proton has an excited
state (the Delta resonance) suggests that it is not elementary. In fact there is a whole tower
of nucleon resonances with increasing angular momenta and masses. By analogy with excited
atoms, it appeared that excited hadrons might result for instance, from additional orbital motion
of the constituents of the lowest lying hadrons.

e What is more, through the 1940s, 50s and 60s hundreds of strongly interacting particles
were discovered (1432 hadrons had been identified by 1967!). Most of them were short lived
resonances that decayed in 10723 s while others were more stable and decayed weakly or elec-
tromagnetically. In 1968, R Hagedorn found exponential growth by plotting the density of
hadronic states as a function of mass! [see plot in Huang] It was hard to believe that all the
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hadrons were elementary. Moreover, if the density of hadronic states p(FE) oc ef/Fo

exponentially fast, then the statistical mechanical partition function Z(T") = >, p(E)
would cease to exist for k7, > Ej. So a statistical mechanical treatment of a system of hadrons
would not make sense at sufficiently high temperatures. One possibility is that the statistical
mechanical treatment does hold, but that there is a phase transition around 7}, above which
the density states grows more slowly. This is the hypothetical Hagedorn transition. If hadrons
have more elementary constituents, then it is possible that they may organize themselves in a
different way at higher temperatures.

grows
o—E/KT

e Though pion exchange gives a first approximation to inter-nucleon forces relevant to low
energy scattering, at higher energies and at short distances, pion exchange is not adequate.
Among other things, heavier (spin 1) vector mesons like the p*, p° could also mediate the
strong force and indeed they lead to corrections to the inter-nucleon potential, including a short
range repulsion (due to their vector nature, like photons between like charges) that is measured.
In fact, the force between like charges changes sign as the spin of the exchanged boson is
increased by one. Spin zero scalar pion exchange leads to an attractive force, spin one photon
exchange is repulsive, and spin two graviton exchange is attractive (all between like charges).
In fact, if one wishes to explain strong interactions using meson exchange, there is no reason to
exclude other mesons from being exchanged. It was clear that Yukawa’s simple picture was not
the whole story, and attempts to fix it became rather more complicated.

e These and other features of hadrons motivated the search for composite models for hadrons
and other possible dynamical principles to explain the forces between hadrons. These inves-
tigations eventually lead to quarks as constituents of hadrons, with gluons as mediators of the
strong force, summarized in QCD in the 1970s. This development took many decades, we
discuss some steps along the way.

10.2 Excitation energy, sizes and strong decay widths of hadrons

e Let us begin by recalling some of the characteristic orders of magnitude associated with strong
interactions of hadrons. The excitation energies of baryons and mesons are typically 100s of
MeV. E.g. A(1232) is the lowest lying baryonic excitation (J = 3/2) above the nucleons
p(938),71(939) which have J = 1. Similarly, the p(776) mesons (J=1) are excited states of
J = 0 pions 7(140). So the excitation energies are comparable to the masses of the ground
states. So the quark and gluon motions responsible for increase in angular momentum that give
rise to hadronic excitations are relativistic in such hadrons** Now, the radius R of a hadron
is about a fermi or a fraction thereof. If this is taken as the uncertainty in position of quarks
Az = R, then by the uncertainty principle we would estimate Ap ~ h/R ~ 200 MeV /c,
which is of the order of the excitation energy AE = 300 MeV for N — A. Furthermore, the
mean life-times of hadrons that decay via the strong interactions is 7 ~ 10™%s. 7 is simply
the time it takes light to traverse a hadron. Check that 7 &~ R/c where R ~ 1/200 — 1/300
MeV ~! or equivalently that the energy widths of these resonances are I' = 1i/7 ~ 300 MeV. In

#There are also mesons built of heavy quark-anti-quark pairs such as 1) = ¢¢ and T = bb, where the excitation
energies are much less than the rest energy of the ground state, in these cases the quarks can be treated non-
relativistically.
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summary, excitation energies, widths and characteristic (inverse) hadron radii are all of order a
few hundred MeV.

10.3 Fermi-Yang composite model

e Shortly after the experimental discovery of (charged) pions in 1947 (Powell et. al.), Fermi
and Yang (1948-49) suggested that the three pions be regarded as bound states of nucleons and
anti-nucleons, this time in the isotriplet spin zero (/ = 1, J = () combination as opposed to the
isosinglet spin-triplet combination that produces the deuteron. They found that the charges and
isospin quantum numbers of the pions follow from those of the constituents if we define three
spin zero states

(Iy=1) 77 =np, (I3=-1) 7= =pn, ([3=0) 7°=nn— pp. (339)

Here (n,p) form an isospin half doublet while (7, —p) form another isospin doublet. The
negative sign is due to the Condon-Shortley phase convention for charge conjugation. (p,n)
transforms in the 2 representation and (7, —p) also transforms in the same way, for SU(2) the
fundamental representation 2 and its conjugate 2 are equivalent.

e The odd parity of pions cold also be accommodated, since nucleons have even parity and
an anti-fermion has opposite parity compared to a fermion. Thus the Fermi-Yang proposal
explains the pseudo-scalar nature of pions. However, the dynamical details of this idea did not
work since the inter-nucleon force in the iso-triplet channel does not lead to bound states. It
would also have to be a very peculiar bound state since the masses of the constituent nucleons
(938-939 MeV) are so much greater than the pion masses (135-140 MeV) and very large binding
energies would be needed to make the pions so light. However, the Fermi-Yang model did get
the quantum numbers right. In a sense, some group-theoretic aspects were correct though n
and p aren’t the correct constituents of pions. With the benefit of hindsight, the Fermi-Yang
idea is correct if we replace the nucleon iso-doublet (n, p) with the fractionally charged quark
iso-doublet (u,d) subject to gluon interactions. However, this was not realized till the early
1970s. The next step was to include strange particles in the scheme of Fermi and Yang.

10.4 Discovery of strange particles, GNN relation

e I/ particles (which are among the strange particles) were discovered in cosmic ray events
seen in cloud chamber tracks that looked like a V': e.g., some charged V* particles decayed
into a charged + neutral particle (e.g. K+ — pv,, ¥~ — nn) leading to a bend in the
track while some neutral V' particles decayed to two charged particles (e.g. A° — p7~) in
a V shaped cloud chamber photograph. Some V* decayed to three charged particles (e.g.
K~ — 7 7"). As in these examples, the decay end products were pions, muons, nucleons
etc. i.e., not strange particles (and the decays were typically two body decays leaving no scope
for neutral strange daughter particles that did not leave a track). The V' particles were very
long-lived (e.g. 1071%s, for ¥+ — p*x%) compared to the typical time-scale 7 ~ 10~%*s of
the strong interactions. V' particle events among cosmic ray events were rare: they weren’t
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seen till the late 1940s. But interestingly, there were a lot of photographs with two V particles.
This could not be a coincidence: the probability of two V’s should be vanishingly small if they
were independently produced. Pais and Nambu conjectured that they must be produced in the
same reaction in association with each other. V particles were strange since they were copiously
produced with cross sections typical of strong interactions in pion-nucleon or nucleon-nucleon
scattering but decayed rather slowly on time scales more typical of weak interactions.

e Gell-Mann, Nishijima and Nakano proposed that strange particles carry an additive strangeness
quantum number that is conserved in strong (and electromagnetic) interactions but not in weak
interactions. Around 1953 they noticed that the centre of charge of a strange isospin multiplet
is displaced relative to a non-strange isospin multiplet. E.g. Lambda is displaced by half a unit
to left compared to center of charge of nucleon doublet when the isospin multiplets are drawn
one below the other, with charges aligned:

S\@ -1 0 1 I
0 n° p-I- %

-1 A° 0 (340)
-1 X X0 ¥t 1
-2 == =2 i
2

Strangeness could be defined as twice this displacement. We also see that electric charge in-
creases with /3. Along with the constant shift given by strangeness, this lead to GNN formula
Q=13+ (B+5S5)/2. Y = B+ S was called hypercharge.

e With the benefit of hindsight, strangeness counts the number of anti-strange quarks minus
number of strange quarks. Strong interactions do not change quark flavor, so strange and anti-
strange quarks must be produced in pairs in gluonic interactions, explaining the associated
production of two V particles in the same strong reaction. The lightest strange particles do not
decay via the strong interactions since there are no lighter strange particles with the appropriate
quantum numbers. This explains the longevity of strange particles which typically decay weakly
in strangeness changing charged current weak interactions s — uW~,5 — aW™.

e More examples of strangeness conserving strong interactions: when a secondary K~ beam
of several GeV strikes a proton, several strong interactions are seen, all of which conserve
strangeness and also serve as a way of creating other strange particles

(a) Kp—> K prntan® (b)) K p=>X 7" (¢) K p— A7 (d) K p— K ppp.
(341)

10.5 Sakata model for hadrons with p,n, A as building blocks

In 1956 S Sakata tried to extend the Fermi-Yang composite model to include strange hadrons.
Setting aside the problems with the Fermi-Yang model, he postulated that the three baryons
p,n, A’ make up other mesons and baryons. n, p were assigned I3 = :F% and strangeness zero,
while A° was assigned I3 = 0, S = —1. Then the charges, isospins and strangeness of pions
and kaons could be accounted for if they were composed of a baryon and anti-baryon from the
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basic triplet p,n, A

at=nap, 7 =pn, ™ =an—pp, KT =Ap, K°'=An, K~ =pA, K°=nA. (342)
What is more, Sakata could accommodate the spin half strange baryons >, = as well. Being
spin half fermions, baryons had to be composed of an odd number of baryons from Sakata’s

basic triplet (or a baryon and a meson, etc.)

Y =Art =Amp, X0 =An", ¥ =Anr" =Apn, ' = AK" = AAn, 57 = AK~ = AAp.
(343)
A further consequence of Sakata’s composite model was a simple explanation of the GNN
relation Q = I3 + %(B + S). Tt follows by assuming that I3, B, S are additive quantum
numbers in forming the composite state. This explanation for the GNN relation survives in the
quark model.

e The Sakata model acquired even more predictive power when it was postulated that the su(2)
isospin symmetry between n,p could be extended to an approximate su(3) symmetry under
which p,n, A transform in the fundamental triplet representation. Then the composite states
would be expected to appear in irreducible multiplets of su(3). For example, there are 3 x 3
states composed of a pair of baryons from Sakata’s basic trio nn, pp, AA,---. These 9 states
may be divided into two irreducible multiplets, 6 symmetric states pn + np, nn, pA + Ap etc.,
and three anti-symmetric states pn — np, nA — An, pA — Ap. We will see that 3® 3 = 6 + 3*.
Of more interest is the decomposition of states of a baryon and an anti-baryon from Sakata’s
trio. We will see soon that 3 ® 3* = 8 @ 1. This appears to be in line with the observation of
an octet of pseudoscalar mesons 7, K,n = pp+ iin — 2AA and the singlet ’ = pp + nn + AA.
Moreover, the mass difference between the kaons and pions as well as between 7" and the octet
can be attributed to the A being heavier than the nucleons.

e However, Sakata’s model ran into trouble with the baryons. Like mesons, the lowest lying
baryons also appear in an octet of nearly degenerate states (/V, >, =, A), while Sakata’s model
placed three of these (p,n, ) in a triplet and treats them differently from the remaining 5.
Moreover, there is no 5d representation of su(3) to accommodate the ¥*, 3% =~ =0,

e Though the Sakata model had to be abandoned, several key features of the model survive in
the quark model of Gell-Mann and Zweig, including the manner in which the GNN relation
is explained. In retrospect, the idea of three basic constituents is correct (at least for hadrons
with zero charm, beauty and topness), as is the idea of an su(3) symmetry among them. Rather
than try to construct all hadrons from a few basic hadrons, the idea that worked was to focus on
the group theory without trying to identify constituents from among existing particles. Even-
tually, nature threw up new more elementary constituents — quarks from which all hadrons are
composed.

10.6 SU(3) flavor symmetry

e The mass spectrum of hadrons displays multiplets of nearly degenerate (a few percent) par-
ticles with the same spin and parity (e.g. nucleons, pions, A baryons). These multiplets could
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be interpreted as carrying irreducible representations of the su(2) isospin symmetry Lie alge-
bra. The states within a multiplet are labelled by their /3 values. I3 can be taken to generate
the Cartan subalgebra of su(2). A Cartan subalgebra is a maximal abelian subalgebra (i.e. all
its elements commute), all its generators can be simultaneously diagonalized, so their values
for each of the states of an irreducible representation can be specified simultaneously. A Cartan
subalgebra is not unique. [y, I, I3, Iy + 313 etc each span a one dimensional Cartan sub-algebra
of su(2). Check that adding any linearly independent element to one of these results is a non-
abelian subalgebra. A basis for a Cartan subalgebra consists of the so-called Cartan generators.
BY a suitable choice of basis, the Cartan generators may all be simultaneously diagonalized in
any representation. The dimension of a Cartan sub-algebra is called the rank of the Lie algebra.
su(2) has rank one, su(3) rank 2, su(n) rank n — 1. This is easy to understand if we recall
that su(n) consists of traceless hermitian matrices. So by a suitable choice of basis, the Cartan
subalgebra consists of traceless diagonal hermitian matrices, and this is an n — 1 dimensional
space. Similarly, u(n) has rank n.

e Strange particles like (K, K°) and (K°, K~) also form isospin multiplets. Moreover, there
appeared to be larger multiplets consisting of several isospin multiplets, all with the same J”
but differing in strangeness and masses (~ 150 MeV separating isospin multiplets). Examples
include the pseudoscalar and vector meson octets, the %Jr nucleon octet and the §+ baryon
decuplet. The degeneracy among masses is broken much more strongly (15 — 20%) than in
the case of isospin multiplets (5%). The states are shown below on I3 — Y plots. So states
in the octets and decuplets are labelled by /5 and Y, which means that both /5 and Y must
be diagonal, suggesting that they span a two-dimensional Cartan subalgebra of an enlarged
rank two symmetry algebra containing isospin su(2) as well as strangeness/hypercharge. The
simplest candidate is su(3) and it worked. The above multiplets could be regarded as carrying
irreducible representations of su(3). We will see that while su(2) has a 1-dimensional Cartan
sub-algebra spanned by I3, su(3) has a 2-dimensional Cartan sub-algebra spanned by I3 and

Y.

¢ Baryon octet: Lowest mass baryons with J” = %+ Strangeness increases vertically while /5
increases to the right. Electric charge is constant along the NW-SE diagonal. Check the GNN
relation.

n P 0 % 939
udd uud
X Y0 (uds) »t 11 1193
dds A°(uds) uus 1116
=— =0 211
— = 2
dss uss 1318

e Anti-baryon octet with opposite /3 and S quantum numbers and identical masses.

e The spin half baryon and anti-baryon octets consist of stable baryons. They do not decay
through the strong interactions, and are long lived on the 107235 time-scale of the strong inter-
actions. With the exception of the proton, they decay weakly or electromagnetically. E.g. the
beta decay n — per,, strangeness changing weak decays A° — pr—, ¥~ — nn—, ¥+ — pr'
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and the EM decay X0 — A,

o JP = %_ singlet baryon A with mass 1405 MeV has the wrong parity to be included with

the baryon octet.

e Baryon decuplet: J© = %+ resonances decay via the strong interactions (e.g. A — 7N

with appropriate charges, X% — A% etc.).

Li=-3 IL=-1 I;=-3 I3=0 Iy =1 I;=1 I=3 | S |mMeV) | I
A~ (ddd) A (uud) AT (duw) AT (uuu) | 0 1232 3
¥ *(dds) YO* (dus) Y (uus) 1) 1384 |1

E*(dss) 20 (uss) 2| 1533 |1

0~ (sss) 3 1672 0

e Pseudo-scalar meson octet: Lowest lying mesons have spin parity J© = 0~ and form the
pseudo-scalar meson octet. They are stable with respect to strong decays, are long lived and
decay weakly or electromagnetically (e.g. the weak decay 7" — utv,, EM decay 7° — 27,
the strangeness changing weak decays K+ — pv,, K — 7777). In addition we have the
SU(3) flavor singlet pseudo scalar meson 7/ (ui + dd + s5) at 958 MeV.

13:—1 13:—% Igzo Igi% 13:1 S 1 m(MeV)
K° Kt 1|5 498,494
ds us
T 7 (dd — ui) 7 | 0 | 1] 140,135,140
du n°(dd + uii — 2s5) ud | 0 |0 549
K- K°
St sd —1] 35| 494,498
e Vector meson octet: J© = 1~ vector meson resonances. There is also the nearby 1~ singlet
#°(1019).
13:—1 13:—% 13:0 13:% ]3:1 S |1 m(MCV)
K*9(ds) B K**(us) R 3 892
p~(du) p°(dd — uu) pT(ud) | 0|1 776
w? 00 783
K*~(st) K*(sd) 11 892

e Some features emerge from the observed multiplets of common J. Mesons appear in nonets
consisting of an octet and a singlet with same J” and nearby masses. Baryons fall into decu-
plets, octets and singlets. There does not appear to be a %Jr baryon of mass comparable to that
of the nucleon octet to form a nonet. Gell-Mann and Neeman postulated an su(3) flavor sym-
metry of hadrons, extending isospin symmetry based on the observation that su(3) has 1,8, and
10 dimensional irreps. The appearance of octets motivated Gell-Mann to call the scheme the
eight-fold way. Using su(3) flavor symmetry, the mass and decay properties of the )~ particle
were predicted. It was discovered soon after, in 1964, with the expected properties lending sup-
port to global su(3) flavour symmetry. However, su(3) also has irreps of dimension 3, 6, 15,
24 etc., though there do not appear to be hadrons that transform in any of these representations,
this needed an explanation.
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e In 1964 Gell-Mann and Zweig independently suggested that the fundamental 3d represen-
tation of su(3) is carried by 3 hypothetical quarks, up down and strange of baryon number
1/3 and that the anti-quarks 1, d, 5 transform in the conjugate 3 irrep. Moreover, mesons were
supposed to be made from a quark and an anti-quark while baryons and anti-baryons were
made of three quarks and three anti-quarks respectively. Recall that higher dimensional irreps
of su(2) can be obtained by decomposing tensor products of the fundamental spin half repre-
sentation into irreps. Similarly, the possible meson and baryon multiplets could be found by
decomposing 3 ® 3 and 3 ® 3 ® 3 into su(3) irreps. We will find that 3 ® 3 = 1 @ 8 and
3®3I®3I=1d8@ 8@ 10, which agree with the observed multiplets of mesons and baryons.
This gave a simple explanation for the appearance of singlets and octets of mesons and singlets,
octets and decuplets of baryons.

e However, it remained a mystery why particles transforming in other su(3) flavour multiplets
(most notably the 3 and 3 quarks and anti-quarks) were not observed among the hadrons. This
was eventually resolved by postulating an additional su(3) color quantum number (distinct
from the approximate su(3) flavour quantum numbers) for quarks. Quarks were postulated
to transform in the fundamental representation of both su(3) flavour and su(3) color, so ¢
denotes a quark of flavor ¢ = 1,2,3 = u,d, s and color o = 1,2,3 = red, green, blue. So
qi is a red up quark. Color su(3) was postulated to be an exact local gauge symmetry for
the quark fields, along with 8 associated su(3) gauge bosons called gluons which transform
in the adjoint representation of su(3). We now believe that the dynamics of this color gauge
theory QCD conspires to confine quarks and anti-quarks within hadrons, and ensures that the
only detected hadrons are color singlets. States that transform non-trivially under color are
presumably infinitely massive in isolation, and are expelled from the spectrum of hadrons. Color
confinement has not been established in QCD, but is believed to be the reason why many of the
other su(3) flavor representations are not realized in the spectrum of hadrons, they correspond
to particles that transform non-trivially under color su(3). More on this later.

10.6.1 Remark on Cartan generators vs Casimir operators

e Note that the generators of the Cartan sub-algebra are distinct from Casimir operators. In
general, Casimir operators are not elements of the Lie algebra, they are not required to be linear
combinations of the basis generators. Casimir operators are (possibly non-linear) quantities
that commute with all elements of the Lie algebra, constructed by taking linear combinations of
products of elements of the Lie algebra. E.g. L? = L? + L3 + L3 is a quadratic Casimir of the
angular momentum Lie algebra [L;, L;| = ihe;;; Ly, since it commutes with the three generators
L;. The Poincare Lie algebra has two independent Casimirs, the square of momentum P*P,
and the square of the Pauli-Lubanski spin vector W*W, where W# = 2e?”P,M,,. The

Lorentz group also has two independent Casimirs J3 and J? where Jy =L +iK and L and
K are the angular momentum and boost generators.
e Occasionally an element of a Lie algebra may commute with all elements, then it is a Casimir.

Such a Casimir is said to lie in the center of the Lie algebra. The center of a Lie algebra is the
sub-algebra of elements that commute with all other elements.
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e Casimir operators are a multiple of the identity in an irreducible representation. If a Casimir
operator is not a multiple of the identity in a representation, then the representation is reducible:
e.g. the representation of orbital angular momentum L; = —ihe;;;7;0; on the space of functions
on the sphere L?(S?) is reducible, write out the L? matrix in the Y}, representation and see
that it admits a block decomposition into (2/+ 1) dimensional blocks where it is the multiple of
the identity h2[(I+1) for [ = 0,1, 2, .. .. Different irreps may be labeled by the values Casimirs
take in the irreps. For example representations of SU(2) are labeled by s which is related to the
eigenvalue h?s(s + 1) of S?. Representations of the Poincare group are labelled by mass and
spin, which are related to the eigenvalues of P? and W?2. Representations of the Lorentz group
are labeled by a pair of spins s, s_ where the eigenvalues of J2 are h’sy (s + 1).

e For a given irreducible representation the basis vectors of the vector space that carries the
representation can be chosen to to be eigenvectors of Cartan generators, since Cartan generators
are simultaneously diagonalizable. The basis states can be labeled by the values of the Cartan
generators. For example L3 spans a Cartan subalgebra of su(2) and so its eigenvalues Am can
be used to label the (21+1) linearly independent states of the representation space.

10.6.2 su(3) Lie algebra, Gell Mann matrices, quark basis

e SU(3) consists of 3 x 3 unitary matrices of determinant one. The Lie algebra denoted
SU(3) or su(3) consists of the 8-dimensional space of traceless anti-hermitian matrices. It is

conventional to pull out an ¢ and use the hermitian Gell-Mann matrices \, as generators for
su(3), in terms of which, the group elements are U = exp(—50a)a).

—i 0 1 0 o0 0 0 1 0 0 —i
A= 0 0|, xs=2I3=[0 -1 0|, xM={0 0 o], x»s={0 0 o],
0 0 0 0 0 1 00 i 0 0

—o o oor
oo ocoo
\—/

>

[ V]

Il
S

OO O o+~ O

0 0 L, {1 0 0
X6 = , A7 = 0 —i|, x=v3y=—1[(0 1 o0]. (344)
i 0 v3lo o -2

This is the defining representation of su(3) expressed in the so-called quark basis z; = (u,d, s).

e Note that flavor SU(3) is only an approximate global symmetry of the strong interactions, we
have seen that mass degeneracies within octets and decuplets is violated at the 20% level. In
particular, it is a symmetry of the QCD Lagrangian only in the approximation where the u,d,
and s quarks have the same mass:

1

3
L= Uiliv-D—mg)ts — ot F2. (345)
=1

Here + = 1,2, 3 label the three quark flavors. Under an SU(3) flavor transformation, 1); —

_ _ Moy 0 0

Uijvb; and 9; — (UT);;0;. So under SU(3) the mass term transforms to ¢ut ( 0 mg O ) Us.
0 0 mg

Only if the mass matrix is a multiple of the identity, can we use UTU = I to cancel the U’s and

get an invariant L.

e In addition to the approximate global flavor su(3) we have an exact global U(1) symmetry
corresponding to baryon number conservation, which acts in the same way on all the three
quarks u, d, s, so © — e~¥Bly. B = 1/3 for the quarks. B = —1/3 for the anti-quarks.
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e The third component of isospin /3 = \3/2 is diagonal with the values i%, 0 for u,d,s. Ag is
also diagonal and is chosen so that Y = \g/+/3 is the hypercharge. Y = B+S = (3,3, —3) for
u,d,s. A3, Ag span a maximal abelian subalgebra (a Cartan subalgebra). Check that the charge
matrix ) = I3 + Y/2 is diagonal in this basis with entries 2/3, —1/3, —1/3 corresponding to

the charges of u, d, s quarks.

e The factors in A3 = 2I; and \s = v/3Y ensure that the )\, are normalized according to
tr A2\, = 16,. The numerical factors also ensure that the ‘weight diagrams’ in the \;-
2Ma3 2 g g 3

%)\8 plane for the baryon and meson octets are regular hexagons.

e Under an infinitesimal SU(3) transformation, the quark triplet vector z transforms to ' =
Ur =~ (I —50,M)7.

e su(2) may be embedded in su(3) in infinitely many ways. Three of these are su(2) transfor-
mations among (1) (u, d) (I-spin, isospin), (2) (d, s) (U-spin) and (3) (u, s) (V -spin). Indeed
Lios = %)\172,3 give an embedding of [-spin (Pauli matrices) in the 1-2 (ud) subspace. U; =
X6, Uz = 37 and Uy = 3(3Y — I3) = diag(0,1, —1), give another embedding of U -spin
su(2) in the 2-3 (ds) subspace. Vi = 1A\, Vo = A5 and Vi = 1(3Y + I3) = diag(1,0,—1)

give an embedding of V' -spin su(2), in the 1-3 (us) subspace.

e A general su(3) element is conventionally written u = %Za Oy \g. Justas I, = %aa we
sometimes write F, = $),.

e Up to anti-symmetry, there are 9 nonzero su(3) structure constants [%)\a, %)\b] =19 fabc%)\c in
this basis:

V3

1 1 1 1
:1 —_ - —_ — - et p—y —_ - —_ — - p—t —_ .
Ji23 o g 5’ f156 9’ faa6 = fas1 = [f35 5’ 367 % Jass = fors 5
(346)

e A more convenient basis for studying representations is the Cartan-Weyl basis consisting of
Cartan generators /3, Y and a bunch of raising and lowering operators defined by analogy with
su(2):

Iy =F £iF,, Uy=FsxiF7, Vi=F,+iF;5. (347)
Due to the complex linear combinations, /3,Y, I, Uy, V. are a basis for the complexification
of the su(3) Lie algebra rather than the real su(3) Lie algebra®. Real linear combinations of
Gell Mann matrices give us the real su(3) Lie algebra. Though the complex combinations do

not live in the original Lie algebra, they are very useful to understand its representations, as we
know from angular momentum theory.

e Check the commutators [/, ]_| = 215 and similarly for Uy, V.. Check that 7, V. and Uz
raise and lower the eigenvalue of I3 by one, half and half respectively:

1 1
I, Iy) =£1., [I3,Us] = :F§U:i:a I3, Vi] = lLEVi- (348)

On the other hand U, and V. raise and lower the eigenvalue of Y by one while /. do not

S9Show that the complexification of su(2) Lie algebra is the Lie algebra of traceless complex matrices. The
complexification of the SU(2) group is the group SL2(C) of complex matrices with unit determinant.
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change it
Y, I.]=0, [Y,Ui]==xUy, [Y,Vi]==2V,. (349)

e To get some idea of how the raising and lowering operators act on states of a representation,
consider the 8d representation 8 on the v.s. C® spanned by the 8 baryons of the %+ octet
N, >, A, =. This turns out to be the adjoint representation, so the generators of su(3) are rep-
resented by the 8 x 8 matrices with entries (¢,)p. = —i fup.. Mark the baryons on an I3 — Y
plot. Then we see that I, take X° to ¥* and annihilate the isosinglet A°. On the other hand,
V. takes X7 to n, raising I3 by half and Y by one. U_ takes ¥~ to =7, lowering Y by one

and raising I3 by half. V, takes A to p etc.

e Like the square of total isospin /? = > I? which is a Casimir of su(2), check that su(3)

possesses the Casimir operator F? =" F2 = I [ }+13+3{U,, U_}+2{V,, V_}+ FZ,
ie. [F2, F,] =0.

e The trace provides an inner product on the su(3) Lie algebra (u,v) = tr uv. A\, are
normalized to tr g\, = 28, so that tr ufu = 1030, tr A\, = 5 >°,02].

10.6.3 Representations of su(N), su(3) on spaces of tensors

e The Gell-Mann matrices are a convenient set of generators for su(3) in its defining fundamen-
tal 3 representation on the vector space C3. The basis vectors of C? are v = (1,0,0)!,d =
(0,1,0)", s = (0,0,1)". The u, d, s quark vector x; € C transforms in the irrep 3 (zy = Up;
where U;; ~ 51']'—%@'9@(/\@)@) while the anti-quarks z* transformin 3* (2’7 = (U*)”/27. So ),
are replaced with —\” in the anti-fundamental representation if we retain the same convention:

TS (5” - 52(—)\2) j9a> 2. (350)
In particular /5 and Y being real matrices in the quark basis, simply reverse signs for the anti-
quarks. Since in addition B = —1/3 for the anti-quarks, it follows that I3,Y,.S and @ all
reverse sign for the anti-quarks.

e By taking tensor products of several copies of 3, we get reducible representations of su(3)
on higher rank tensors denoted x;,...;,, which transform as x;, ---z;,:

/
xZ ;
3

ity = Uiy Uity =+ Uigyi @iy iy (351)

The space of such tensors in general admits invariant subspaces allowing us to decompose these
tensor product representations as direct sums of irreducible representations. It is conventional
to denote irreps by their dimension in bold face with additional symbols to distinguish between
inequivalent representations of the same dimension. E.g. 3 ®3 =6® 3" and 3 ® 3 ® 3 =
198®8®10.

e There is a connection between the representations of su(/N) (in fact gl/(N)) and those of
the permutation group .5,,, called Schur-Weyl duality. Tensors can be decomposed as a sum of
those belonging to definite symmetry classes under permutation of indices (symmetric & anti-
symmetric in a manner to be specified). It turns out that tensors of a given symmetry class span
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an invariant irreducible subspace and thus carry an irrep of su(3). The fundamental represen-
tation is carried by vectors x;. As a more interesting example, consider totally anti-symmetric
3rd rank tensors z;;;. Being totally antisymmetric, z;;, = Ae;ji, is a multiple of the Levi-Civita
symbol. Moreover under su(3), it transforms to x;,j,k, = \UiiUjjUpeijre = AdetUejp =
xi;x since det U = 1. Thus totally anti-symmetric 3rd rank tensors are invariant under SU (3)
and thus carry the trivial representation 1. All the finite dimensional irreps of su(3) may be
obtained in this way by decomposing tensor products of the fundamental representation.

e To get some idea of how permutations relate to representations of su(N) or gl(N), we note that
the permutation group acts on tensors by permuting indices (e.g. Piowijr = xji). su(N) also
acts on tensors as given above. These two actions commute, in other words we may permute
indices and then make a change of basis or change basis and then permute indices, the resulting
tensor is the same. For example, consider

PlgUkiUlj.Z'ij = UliUijij while UkiUleIQxij = UkiUljxji- (352)

If we relabel : <+ 7 then we see that the two expressions are the same. Now the ‘eigentensors’
of P, are tensors that are either symmetric or anti-symmetric in the first pair of indices. So
an eigentensor of permutations remains an eigentensor under permutations after the action of
SU(N). So tensors with definite behavior under permutation of indices retain that behavior after
being transformed by SU(N). This makes plausible why tensors of a definite symmetry class can
be an invariant subspace for the action of SU(N), in fact they carry irreducible representations.

e Spaces of tensors also carry representations of the more familiar rotation group SO(3). We
recall from the study of orbital angular momentum in QM that the irreps of SO(3) are labeled
by [ =0,1,2,3,... and are of dimension 2/ + 1. The angular momentum 1 representation is in
fact carried by the space of real symmetric tranceless tensors of rank /. Indeed, the space of all
Cartesian tensors on R® of rank [ is 3, since each index can take three possible values, and the
different tensors components are independent. Now the symmetric tensors among these span a
space of dimension (! + 2)({ + 1)/2. To count these we may enumerate symmetric tensors by
saying how many of the n indices are 1’s, how many are 2’s and how many are 3’s. To find
this number, we imagine placing all the 1’s first followed by the 2’s and then then 3’s, like in
111]2]333. Assuming there is at least one two, this is equivalent to the problem of inserting two
vertical dividers in [ + 1 possible places, there are (lgl) ways of doing this. To this we must
add the cases where there are no 2’s. This corresponds to placing both the vertical dividers in
the same place, there are [ + 1 ways of doing this. Thus the space of symmetric rank [ real
tensors has dimension (‘"1') + ("1') = ("1%) = (1 + 1)(I + 2)/2. Now we restrict further to
traceless symmetric rank [ tensors, by imposing the conditions x;;;,..;, = 0. There are as many
conditions as there are symmetric rank [ — 2 tensors, i.e., (é) conditions. Thus the space of
rank 1 symmetric traceless tensors has dimension (14 2)(l+1)/2—1(l—1)/2 = 2+ 1. Notice

that this is the dimension of the angular momentum [ irrep of SO(3).

10.6.4 Young tableaux and symmetry classes of tensors

e Young diagrams (tableaux) give a convenient way of labelling tensors of a given symmetry
class and thus give a way of labelling irreps of su(3), and more generally, of su(V).
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e The table with no boxes is a tensor with no indices, i.e. a scalar, which carries the trivial 1d
representation of su(/N).

e For example, a symmetric tensor s;j..., 18 denoted by a row of as many boxes as there are
indices [i[j[k]-In]. A single box corresponds to a vector x;. A totally anti-symmetric tensor

;j..n, 18 denoted by a column of as many boxes . More general Young tables stand for tensors

with mixed symmetry, symmetric in some indices and anti-symmetric in others.

e We will not derive all the above statements about representations of su(3) here but will learn
to work with Young Tableaux through examples. Our presentation is based on Kerson Huang’s
book Quarks Leptons and Gauge Fields. We first define Young Tableaux for su(/V) and then
specialise to su(3).

e Tensors of a definite symmetry class are obtained from z;,...;, through the following process.
We fix a partition n = ny + ng + - -+ + ng, of n with summands arranged in decreasing order
(ny >mng > -+ >mny >0). In particular &k < N.

(1) We pick n; indices from ¢4, - - - , %, and symmetrize among them. This operation of sym-
metrization is displayed via a row of n; boxes, with one index per box. E.g. if n; = 2 itis
written as [1J or with indices filled in as = [4]4]. If n = ny = 2 then the corresponding
tensor is just (z;; + ;).

(2) Then we pick ny of the remaining indices, symmetrize among them and display them in a
row of ny boxes. The process is repeated for the remaining indices. The k& rows of ny,no, - - - Nk
boxes are stacked one below the other to form a Young table. E.g. if n = 5,ny = 2,ny =

2,n3 = 1, then we get Eﬂ The lengths of rows is non-increasing as we go down the diagram.

(3) Finally, we anti-symmetrize among the indices in each column of the table (by anti-symmetrization
we mean an average over all permutations weighted by the sign of the permutation).

e This procedure results in a tensor of a definite symmetry class, which is symbolically rep-
resented by the corresponding Young diagram. Young diagrams with n boxes are in 1-1 cor-
respondence with partitions of n. Thus there are as many symmetry classes of rank-n tensors
as there are partitions of n. As mentioned before, tensors of a given symmetry class carry an
irrep of su(/V). Note that there is no restriction on the tensor rank n in comparison to the rank
N —1 of su(N).

e A Young diagram with boxes left empty represents a symmetry class of tensors. When the
boxes are filled with indices, then it represents a specific tensor of that symmetry class, con-
structed from x;,...;, .

e Eg. = %(x” + x;;) are symmetric rank two tensors.

eEg 1= %(a:w — scji) are anti-symmetric rank two tensors.

1 . . .

e Eg. E = g(xijk. — Tjik — Tikj — Thji + Tjki + Trij) i an anti-symmetric rank three tensor.
i

We sum over permutations weighted by the sign of the permutation and divide by the number

of permutations, i.e., the order of the permutation group Ss3 in this case. In the case of su(3),
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this tensor is a multiple of the Levi-Civita tensor ¢;;;, . For su(2) this tensor is simply zero since
each index can take only two values.

e E.g. ,i il = % [%(xmk + xjik) - %(xkji + xjkz)] We first symmetrized in ¢, j and then

antisymmetrize the resulting tensor in k,¢. The resulting tensor is anti-symmetric under k < @
but is not symmetric under 7 <+ j.

e Remarks: Indices in any given column of a table are anti-symmetric under permutation among
themselves, e.g., = —. Indices in a row that do not contain any box underneath are

symmetric among themselves. E.g. ‘émk‘ = L\k\j\. But if an index in a row has been anti-
symmetrized with other indices below, then it does not have any particular symmetry property
under permutation with other indices in the same row, so and are independent tensors.

10.6.5 Young tableau and irreducible representations of su(3)

e Let us now specialize to su(3) where tensor indices can only take three values 1,2, 3. Since
indices in a column of a Young table are anti-symmetrized, columns cannot have length more
than three. What is more, a column with 3 boxes, which stands for a totally anti-symmetric
tensor

1
) E T (o(ok) = = (Tijk + Thig + Tjri — Tikj — Tjik — Thji 353
‘55|§: oot = g (Tigk + Taij + Tjki = Tij — Tjik — Tje)  (353)

o€ES3

in fact carries the trivial representation of su(3), i.e., is unchanged under the group action,
as we argued above. A tensor of rank zero (no indices, zero boxes) also carries the trivial 1d
representation denoted 1. We write E = 1. In fact any column of three boxes can be omitted
from a Young table, it corresponds to a scalar. So an su(3) Young diagram for a non-trivial
irrep can have at most two rows, with m + n and m boxes respectively. The corresponding
irrep is denoted (m,n). (0,0) denotes the trivial representation. Thus, the general Young table
for su(3) is of the form

kol -+ [kudba [42] -+ |in)
Lilla] |l

= Liyeipihrkmily b (354)

Since it is anti-symmetric in each pair (ky,[,), it is convenient to contract with e/\*»'x and
replace each (k,, [)) pair by a single upper index j,. Thus, the Young table for the (m,n) irrep
corresponds to the tensor

J1-g k1l imkml
X“ lm — 6]1 1, Ejm m mxil"'in;kl"'km§l1"'l7rt' (355)

The resulting X{ tensor is symmetric in the upper j-type indices and separately symmetric in
the lower i-type indices. Furthermore, the tensor is traceless in the sense that contracting an
upper with a lower index gives zero: z X ij ij = 0. To see why, we go back to the definition

i1J2Jm __ _d1kily _jokol inknl
E :qu z:l = R L i " Liyig-imiki ke knililo-ln (356)

J
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It will help to look at the simplest case m = n = 1, the general case is similar:

Xf = Eikl%;k;z = iEikl[(xikl + i) — (Tak + i) (357)
We have written out the symmetrization in the indices of the first row of the table followed by
the anti-symmetrization in the indices of the first column. Now ¢**! is anti-symmetric in both
1 <> k and 7 <> [. The first two terms in parantheses are symmetric under ¢ <+ k£ and the next
two are symmetric under i < . Thus X} = 0.

e By assumption, the lower indices on z/ transform in the fundamental representation of su(3).
Remarkably, the upper j-‘type’ indices on z7 obtained by contracting x;.x.;, with € transform
in the conjugate of the fundamental representation! For instance, this means the anti-symmetric
second rank tensors carry the 3* representation. To see this it suffices to consider one upper
index X7 = /¥ z;;. We know that this transforms to

X" = MU Up gy (358)
Our claim is that this is the same as
X7 = (U)X = (UT¥ 2. (359)
To show that these two are the same, it suffices (since x/ is arbitrary) to show that
MU U = (U*)i3F (360)

Now multiply by Uj;; on either side and sum over j. This produces an equivalent condition,
since U is an invertible matrix. So it suffices to show that

ikl ? - Y
e Ujj'Ukk’Ull’ == (U*)jJUjj/EJ
? ~ . ~
= detUEj’k:’l’ = (UT)j]Ujj/Ejk/l/
? ~
& ey = Gyt (361)

which is an identity! We use the fact that UT = U*! and that UTU = I. Thus we have shown
that an anti-symmetric pair of lower (quark, fundamental indices) when contracted with ¢ and
converted to an upper index, transforms in the conjugate of the fundamental representation. So
in the irreducible tensor X7, the J are anti-quark indices and I are quark indices. From here

on we will always raise anti-symmetric pairs of lower indices and rename X7 as 7.

10.6.6 Dimension of irrep (m,n)

e The linear space of (m,n)-tensors :pflf;” (denoted by the Young table with m + n boxes in
the first row and m boxes in the second row) carry the (m,n) irrep of su(3). These components
aren’t all independent since they are symmetric in the j’s and i’s separately and also traceless.
The number of independent tensors D(m,n) is the dimension of the irrep, which we calculate
here.
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e E.g. Consider first symmetric rank 7 tensors, corresponding to the table [1]2[3[-T-[n]. We
have already argued (or see below) that the space of symmetric rank n tensors has dimension

("1?). Thus we must have D(0,n) = 3(n+2)(n +1).

e More generally, the number of symmetric strings j; - - - j,,, 1S the number of ways of choosing
o1 1’'s 09 2’s and o3 3’s with 07 + 09 + 03 = m and o; > 0. This number is P,, =
(" + (") = L(m + 1)(m + 2)°'. Thus the number of ways of choosing J and I is
P, P,. But these aren’t all independent due to the trace condition, which imposes P, 1P, 1

constraints. Thus
1
D(m,n) = PP, — Py 1Py 1 = i(m +1)(n+1)(m+n+2). (362)

The i and j indices on the tensors 7 in the (m, n) representation transform respectively in the
fundamental and anti-fundamental representations
13137 * * * g1
i = Ug Uiy Ugy o Ui Ui+ Ui, 03,57 (363)

From this it is clear that (n,m) = (m,n)* is the conjugate representation to (m,n) transform-
ing via the complex conjugate matrices. (n,n) is self-conjugate and has dimension (n + 1)3.

Weights by hooks formula for D(m,n):

e There is another way of writing the formula for the dimension D(m, n) of the (m,n) irrep of
su(3), which we state here. It expresses D(m,n) as the quotient of the product of ‘weights’ and
the product of ‘hooks’. The weights are numbers that we put in the boxes of the Young table,
starting with NV = 3 in the LH top corner box and increasing by one to the right. In the second
row, the weights start with NV —1 = 2 and increase by one in successive boxes to the right. E.g.

the weights for the 8 irrep are |3 4] In general, for a Young table with m + n boxes in the top

row and m boxes in the second row, the weights in the first row are 3,4, --- , (m +n + 2) and
the weights in the second row are 2,3,--- ,m + 1.

RS D N

23] ] (364)

So the product of weights is
1
Hweights = §(m+n+ 2)l(m + 1)! (365)

The hook lengths are numbers placed in each box of the Young diagram. The hook length of
a box is the number of boxes to its right plus the number of boxes below it plus one. E.g., the

hooks for the 8 irrep are ‘z’ U In general the hooks in the lower row beginning from the left

S1Imagine arranging o1 > 0 1’s followed by a | followed by 5 > 0 2’s followed by a | followed by o3 > 0
3’s where o1 + 02 + 03 = m. E.g. 11|2|333, |22|3, 11|33, 1|2| etc. The number of such arrangements with
o2 > 0 is the number of ways of placing two |’s in m + 1 possible slots, i.e., (mg'l). To this we must ass the
possibilities with o5 = 0. For the latter we need only insert one | in one of m -+ 1 locations, which may be done

in (") ways. Adding we get P, = (") + (™).
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are m,m — 1,--- , 1. The hooks in the upper row beginning from the left are m +n + 1, m +
n,o--,n+2;n,n—1,---,1.

m+ +1|| . n+‘|n|-|2|1|
mlmhi-[2]1 (366)

Thus the product of hook lengths is

HhookS: mIn!(m +n +1)! _ m!(m+n+1)!' (367)
(n+1)! (n+1)

It is now easy to check that the ratio of product of weights to product of hooks is equal to the
previously computed dimension D(m, n)
[] weights 1

[Thooks S(m+n+2)(m+1)(n+1) = D(m,n). (368)

10.6.7 Examples of low-dimensional irreducible reps of su(3)

e We summarise some results about su(3) irreps here. The (m,n) irrep (integers m,n >
0) has a Young table with first row with m + n boxes and second row with m boxes and
corresponds to a tensor a:fllf:‘ with m upper (anti-quark) indices and n lower (quark) indices
transforming via U = e~ 2% and U* = e2Xi respectively. Dimension of the (m,n) irrep
is D(m,n) = 3(n+ 1)(m + 1)(n + m + 2). (m,n) is inequivalent to (m/,n’) if n # n/
or m # m’. Value of the Casimir in the (m,n) irrep is F? = £(m? + mn + n?) + (m + n).
Particles transforming in the irrep (m,n) can have baryon number B = (n—m)/3 since quarks
and anti-quarks have baryon number +1/3. We will see that they may also have certain other

baryon numbers B = (n —m)/3 + j for some integer integer j.

e Examples: (0,0) is the trivial 1d representation 1 carried by the space of tensors with no
indices i.e, scalar multiples of 1. It may be represented by the Young tableau with no boxes. As
mentioned before, totally anti-symmetric 3rd rank tensors \e;j;;, also carry the trivial represen-

tation and are labelled by E

e (0,1) =1 is the defining or fundamental 3d (quark) representation 3 carried by z;. (1,0) =
3* =H is the anti-fundamental representation carried by «* (anti-quarks).

e (1,1) =8=8"= Bj is the self-conjugate octet carried by a traceless tensor xf with one
quark and one anti-quark index (the pseudo scalar pion octet or vector meson p octet). The
octet is also equivalent to the adjoint representation of su(3), where the matrix elements are the
same as the structure constants. How is this related to the baryon (nucleon) octet?

e Recall that xf was obtained by contracting the original tensor - = ;. by M, xi =
ejkl:vi;k;l. In general, the totally anti-symmetric ¢;;;, can be used to lower anti-quark indices
and turn them into a pair of anti-symmetric quark indices A;; = el-jkxk with A;; transforming
as z;x;. Thus we may view the upper anti-quark index in the :cf as an anti-symmetric pair of

quark indices. By this process we may identify the pion octet with the baryon octet, they behave
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in the same way under su(3). However, the process of replacing an anti-quark index with an
anti-symmetric pair of quark indices increases the baryon number of the states by one.

e Similarly, one may replace a quark index by an anti-symmetric pair of anti-quark indices by
raising using ¢**'. In this manner one obtains the tensors carrying the anti-nucleon octet from
those of the pion octet xf e’ As far as su(3) is concerned, the pseudo scalar mesons, vector
mesons, nucleons and anti-nucleons all transform in the octet 8.

e The possibility to replace a quark index with a pair of anti-quark indices and an anti-quark
index with a pair of quark indices means that that (m, n) could correspond to particle multiplets
with various baryon numbers, all congruent to (n — m)/3 modulo 1.

e (0,3) = 10 denoted by [TT] consists of symmetric tensors with 3 quark indices z;j;, while
(3,0) = 10* = HE corresponds to symmetric tensors with 3 anti-quark indices 2*/*. The A
baryon decuplet and the A anti-baryon decuplet transform in these inequivalent irreps. More
examples of su(3) irreps are given in the table.

dim and irrep | (m,n) | Tableau ™ boxes | Tensor x'. /™, particles F? | B(mod1)

1=trivial (0,0) n 1, singlet 0 0
3=fundamental 0,1) ] x;, colored quarks 4/3 %

3 —=anti-fund (1,0) H x¢, colored anti-quarks 4/3 —%
6 0,2) (| x4, colored diquark 10/3 %

6 (2,0) . 2%, colored diantiquark | 10/3 -2
8 = 8=adjoint | (1,1) L a:;-, x! = 0, pion octet 3 0
10 0,3) 1T Tijks %+ baryon decuplet 6 1

10 (3,0) 2% 3T B — _1 decuplet | 6 1

15 (1,2) hy, 2y, =0 16/3 z

15 2.1) | zl ! =0 16/3 -1

15' 04) OO gk 28/3 3

15 (4,0 zH! 83| -2

24 (1,3) mj,d mkl =0 25/3 2

24 3.1 ‘ a7 =0 25/3 ~2

27 = 27 (2,2) ‘ zy, xy =0 8 0

e We notice that the su(3) irreps with non-integer baryon number are not realized in the spec-
trum of hadrons. This is not explained by flavor su(3) symmetry but by the hypothesis that
color is confined within hadrons.

10.6.8 Weight diagrams for su(3) irreps

e The generators of the su(3) Lie algebra may be divided into Cartan generators A3, Ag which
span a maximal abelian subalgebra and the raising and lowering operators I, Uy, V..

e The Cartan generators %)\3, ‘/75)\8 are diagonal both in the fundamental representation 3 and
also in any irrep (m,n). Thus each state of the irrep (m,n) is characterized by a pair of
eigenvalues (say [3,Y") of the Cartan generators. A weight diagram displays the D(m,n)
states of an irreducible su(3) multiplet as points on the /3 — Y plane. The weight diagram
for 3 = [ (carried by z;) is an isoceles triangle with vertex (s) ‘pointing downwards’, the
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3 vertices are u(1/2,1/3),d(—1/2,1/3),s(0,—2/3). The triangle is not equilateral since I3
and Y (unlike A3 and \g) do not have the same length with respect to the Cartan metric. The
weight diagram for 3* carried by z° is an isoceles triangle with vertex ‘pointing upwards’. To
obtain weight diagrams for other representations, it is convenient to define a ‘diamond’ lattice
on the /3-Y plane whose sites are integer linear combinations of the three lattice vectors x; =
(1/2,1/3),x9 = (—1/2,1/3),x3 = (0, —2/3) which are the position vectors of u,d, s in the
weight diagram of 3. Then the weight diagram of the (m,n) irrep carried by xfllf: consists
of D(m,n) lattice sites, one each for the D(m,n) linearly independent tensor components of
the representation. Each linearly independent tensor component wfllf;” is assigned the lattice
vector x;, + --- + Xx;, — (xj, + -+ +X;,,). Several tensor components may occupy the same
site in a weight diagram. E.g. the origin of the hexagonal weight diagram of the octet 8 is
doubly occupied. Moreover, the weight diagram is purely an su(3) property, it does not know
about baryon number or spin. So the nucleon, anti-nucleon and pseudoscalar meson and vector

meson octets have the same weight diagrams.

e E.g. Weight diagram of 8 corresponding to traceless tensors a:f There are 7 distinct lattice
sites for the 8 independent states, forming a hexagon with center doubly occupied. z}, 3, x3
all correspond to the zero weight vector x; — x; = X3 — Xy = x3 — x3 = 0. By xi = 0 only

two of these are independent and it is conventional to choose the combinations \%(x% — 2)

and \/%(:):} + 2) since these transform under isospin as an isosinglet and in an isotriplet with
xd and x?. The lattice sites for the remaining 6 tensor components are

LL’% — X2 —X1, ZL‘% — X1 —Xg9, x‘g — X3—X2, l’% — X9 —X3, :L‘:i — X1 —X3, ZE% — X3—X1,
(369)
Draw the weight diagram for 8 and also for 10 and 10*.

e Recall from the su(3) commutation relations that I, V., U~ raise and lower the weight I3
by one, half and half respectively. I, leave Y unchanged while U, V. raise and lower Y by
one. Thus the raising and lowering operators annihilate states with maximal or minimal values
of I3 and Y . Such highest or lowest weight states (also known as ‘maximally stretched states’)
lie on the periphery of the weight diagram. In the case of 8, each of the 6 states on the periphery
of the hexagon are annihilated by one or more of the raising or lowering operators.

10.6.9 Decomposition of tensor products of su(3) representations

e Just as we have rules for decomposing tensor products of su(2) representations as direct sums
ofirreps,e.g., j@j =i+ 7|®lj+ji -1 & --®|j— j/| there are rules for decomposing
tensor products of su(3) irreps. These rules are stated in terms of the Young tableaux (see
Georgi, Lie algebras in particle physics or other group theory books). Suppose we take the
tensor product of two representations A, B with Young tableaux A and B. A® B is the direct
sum of several irreps. Of course the product of the dimensions of A and B must equal the sum
of the dimensions of the irreps appearing in the decomposition. Moreover, the irreps appearing
in the decomposition A ® B are the same as those appearing in B ® A. However, it is easier to
find the decomposition when the second factor has a simpler Young table compared to the first,
using the following rules. The simplest cases of A ® B are when B = [J is the fundamental.
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Then the rule is simply to affix a box in all possible ways to A to arrive at a sum of legal Young
tables. Let us look at some examples.

e 3®3=0Q0= DJGBB. Thus 3 ® 3 = 6 @ 3*. The rule here is that we affix the box from
the second factor in all possible ways onto the Young tableau of the first representation to arrive
at a legal Young table. In terms of tensors, this decomposes x;x; as the sum of its symmetric
and anti-symmetric part and identifies the anti-symmetric part A;; with the anti-fundamental
representation 3* by contracting with €/ . It follows that we do not ‘need’ the anti-fundamental
representation, it appears as a summand in the decomposition of tensor products of 3. In fact, all
irreps arise as summands in the decomposition of tensor products of copies of the fundamental
3. 6 does not appear in the spectrum of hadrons, it has fractional baryon number.

e 3*®3=Heo=H! @E. = 8 ® 1. The dimensions are 9 on either side. In other words, by
combining a quark and an anti-quark we get an octet and a singlet. This is realised in the pion
octet along with nearby singlet 7" and the vector meson octet with nearby singlet ¢.

e 6®R3 =R =111 Hj = 10 & 8. Soon we will use this to ‘make’ baryons from
a product of three copies of 3 using the distributivity of tensor product over direct sum. The
decomposition 6 ® 3 = 10 @ 8 corresponds to the decomposition of the product z;;y;, of a
symmetric tensor (6) and a vector (3) as the sum of a symmetric 3rd rank tensor (10) and a
tensor carrying 8, via the identity

1

1
Tk = 3 (zijye + Ty + Trjys) + 3 (iyr — ijys) + (Tijye — 2riy;)] (370)

The first term is clearly a symmetric 3rd rank tensor (note, x;; is already symmetric), say w;;p
which we know carries 10. The second parenthesis contains the rest, we write it as a sum of
two terms related by ¢ <> j symmetrization. To see that x;;y, — x;y; transforms as 8 we
define a (1,1) tensor by contracting with ¢, 2 = €*(z;yx — xy;u:). 2} is traceless 2¢ = 0,
so it transforms in the 8 representation.

*30303=-(603)23-60363 ©3-10080801 —muef o el
Note that the dimensions are 27 on either side and that 8 appears with multiplicity 2 in the
decomposition. Thus a system of three light quarks can transform as a decuplet, octet or singlet
under su(3). Examples include the J¥ = %Jr A decuplet, the J¥ = %Jr nucleon octet and the
AY singlet.

e 83 =Hoo=H-eH® @j = 15® 6" @ 3. The column of three boxes corresponds

to the trivial representation and was eliminated from the last diagram. Note that the dimensions
are 24 on either side.

e Under complex conjugation A B=C® D &...becomes A*Q@ B*=C*"®D*®....In
particular we must have 3* ® 3* = 6* & 3 =& O etc.

e To decompose a tensor product of irreps A ® B when B has more than one box we need to
preserve the anti-symmetry in any pair of indices that appear in a common column of A or B,
provided the indices appear in the final tableau. We state without proof (see Georgi) the rules
for decomposing A ® B by adding to A, the boxes of B. We place the label a in each box of
the first row of B and the label b in the second row of B. Step 1: Take the boxes labelled a
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and stick them onto A in all possible ways (to the right or below existing boxes) to form several
legal tableaux while ensuring two as do not appear in the same column. Step 2: Take the b
boxes and add them to the tables from step 1 in all possible ways (to the right or below existing
boxes) to form Young tables subject to one condition. Reading along the rows from right to left
and from top row downwards, the number of a’s must be > the number of 0’s at any stage.

e Apply these rules to obtain the Clebsch-Gordan decompositions (1) 3 ® 3* = 8 ® 1 (note 8,
1 are both self-conjugate.) (2) 3* ®3*=6"$3 and (3) 88 =27T0100 10" H8E8 b1
(both reps are 64 dimensional).

10.6.10 Mass formula of Gell-Mann and Okubo

e Isospin su(2) (spanned by A, )2, \3) is a very good symmetry of the strong interactions
(masses in a multiplet are degenerate to a percent or better), and strangeness or hypercharge
(Ag) is conserved in all strong interactions. But the rest of flavor su(3) is not quite as good a
symmetry: masses within the baryon octet vary from 939 to 1318 MeV. Gell-Mann suggested a
division of strong interactions into those governed by hamiltonian Hy, that preserve su(3) (Hy
commutes with all \,) and those governed by H;, that commutes only with isospin A1, Ag, A3
and hypercharge \g generators of su(3). H; was to be treated as a perturbation to Hy. The
idea was that Hy is responsible for the main common mass M, of the members of an su(3)
multiplet, while H; is responsible for the mass splittings between different isospin multiplets
within the larger su(3) multiplet. Based purely on group theoretic arguments (i.e. that H; trans-
forms as Ag (recall Ay commutes with A\ 53 and Ag) and use of the Wigner-Eckart theorem,
but without detailed knowledge of H; or H; ), Gell-Mann and Okubo independently obtained a
formula for the masses of members of a multiplet. For the nucleon octet, the masses of various
isospin multiplets are (see Georgi)

20X Y X v
My=My— 2 4 = My=My+ 4 ——
NEEYT T T VIR T 1 T V12
X Y X 2y

N RRViTA = + 2 i (371)
These are four predictions in terms of three unknown parameters. The constants My, X, Y
are not determined by symmetry arguments, they depend on the detailed dynamics of strong
interactions. But My, X and Y can be eliminated to arrive at the parameter-free Gell-Mann
Okubo mass formula
Q(MN—l-ME) = 3My + Ms. (372)

Putting in the measured values My = 940, My, = 1190, M= = 1320 the mass formula predicts
M, = 1110 which compares favorably with the experimental value M, = 1115 MeV.

e For the baryon decuplet the Gell-Mann-Okubo mass formula predicts equal spacing between
1sospin multiplets that differ by one unit of strangeness: My« — Ma = Mz« — Ms+« = Mq- —
M=+ . The measured masses Ma = 1230, My» = 1385, M=+ = 1530, Mq- = 1672 are nearly
equally spaced: AM = 155,145 and 142. In the quark model this may be understood as due
to the addition of one strange quark in place of a u or d quark each time S decreases by one.
This also suggests that the strange quark has a mass of about 100 — 140 MeV.
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e In fact, the 2~ had not been discovered when Gell-Mann and Okubo proposed their mass
formula. Based on the structure of the su(3) 10 representation and mass formula, Gell-Mann
and Ne’eman (independently) in 1962 predicted the existence of the S = —3 baryon (2~ at a
mass of about 1680 MeV, and also predicted that the 2~ would be long lived unlike the other
baryon resonances. This is because it is not heavy enough to decay in a strangeness conserving
strong process to two or more lighter hadrons with total baryon number one (e.g. an S = —2
=* baryon and an S = —1 kaon). Thus they predicted that it would decay weakly ina AS =1
transition to =~ 7%, =7~ or AYK~. The Q(1672) was discovered at Brookhaven by Barnes
et. al., in 1964 near the predicted mass and underwent weak decay as predicted. This was
spectacular confirmation of the approximate su(3) flavor symmetry of the strong interactions.

10.7 Gell-Mann and Zweig quark model

e In the discussion of su(3) flavor symmetry, u, d ands quarks were simply names for three
independent states of the fundamental representation 3 = J. They did not have a dynamical
significance as interacting particles with mass, spin etc. Gell-Mann and Zweig (1964) suggested
that quarks may in fact be constituents of hadrons. The difficulty was that quarks had not (and
still have not) been detected as isolated fractionally charged particles. The forces among quarks
would have to be such that quarks are confined within hadrons. There was no precedent for this
in physics nor a mechanism to achieve this in the 1960s. Today, we have good empirical reasons
to believe that quarks do exist, and that they are confined within hadrons due to the strong force
mediated by gluons and described by QCD. More on QCD later.

e The quark model postulates that hadrons are bound states of particles called quarks and their
anti-particles. We will discuss their spin, mass etc later. Baryons are assumed to be made
of three quarks and mesons of a quark and anti-quark. For this to work, quarks (anti-quarks)
must have B = i%. Baryon number is the conserved gty corresponding to global U(1) phase
changes of quark fields. B is additive for a composite system of quarks and anti-quarks. U(1)p
commutes with flavor SU(3). The u, d, s quarks are assigned quantum numbers ), I3 and Y
and S =Y — B (and their negatives for anti-quarks) as discussed in the context of su(3) flavor
symmetry. Each of these is diagonal in the fundamental representation with diagonal elements
given below

1 1 11 2 Y 2 1 1
I3 — (5, —5,0), Y — (§’ 3 _§)’ S —(0,0,—-1), Q=1I3+ 77 (5’ —3 _§>‘

(373)

e The su(3) irrep (m,n) carried by the space of tensors xfllf;” is regarded as a multiplet of

D(m,n) particles composed of quarks. I3 and Y (and therefore ) and S) for a composite

system of quarks and anti-quarks is additive. This also follows from from su(3) representation

theory: if a generator \ is diagonal in the fundamental rep 3, (e.g. the Cartan generators A3, \g)

then it is diagonal in any irrep. Moreover, if the eigenvalues of A\ are ci, co, c3 in 3, then its

eigenvalues in the irrep (m, n) carried by x{llf:‘ are ¢;, +---+c¢, — (¢, +---+¢j,.).

e By requiring all the particles of an irreducible multiplet (m,n) to have a given fixed baryon

number, their quark composition can be fixed. To fix the quark composition, recall that each
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lower index ¢ can be regarded either as a quark constituent or an anti-symmetric pair of anti-
quark constituents, by contraction with /**. These two possibilities differ in baryon number

B = 1/3 or —2/3. Specifically, 7; can be a u quark or an anti-symmetrized (23) = (d5)
pair. Anti-symmetrization refers to anti-symmetrization in flavor quantum numbers (23) =
1(d(1)5(2) — 5(2)d(1)). Similarly, z3 = d or (31) = (5u) and z3 = s or (12) = (ud

Similarly, an upper index j can be an anti-quark or an anti-symmetric pair of quarks: z! = @
or (23) = (ds), 22 = d or (su) and 2% = 5 or (ud).

e E.g. The traceless tensors xf carrying the adjoint rep 8 = Bj refer to an octet of ¢q bound
states (mesons) if B = 0 and to an octet of 3 quark bound states (baryons) if B = 1. The
anti-symmetrization in two of the quarks enters the baryon wave function, as we will discuss
later. The tensors x; with baryon number 1/3 are just the triplet of quarks. The symmetric

tensors x;;, with B = 1 are the decuplet of baryons etc.

e Since no hadron with non-integer B has been detected, we suppose there is some deeper
dynamical reason (color confinement in QCD) which explains why multiplets with fractional
B are not observed. The allowed multiplets are those whose Young tableaux contain a number
of boxes that is divisible by three. Recall that the irrep (m,n) has a Young table with 2m + n
boxes and corresponds to the tensor xfllf: The tensor has n quark and m anti-quark indices
which corresponds to a multiplet with B = (m — n)/3 modulo one. For B to be an integer,
n — m must be a multiple of 3, or equivalently n — m + 3m = n + 2m must be a multiple of

three. Examples of such multiplets are 1,8, 10, 10", 27 etc.

e Let us consider the possible quark composition of 8, i.e. traceless (1, 1) tensors z;. This
could describe a multiplet of mesons (i.e., B = 0) since there is one quark and one anti-quark
index. The 8 states in the weight diagram of 8 then correspond to mesons with the following
quark content

x%:ﬂd:’ﬂ'_, x%: _u:7T+, $3_CZS_KO g sd = KO, _
xi’zEu:KJr, xézﬂs:Kﬂ x1+x2—uu+dd— 0 % x%zﬂu—dd:n(374)

These mesons have been identified with the members of the pseudoscalar pion octet, the same
quark composition also applies to the vector meson octet p, K*,w. Note that there is some
mixing between the iso-singlet %u — dd which is a member of 8 and tu + dd + 3s, which is a
member of 1 (su(3) singlet and su(2) singlet) to form the physical states 7, 7’.

e 8 could also describe a multiplet of baryons (B = 1) if we convert the upper anti-quark index
to an anti-symmetric pair of lower quark indices e]kl:z:j It could also describe an anti-baryon
multiplet by raising the lower quark index €**!z; ] . To obtain the quark content of the baryons
we simply replace each anti-quark label, such as @ by the corresponding anti-symmetrized
pair of quark indices @ — (ds) where (ds) = d(1)s(2) — d(2)s(1) where 1,2 identify the
two quarks and u(1),d(1),s(1) are a basis for the su(3) flavour states of the first quark and
similarly u(2),d(2), s(2) are a basis for the flavor states of the second quark. Thus the quark
compositions of the 8 states in the weight diagram are

Ty =(ds)d=%", 22 =(su)u=X", 235=(su)s=2",
r5 = (ud)d=n, 2°=(udu=p, 3= (ds)s ==,
ry+ a5 = (ds)u+ (su)d =X°, @7 — a5 = (ds)u — (su)d = A"  (375)



We have identified these 3-quark baryons with members of the nucleon octet. Mark these on a
weight lattice.

e Similarly, find the anti-quark content of the 8 states of the anti-baryon octet and indicate them
on a weight diagram.

e 10 carried by the symmetric 3rd rank tensors x;;; can have baryon number one and corre-
spond to the baryon decuplet (the lowest lying decuplet is the A decuplet). The quark compo-
sitions of the states in the weight diagram are easily identified (Y increases upwards and /5 to
the right)

T9229 — ddd = Ai, T9221 — ddu = AO, T211 — duu = AJr, 111 — uuu = A++
T322 — sdd = 27*, T321 — sdu = 20*, T311 — sdu = Z+*,
X330 = Ssd = 2= F, Tgq = Ssu = =0F,
T3zz = Sss = 7. (376)

Similarly, one may arrive at the quark composition of the anti-baryon decuplet which carries
the inequivalent conjugate representation 10*.

e However, 10 could also correspond to a multiplet with B = 0, by converting a quark index to
an anti-symmetric pair of anti-quark indices €™z;;;. Such a decuplet would consist of mesons
composed of two quarks and two anti-quarks (gqgg). Such mesons are not common at low
masses and are called exotic, they are probably very unstable, though they are allowed by color
confinement. There are several experimentally detected hadronic resonances that may be exotic,
such as X(3872),Y(3940), Y(4140),Zc(3900), Z(4430) with masses in MeV indicated. In fact,
10 could even correspond to exotic anti-baryons €"/¢!™ix, ;. with the quark content §Ggqq.
Similarly, there are exotic B = 2 states that cannot be separated into a pair of color singlet
B =1 states (‘exotic’ deuteron) and so on for higher baryon number. These exotic hadrons are
not the same as conventional nuclei, they are probably more massive and more unstable and do
not seem to play a role in nuclear physics except possibly at the very high densities in the early
universe.

e The quark model also provides an explanation for why su(2) isospin is not quite an exact
symmetry of the strong interactions: the up and down quarks are not equally massive (3 — 7
MeV). Flavor su(3) symmetry is even less exact since the strange quark has a mass of order
100 MeV - 150 MeV. Moreover, the Gell-Mann-Okubo formula for the constancy of the mass
differences between isospin multiplets within the A decuplet may simply be interpreted as due
to the addition of a strange quark as strangeness decreases by one.

10.8 Flavor and spin: su(4) and su(6)

e So far we have only discussed the quark flavor composition of hadron multiplets with given
baryon number. The relevant symmetry groups are U(1) for baryon number, su(2) for isospin
or its enlarged version flavor su(3). Now we would like to include the other degrees of free-
dom of quarks, such as spin and location. As a first step, consider only flavor and spin, so
that the space-time dynamics is still ignored. Given the success of su(2) and su(3) there were
attempts to find enlarged (approximate) symmetry groups whose representations were realized
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on multiplets of hadrons. The simplest such possibility is su(4) which comes from combining
su(2) isospin with su(2) spin in a non-relativistic approximation. Recall from atomic physics
that spin-orbit coupling is a relativistic effect that may be derived from the Dirac equation. In
the non-relativistic approximation distinct spin projections have the same energy. su(4) sym-
metry in its defining fundamental representation is acts on the 4d vector space spanned by
u T,u |,d T,d | with arrows indicating spin projections of the two quark flavors. It is sup-
posed that special unitary transformations in the 4d space spanned by these, are an approximate
symmetry of the strong interactions. A treatment where spin is separated from orbital angular
momentum is typically justified only in non-relativistic qm, so su(4) can only be a very approx-
imate symmetry, especially for light quarks. Similarly, Gursey, Radicati and Sakita suggested
an approximate su(6) symmetry by including the strange quark.

o If su(4) were a symmetry, then by analogy with su(3), the mesons and baryons would come
in multiplets that appear in the decomposition of 4 ®4* and 4 ® 4 ® 4 into irreps. Interestingly,
this seems to be roughly true. Use the rules for decomposing tensor products and the weights
by hooks rules to show that

4x4x4=08080=20020 02004 =ToeFefed (7

4 ® 4 ® 4 includes a 20 in its decomposition, corresponding to symmetric 3rd rank tensors.
These 20 states can be identified with the 4 spin-isospin states of the nucleon doublet and the
16 spin-isospin states of the spin 3/2 A quartet. These 20 hadronic states n T,n J,p T,p |
JAT(3/2),A7(1/2), A~ (—1/2), A= (—3/2), - - - carry the 20 representation of SU(4).

e Similarly, for su(6), we have the decompositions 6* ® 6 = 1 + 35.

@@DE@§]1®35. (378)

The states of 35 with B = 0 can be identified with the 8 flavor states of the pseudoscalar
pion octet + 24 spin-flavor states of the spin-1 vector meson (p) octet and the 3 spin states of
the vector meson su(3) singlet ¢. The spin-0 su(3) singlet 7' can be identified with the su(6)
singlet in the decomposition 35 @ 1.

e Moreover, there is a 56 carried by symmetric 3rd rank tensors with B = 1 in the decompo-
sition (use the weights by hook lengths formula to get the dimensions of irreps)

6% 6x6=56070070020=rn6H e e (379)

These 56 baryon states can be identified with the union of the 16 spin-flavor states of the spin-
half N -octet and the 40 spin-flavor states of the A spin-3/2 decuplet.

e While isospin and flavor su(3) are internal symmetries, spin is a space-time symmetry (spin
SU(2) arises in the study of the representations of the Pioncare group). However, treating spin
in a manner distinct from orbital angular momentum is only justified in a non-relativistic ap-
proximation. Given the above successes, physicists tried to combine space-time and internal
symmetries in non-trivial ways (i.e. other than as a cartesian product) into larger groups that
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could be the symmetries of a relativistic quantum system. However, no non-trivial way was
found. In fact, Coleman and Mandula argued that if a Lie algebra combined both space-time and
internal symmetry generators in a non-trivial way, a field theory that possessed this symmetry
would have a trivial S-matrix in 3+ 1 dimensions, i.e., the fields would not interact and particles
would not scatter. This Coleman-Mandula theorem is based on some assumptions, which can be
relaxed to get non-trivial interacting field theories that are invariant under symmetry groups that
combine space-time and internal symmetries in non-trivial ways. One such possibility is pro-
vided by dropping the condition that the infinitesimal symmetries form a Lie algebra. If some
of the generators satisfy commutation relations and some satisfy anti-commutation relations,
one can get a Z, graded Lie algebra also known as a Lie super-algebra, using which one may
circumvent the Coleman Mandula no-go theorem. This idea has been realized in supersymmet-
ric (SUSY) field theories. However, nature seems not to have chosen to unite space-time and
internal symmetries via SUSY in a relativistic theory of hadrons. Instead, nature seems to have
selected a non-trivial generalization of electromagnetism, i.e., non-abelian gauge theory [based
on a new and unexpected internal color symmetry] for the strong interactions of hadrons.

10.9 Need for colored quarks

e Now we try to extend the quark model by including translational degrees of freedom so that
quarks are described by wave functions that depend on position, spin projection and flavour.
We ignore the mass differences between u, d, s quarks and treat quarks as identical particles,
the different quarks are simply different flavor states (i.e. with different /3 or Y'). Being spin
half particles the total wave function must be anti-symmetric under exchange of space, spin
and flavour of all quarks. The simplest possibility, by analogy with multi-electron atoms or
nuclear shell models is to suppose that quarks move in a mean field produced by the other
quarks and occupy single particle orbitals that are suitably anti-symmetrized to satisfy Fermi
statistics. Now the su(4) and su(6) models say that the lowest lying baryons nucleon octet
and delta decuplet transform in the symmetric rank three tensor representations. So the wave
functions of the quarks in these baryons must be symmetric under exchange of spin and flavor.
Particularly simple examples are the J, = 3/2 states of A*" A~ and Q= which have 3 up,
3 down and 3 strange quarks respectively, all with the same flavor and spin-projection. To
satisfy Pauli exclusion, the wave function must be anti-symmetric under exchange of positions
of quarks in the baryon. In particular the quarks cannot all be in the same lowest .S wave orbital
which would be expected to minimize energy. However, this is not supported by experimental
facts, to say nothing of the theoretical difficulty in constructing a rotationally-invariant model
of forces between quarks where the ground state is not spherically symmetric. For instance,
pions and nucleons have roughly the same size (charge radii). In a meson, the quark and anti-
quark can both be in the same S-wave orbital since they are not identical particles, this would
minimize energy. Since nucleons have the same charge radii as pions, the data favors all quarks
to occupy the same spatial S orbital. Moreover, if the quarks were in different spatial orbitals,
at least one of them would have a node, which would lead to a zero in the electric form factor
(a measure of the charge distribution), which is not seen in the data. Something is not right.
If we trust the su(4) and su(6) symmetries then we cannot seem to be able to satisfy Pauli
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exclusion and match experiment. It appeared that quarks behave like bosons to the extent that at
most three quarks could occupy the same state, despite having spin half. To resolve this puzzle,
it was suggested that quarks may satisfy a new kind of ‘parastatistics’ different from Bose and
Fermi or that the su(4) and su(6) arguments were not to be trusted since they relied on a
non-relativistic treatment. The resolution of this puzzle that has subsequently been confirmed
by experiment is that quarks possess an additional ‘color’ degree of freedom (having nothing
to do with color of light) and transform in the fundamental representation of su(3) color. So
each flavor of quark comes in three possible colors having the same mass and charge. SU(3)
rotates among the three color states. su(3) color is believed to be an exact symmetry, unlike the
approximate su(3) flavor symmetry. The three quarks in a baryon of the N octet or A decuplet
are anti-symmetric under interchange of color, allowing all three of them to occupy the same
spatial orbital and still satisfy Fermi-Dirac statistics.

e There are several other reasons for believing that quarks come in precisely N, = 3 colors,
both theoretical and experimental.

e The current theory of strong interactions QCD is a non-abelian gauge theory with color play-
ing the role that electric charge plays in the abelian gauge theory QED. There are good reasons
(numerical and from simpler models) to believe that quantum chromodynamics confines color
so that all hadrons must be color neutral (i.e., color singlets, transforming in the trivial repre-
sentation of su(3) color). If this were true, it would also explain why observed hadrons have
integer baryon number. This is because the trivial representation of color has the Young tables
with no boxes or a column of three or two columns of three each. The number of boxes is equal
to one third the baryon number, since each box can be regarded as coming from one quark,
which has baryon number 1/3. Color confinement would also explain why quarks are confined
within hadrons and have not been isolated.

e Recall that the neutral pion predominantly decays to 2 photons. To leading order, the decay
amplitude is encoded in a ‘triangle diagram’ with a virtual quark loop. One must sum over all
possible quarks that can appear in the loop, and square the resulting amplitude to arrive at the
decay rate. One finds that the measured decay rate is about 9 times what is obtained if quarks
came in a single color. This is evidence for Nf =9, or N. = 3 colors.

e Ratio R of cross-sections for eTe™ annihilation at a collider at CM energy of /s:

o(ete” — hadrons)
olete” — ptu~)

R = (380)

R has been measured over a wide range of CM energies, it is plotted for instance in Huang Fig
2.8 (p.39) and also Halzen and Martin Fig 11.3 (p.229) up to about /s = 40 GeV. To leading
order the basic scattering process is electromagnetic with e*e™ annihilating to form a virtual
photon which then produces a quark anti-quark pair or a charged lepton-anti-lepton pair. The
leading order QED cross section at CM energy s is o(ete™ — ptu™) = %. If we had a qq
pair produced in place of p*p~, then we would have to multiply by the square of the charge of
the quark e = (2/3)* or (1/3)* in units of the electron charge. What is more, if each quark

came in N, colors, then we would have to multiply the cross section by V. to account for the
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N, possible color-anti-color pairs in the final state, i.e.,

+ +

o(ete” — qq) = Neeto(ete™ — ptp). (381)

Thus in this leading order QED ‘hard scattering’ approximation [we ignore the corrections to
the cross section due to the process of hadronization of the ¢ pair], R = N.)_ ‘ eg. Now, as
s is increased, the thresholds for production of more massive quarks like s, ¢, b are crossed. So
one expects 2 to increase like a step function at these thresholds. IR is sensitive to the number
of colors and V. = 3 is in reasonable agreement with the data. Find the predicted values of 1?2
between the various thresholds.

10.10 Quark model wavefunctions for baryons and mesons

e BARYONS: As before, we work in the non-relativistic independent quark approximation (so
that we may use single particle orbitals and factorize the position dependence from the spin
and flavor), imposing Fermi statistics for 3 quarks in a baryon. Here we briefly describe the
structure of the wave functions, in their dependence on color, flavor, spin and position. Such
a discussion is justified in a non-relativistic approximation where the number of quarks in a
system is independent of time>2.

e We argued that the spin-flavor wave function of a baryon in the N and A multiplets must be
symmetric (as it belongs to 56 of su(6)). Moreover since these are the lowest lying baryons,
all three quarks occupy the same single particle spatial | = 0 S-wave orbital 1(ry)1(r2)(rs).
The dependence on position can be determined when one specifies a model for the force be-
tween quarks: we do not pursue that here (in principle this is determined by QCD - the po-
tential between quarks is roughly Coulombic at short distances and linear at long distances).
So the angular momentum of these baryons arises entirely from combining the quark spins.
The color part of the wave function is completely antisymmetric, i.e., the color singlet rep-
resentation 1 that appears in the decomposition 3 ® 3 ® 3 = 1 & 8 ® 8 @ 10 (here 3 is
fundamental rep of color su(3), not flavor). Explicitly, if r;, g;, b; refer to the three basis vec-
tors (1,0,0), (0,1,0), (0,0, 1) for color space C? of the i*" quark, then the color wave function
is

1 1
% Z (—1)"e" "To(1)9o(2)bo(3) = % (119203 + birags + gibars — gi72bs — r1bags — bigars]

c€S3
(382)
To understand the notation for the color wave function, observe that it is a vector in the color
Hilbert space C? ® C? ® C? of a three quark system. For instance, it says that the amplitude
for finding the first quark to be green, second to be blue and third to be red is 1//6 and that the
amplitude for the first two quarks to be red and the third quark to be green is zero etc.

e It remains to specify the spin-flavor wave functions for the baryons. It must be symmetric
under exchange of any pair of quarks. The J = 3/2 A decuplet is a bit easier than the N-octet

32In a fully relativistic treatment (say, based on QCD), it would not ordinarily be consistent to speak of a wave
function of a system of three quarks, since the number of quarks is not a conserved quantity. A fully relativistic
treatment has not yet been developed, except in some simplified versions of QCD.
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since if we consider the m = 3/2 states, then all the spins must point upwards and we only
need to symmetrize in flavors (the m = 1/2, —1/2, —3/2 states can be obtained by applying the
lowering operator J_). We have already determined the flavor composition of quarks in the 10
weight diagram. So for the m = 3/2 states of A*" we musthave AT = wruqur. AT has 2u’s
and a d, so we must symmetrize to obtain AT = %{UTUTCZT + dyurur + urdrug b = (upupdy)s
where (- -- ), denotes symmetrization. Similarly we have

A% = (updpdy)s, A7 =dpdydy, B = (ugupsy)s, B = (drdysy)s

E*O = (UTdTST)s = %(UTCZTST + STquT + deTuT + dT'LLTS¢ + uTSTdT + STdTuT)
=0 = (wrsrsy)s, = = (dpsysr)s, Q7 = sp8i8t (383)
To obtain the spin-flavour wave functions for the m = % states we simply apply J_ = J;_ +

Jo— + J3_ and normalize, which would convert urdiur — %(u 1druy + upd ur + updyuy) for

instance. The m = —% and m = —3/2 wave functions are obtained by simply reversing the

spin projections of all the spins in the m = % and m = 3/2 wave functions.
e Next we address the spin-flavor wave functions of the J = % baryons of N -octet, again they
must be symmetric under exchange of any pair of quarks.

e To illustrate, let us focus on the proton, say in the m = % up spin state. To get an m = —%
proton we may reverse all spin projections. And to get the corresponding neutron states, we
may exchange u’s with d’s. To construct the proton state function we imagine combining a
and a d into an isospin zero state and then adding another u quark to get the desired isospin
half of the proton. In more detail, let us first put one of the u, d pairs in the isospin zero state

\/%(ud — du) state. For the wave function to be symmetric under exchange of this pair, they

must be in an anti-symmetric spin zero (S = S, = 0) state %(N — 11). So the state of this

ud pair is
1
Slud —du)(td = 1) = wdy — wydy — dyuy + dyy. (384)

The RHS should explain the notation of the LHS. This state has I = J = 0. This is good since
we can now combine this with a u; to getan [ = I3 = %, S =53 = % state representing the
proton with S, = .

e Now we include an up quark in the up spin state to this so that I3 = % and J3 = %:

5 (ud — dun) (111~ 111) (385)

However, this state is not symmetric under exchanges involving the third quark; it needs to be
symmetrized (in both spin and flavor) by adding the result of interchanging quarks 2 & 3 as
well as interchanging quarks 1 & 3. We get, upto a normalization constant,

Py o¢ (udu—duw) (114 — 111) + (wud — duu) (11 — 141) + (udu —wud) (144 — 111). (386)

These 12 terms may be combined to get

[2qu¢u¢ + 2d¢’LL¢’LLT + 2uTqui — U¢d¢uT — dTu¢u¢ — uiquT — dTUTui — quTul — uTuidT} .
(387)

1
pT_\/ng
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Reason for the normalization factor: the 9 terms in square-brackets above are mutually orthog-
onal. So the norm square is just 22 + 2% + 2% 4+ 6 x 1? = 18. Verify that this state is symmetric
under exchange of any pair of the three quarks. Similarly write down the neutron 74 state.
The spin-flavor wave functions of some of the other baryons in the NV -octet can be obtained by
suitable replacements: YT (uus) by replacing d — s in p, 7 (dds) by u — s in n, Z°(uss)
by d — s in n and = (dss) by u — s in p. A and X° need to be worked out, like we did for
the proton [it should also be possible to get the 3° state vector by applying I, to the one for
Y7

e MESONS: For a meson composed of a quark and an anti-quark, the Pauli principle places no
restriction, since they are distinguishable particles. But the meson must be in a color singlet
state, i.e., in the trivial rep 1 in the decomposition 3 ® 3* = 1 & 8 of color su(3). Explicitly,
the color wave function of a meson is

1 B B _
7 [74Tq + 9qGz + bybg] (388)

Here 7; is the first basis vector for the dual color space C** of the anti-quark. The flavors of the
quark and anti-quark in the pion octet have been discussed in the context of the weight diagram
for 8.

10.11 Magnetic moments from quark model

e Dirac’s equation for a point-like spin half particle of mass m and charge e coupled to an

electromagnetic field predicts that the magnetic moment of the particle is ji = -9~ 2 where S

2me h

is the spin (the magnetic dipole energy is —ji- B). The coefficient of S /h is often loosely called
the magnetic moment. For a nucleon m = my so one defines the nucleon Bohr magneton as
UN = #’;c So Dirac’s theory predicts that for the proton y, = uy and p,, = 0 as the neutron
is uncharged. However, the measured values are

pp = 279N and p, = —1.91uy. (389)

These values are further indication that the proton and neutron are not elementary spin half
particles. The negative value of 1, says that the neutron’s magnetic moment is oriented opposite
to its spin. The nucleon magnetic moments are anomalously large. 1, was first measured by O
Stern in 1933 (Stern is also famous for the Stern-Gerlach experiment). He got the Nobel prize
in 1943 for the discovery of the anomalously large proton magnetic moment. I I Rabi improved
greatly on measurements of the magnetic moments of the proton and deuteron by developing the
NMR technique, for which he got the 1944 Nobel prize. ji,, was first estimated from knowledge
of u, and pi4 treating it as a spin one bound state. The anomalous nucleon magnetic moments
remained mysterious till the static constituent quark model offered an explanation.

e Note that the electric dipole moments of the neutron and proton are zero to current experi-
mental precision. Theoretically, CP symmetry of the strong interactions prevents strong contri-
butions to the neutron EDM. CP violation in the weak interactions implies a very small non-zero
neutron EDM, but it has not been experimentally measured.
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e In the constituent quark model for nucleons, the proton and neutron are modelled as composed
of three valence quarks, each of mass m /3. These are not the ‘current’ quarks whose masses
are only a few MeV. The constituent quarks may be loosely regarded as current quarks dressed
by the gluon field, which contributes most of the nucleon mass. The up and down quark charges

are ¢, = 2e/3 and ¢; = —e/3 and treating them as elementary spin half Dirac particles, their
magnetic moments are
(2¢/3)h el (—e/3)h  eh

= 2,uN and mg = = —UN- (390)

Y 2(mn/3)c mye 2Amy/3)c  2myc

Now we need to use the rules of angular momentum addition to determine the magnetic mo-
ments of the proton (uud) and neutron (udd).

e Simpler than the proton and neutron is the A. The simplest example is the spin 3/2 AT
which has three u; quarks all in the same spatial orbital. .S, for A** canbe 3/2(111),1/2,—1/2,-3/2,
all these states are symmetric in spin. 3 ,, = /LA++S—hZ where the magnetic moment pa++ 1S
independent of S, and must simply be the sum of the magnetic moments of the three quarks

each with the same spin projection, SO pa++ = 3, = 6.

e Next we consider the AT in an S, = 3/2 state. We have seen that its spin-flavor wave
function is \/L?;(UTUTCZT + dyuruy + updyuy) with all quarks in the same spatial orbital. To get
this we may imagine first combining the spins of the two w-quarks, which must necessarily be
in a symmetric (spin one, S, = 1) state since a pair of u quarks is symmetric in flavor: the
magnetic moment of this pair is just 2,,. To this we add a d; to make a state with S, = 3/2.
Since the three quarks all have spin projection S, = %, we may simply add their magnetic
moments to get pa+ = 244, + ptg = 3. In terms of Clebsch-Gordon coefficients for addition
of spin 1 and spin half |3/3,3/2) = |1,1)®|1,1). Soan S, = 3/2 AT is with probability one
in a state where the up quarks have S = S, = 1 and the down quark has S = S, = %

e However, the magnetic moments of the A baryons are not easy to measure since they are
very short-lived. The proton and neutron are more accessible.

e So consider the proton in an S, = % state. We first combine the spins of the two up quarks

which must be in a symmetric s; = 1 state as the two up quarks are symmetric in flavor.
Then we must add the s, = % of the down quark to get a spin half state belonging to the
|s = %, 5, = %) multiplet. The CG coefficients expressing this coupled basis state as a linear
combination of the product states are familiar from 7 — N scattering (there we needed the
opposite decomposition!)

|§;=¢§Mw—%mmy G91)

So we may say that the proton is with probability 2/3 in a state with the two up quarks in a
state with S, = 1 and down quark with S, = —1/2 and with probability 1/3 in a state with
two up quarks with S, = 0 and the down quark with S, = %

e Thus the magnetic moment of the proton predicted by the constituent quark model is

o = (213t = 1a) + (1/3)na = (2/3) Ay + i) + 5 (—pw) =3, B9
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This is not too far from the measured value of 2.79.y .

One may also arrive at this result from our formula for the spin-flavor wave function of the
proton

py = \/% 2uqdyur + 2djurus + 2upurd) — updpur — dyugus — upurdy — dpugsuy — updypuy — upugdy)
(393)
The first three terms correspond to a pair of up quarks in the S, = 1 state and down quark in
S, = —% state, while the remaining terms correspond to a pair of up quarks in the S, = 0

state and d quark in an S, = % state. From the coefficients we see that the probability for two

u quarks in S, = 1 is (2% + 22 + 2%)/18 = 2/3 while the probability for two u quarks with
S.=0is (6 x 12)/18 = 1/3.

e The quark model prediction for the neutron magnetic moment is obtained by exchanging
u 4+ d in f,, thus

fin = (2/3)(2pa — pu) + (1/3) ptu = —2pv. (394)

Again, this is in reasonable agreement with the measured p,, = —1.91uy . Thus, for the pur-
poses for magnetic moments, the three constituent quarks in a baryon behave roughly as if they
are elementary spin half Dirac particles, each with a mass equal to a third of the baryon mass
and with charges as given above.

10.12 QCD

Quantum Chromodynamics (QCD) is the current microscopic theory of strong interactions. It
is an SU(3) non-abelian gauge theory of 8 gluon fields coupled to Dirac fermions (quarks) in
the fundamental representation of color SU(3). There are N; = 6 flavors of quarks (u,d,c,s,t,b)
with masses going from a few MeV to 175 GeV. Thus the Lagrangian of QCD is

Ny

1 -
L= —3g7 F"™ Fy + Y diliy- D — mi]uy. (395)
i=1

Aside from the six quark masses, which are input parameters, the gauge coupling constant g is
classically a dimensionless input parameter. In the quantum theory, it turns out that the proce-
dure of regularization and renormalization introduces a new dimensional parameter (usually the
energy scale Agcp) into the theory. Suitably defined, Aqcp ~ 200 MeV from fits to experi-
mental data. The coupling constant g becomes a running coupling g(u), whose dependence on
energy scale is predicted by the renormalization group equation. Given these 7 input parame-
ters, QCD should predict all strong interaction cross sections, decay rates, masses of hadrons
and nuclei (as pure numbers times Agcp), ‘wave functions’ (structure functions) of hadrons
and nuclei etc. Though much progress has been made, at present our tools to solve this theory
are very limited. Weak coupling perturbation theory is one approach, but is reliable primarily in
high energy scattering processes (e.g. some aspects of deep inelastic lepton hadron scattering)
where the quark-gluon coupling ¢ is small due to asymptotic freedom. Perturbation theory is
not adequate to study the formation of bound states (hadrons) from quarks and gluons. For
instance, we cannot reliably calculate the mass of the pion or proton from first principles (even
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numerically), nor show the confinement of color. Numerical simulation of the path integral in
a discretized version of QCD (lattice QCD) provides a computational approach which has seen
much progress in the last 40 years, though there are many challenges that remain. Another
promising approach is an expansion of appropriate physical quantities in inverse powers of the
number of colors > ,° N, "a,,. Though N, = 3 in nature, the theory simplifies somewhat when
N. = oo (only planar Feynman diagrams survive), but is expected to retain many of its essential
physical features. It is hoped that an understanding of large- N. QCD (i.e., the leading term in a
large- N, expansion) will provide a first step towards QCD. This is an area of current and future
research.

10.13 Spontaneous global symmetry breaking

e Even without a solution of QCD, there are specific strong interaction phenomena that can be
treated within approximate ‘effective models’, by isolating the relevant degrees of freedom and
identifying interactions among these degrees of freedom that are consistent with the symmetries.
One enduring example is the sigma model for pions and nucleons. It predates QCD but remains
interesting and has found application in many areas of physics.

e Pions are particularly light (m, = 135 — 140 MeV) compared to nucleons as well as all other
hadrons. For some purposes they may even be treated as massless. Nambu used the idea of
spontaneous global symmetry breaking (SSB) to explain why the pions are so light. Nambu’s
model (developed with Jona Lasinio), is more complicated than the sigma model that we discuss
and use to illustrate the idea of SSB.

e When a Lagrangian field theory possesses a continuous global symmetry, then there can be a
continuous family of vacua related by the symmetry. If initial conditions are such that the system
is in one of the possible ground states, then the symmetry is not manifest in the ground state.
The symmetry is said to be spontaneously broken if the g.s is not invariant under the symmetry
transformation. However, the system can be moved from one vacuum to a neighboring one
by an infinitesimal symmetry transformation costing an arbitrarily small amount of energy.
In other words, there can be excitations with arbitrarily low energy or arbitrarily long wave
length. These zero modes lead to massless particles in the spectrum of the QFT, they are called
Nambu-Goldstone bosons. There are as many NG bosons as there are independent directions
in which the ‘potential’ is ‘flat’. We may regard pions as the three Nambu-Goldstone bosons of
a spontaneously broken O(4) symmetry. Spin waves are NG bosons of spontaneously broken
rotation invariance in a system of spins on a lattice, which all point in a common direction in a
ferromagnetic ground state.

e SSB is a subtle phenomenon. It is present in classical point particle mechanics, ‘goes away’
due to tunneling in quantum systems with finitely many degrees of freedom, but returns in
systems with infinitely many degrees of freedom.

e Consider a classical non-relativistic particle subject to the potential V' (r). In its ground state,
it is at rest at a minimum r( of the potential: 9;V (ry) = 0. Taylor expanding the potential,

1
V(r) =V(ry) + §8¢0jV(ro)(n- —r0i)(rj —ro;) + -+ (396)
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The hessian of the potential 0,0,V (ro) is a real symmetric matrix with non-negative eigen-
values, since rp is a minimum of V. It controls the behavior of V' in the neighborhood
of ry. For example, consider the Mexican hat potential for a particle moving on the plane
V(z,y) = (A\/4)(2? + y* — v?)%. The ground states (vacua) lie on the circle 22 + y* = v?. We
say the vacuum manifold is a circle. V' is invariant under the group O(2) comprising rotations
in the x-y plane. But none of the vacua is invariant. Instead, rotations take one vacuum to

another vacuum. In this case, the Hessian at any of the minima 2 + y? = v? is

2
2 oy [T Ty
02V = 2 (w yz). (397)

The eigenvalues are 0 and 2\v?. The zero eigenvalue corresponds to the eigenvector (_xy)

which points in the f direction tangential to the vacuum manifold. This ‘zero-mode’ corre-
sponds to infinitesimal rotations that take one vacuum to a neighboring vacuum. A ball can
‘roll” with arbitrarily low energy from one vacuum to another one. This is the simplest version
of a Nambu-Goldstone mode. The eigenvector corresponding to the non-zero eigenvalue 2\v?
points in the radial direction 7= (x,y) at any of the minima. It corresponds to a radial oscilla-
tory mode about any ground state. Taylor expansion of the potential about any minimum leads
to a 1d SHO in the radial direction V' ~ (2\v?)(r — v)?. Thus the frequency of the corre-
sponding radial oscillation is w = v/2\v /m. In field theory, the radial mode would correspond
to a massive particle (such as the sigma meson below or the Higgs particle).

e In general, whenever a continuous symmetry is broken by the ground state, there are zero
modes that point in directions (in configuration space) along which the potential is flat to
quadratic order. This is not the case for discrete symmetries with degenerate vacua. For exam-
ple, the reflection symmetric double well potential in one dimension V (z) = (\/4)(z? — v?)?
has two ground states x+ = +v. Each of the ground states spontaneously breaks the © — —x
symmetry of the potential. But V" has one non-zero eigenvalue at each ground state, there are
no zero modes. Discrete global symmetries can break spontaneously but do not lead to NG
modes.

e For example, if we had a particle moving in 3d subject to the O(3) (rotations and reflections
of 3d space) invariant potential V (r) = \(r? — v?)?. Every point (z,y,2) on the sphere of
radius v (e.g. (¢ = 0,y = 0,z = v)) is a vacuum, and elements of the symmetry group
O(3) can rotate one vacuum into another. However, the symmetry is not completely broken.
If ry is a ground state, then rotations about the vector ry (and more generally rotations and
reflections in the plane perpendicular to ry) leave the ground state invariant. We say that O(3)
spontaneously breaks to O(2). In this case, the hessian of V' at any vacuum has two zero
eigenvalues corresponding to two zero modes that point in flat directions of V' along the surface
of the sphere. The hessian also has one positive eigenvalue o< Av? which is proportional to the
square of the frequency of small oscillations in the radial direction.

e In quantum mechanics, even if the potential has degenerate minima, the ground state is unique
since the particle can tunnel between minima and lower the energy. The ground state is not
concentrated around any one minimum of the potential, but is a linear combination of states
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concentrated around the classical minima. If the potential has a symmetry, then the linear com-
bination with lowest energy eigenvalue is invariant under the symmetry [symmetric combination
of wave packets concentrated around the two minima of a double well potential]. Spontaneous
symmetry breaking does not occur in quantum systems with finitely many degrees of freedom.
However, if the number of degrees of freedom is infinite, tunneling is suppressed and SSB can
occur, the system can get ‘stuck’ in a ground state that is not invariant under the symmetry.

10.14 Pions and the Gell-Mann Levy linear sigma model

e Pions can be regarded as Nambu-Goldstone bosons of a spontaneously broken global sym-
metry of an ‘effective’ field model proposed by M. Gell-Mann and M. Levy. We have seen that
a spontaneously broken O(2) symmetry has one zero mode and one massive excitation while
O(3) leads to two zero modes and one massive mode. Since there are three very light pions,
it is natural to consider an O(4) invariant Lagrangian in 3+1 space time dimensions for a four

component real scalar field ¢ = (¢1, Po, @3, P4) = (5, b4):
=
= §Z|a¢i|27 V= (\/4) (¢ + ¢35 + @3 + 61 — F2)*. (398)
i=1

A is a dimensionless coupling constant and F, ~ 150 MeV is a constant with dimensions of
mass, called the pion decay constant for historical reasons [it also controls the rate of weak
decay of charged pions in a different model]. The vacua are points on a 3-sphere of radius
F. in R* ie., > ,¢? = FZ2. Suppose initial conditions are such that in the vacuum state, ¢
points along the 4th direction ¢4 = I and ¢123 = 0 (in the quantum theory these are the
vacuum expectation values of the four fields). This vacuum breaks the O(4) symmetry. O(4)
transformations in general take this vacuum to other vacua. However, this vacuum is clearly

invariant under the subgroup O(3) that rotates the first three components ¢ among each other.
We say that O(4) is broken to O(3) by the non-zero vev of ¢. Moreover, at any ground state
(point on 3-sphere of radius F7;), there are three independent directions tangent to the three
sphere, along which the potential does not change. In other words, the hessian evaluated at a
vacuum has three zero eigenvalues.

4 4 4
OV = 202¢,;0;, (Z b7 — F,%) = 0;0;V = 4\d;; (Z Drbr — Fﬁ) ) 4G 2010k = 8Apip; = SAE?
k=1 k=1 k=1

The corresponding zero modes are three massless particles which we identify with the pions.
The only non-zero eigenvalue of the hessian is 8AF2. It is the square of the mass of a ‘ra-
dial’ excitation called the ¢ particle m, = 2v/2\F,. The sigma particle has been identified in
the hadronic spectrum, but is very short-lived and decays to two pions. Since pions are pseu-
doscalars, the sigma is a true scalar. The model is named after the sigma particle as well as its
originators Gell-Mann and Levy. It is called a linear sigma model since the fields ¢ take values
in a linear space R*: they are maps from 3+1 dimensional Minkowski space to R?.

e There is a related model called the non-linear sigma model. In the NLSM, the potential 1/
is absent (in a sense A — 00), but the fields satisfy the constraint Zizl ¢? = F2. So fields in
the NLSM take values on a 3-sphere (the so-called target space), which is not a linear space,
hence its name. Remarkably in addition to low lying excitations which we may identify with
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the pi mesons, the NLSM also has more massive topologically non-trivial excitations which
can be identified with baryons (nucleons). This was discovered by T H R Skyrme. A specific
realization is the Skyrme model, where baryons arise as topological solitons of the pion field.
This ‘effective’ model is quite successful in predicting properties of pions, nucleons as well as
nuclei.

e More general non-linear sigma models are studied, where fields take values in a ‘target space’
that is a coset space of a group. For example, string theories are often defined as 1 + 1 dimen-
sional non-linear sigma models, with the target space playing the role of a curved ‘background’
space-time. Of particular interest is the type IIB string sigma model where the target space is
the product of a sphere and an anti-deSitter space, AdS5x S°. The 1+1 dimensional space time
is reinterpreted as the string world sheet while the target space is interpreted as space-time.

e The linear sigma model can be Yukawa-coupled to nucleons, which are Dirac spinors. The
pions must couple to the pseudoscalar bilinear in Dirac fields while the sigma particle must
couple to the scalar bilinear. Let us rename ¢, = o, then the Lagrangian is

— 1 1 - 2 - -
L = Uiy a0+ 5106 + (00l = A (8" +0* = F2)" = giblo +i7 - Grs)u. (399)

Notice that there are no mass terms for the nucleons. Nevertheless since o acquires a non-zero
vev (equal to F} ), the Yukawa coupling implies an effective nucleon mass my = gF. This
relation between nucleon mass, Yukawa coupling and pion decay constant has been experimen-
tally verified. We will say more about this type of Yukawa coupling in the context of the abelian
Higgs model.

e In reality, pions are not exactly massless. Their masses can be accommodated by via ‘explicit’
breaking of O(4), i.e., through the addition of a small O(4) breaking term, say proportional to o
in the potential.

11 Higgs mechanism

e Weak interactions are very feeble and very short ranged. Fermi’s 4-fermion contact interac-
tion model did a good job at tree level, but led to incurable divergences when quantum correc-
tions were included, it is not renormalizable, GG has negative mass dimension 10*5m; 2. The
feeble and short-ranged nature of weak interactions can be explained if they are mediated by
very heavy vector bosons ( My« = 80 GeV). The propagator of a W -boson 1/(p* — MZ,) is
suppressed for momenta small compared to My, . However, a theory of massive vector bosons
is not renormalizable either. Vector boson masses violate gauge invariance. Without gauge
symmetry, the quantum theory cannot be cured of infinities.

e The Higgs mechanism (due to Brout, Englert, Higgs, Kibble, Guralnik and Hagen in 1964)
gives a way of making gauge bosons appear massive without spoiling the gauge symmetry. Es-
sentially, minimal coupling of gauge bosons to scalar fields with non-zero vev can make the
gauge bosons appear massive at low energies: the gauge symmetry is spontaneously broken.
The gauge boson mass is proportional to the vev of the scalar field. The massive gauge boson
can then mediate a short ranged force. The Higgs mechanism was used by Weinberg and Salam
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in 1967 to propose a gauge theoretic model for electroweak interactions, based on an earlier
proposal of Glashow. However, it was unclear whether the model could be made free of diver-
gences and used for calculating physical quantities. Gauge theories spontaneously broken by
the Higgs mechanism were shown to be renormalizable by Veltman and ’t Hooft by 1971-72.
In the process, they gave a method (based on dimensional regularization and renormalization)
to perform calculations and reliably predict physical quantities. The resulting theory is the elec-
troweak standard model, which has been tested to great accuracy (2-loops in many cases). A
not-so-technical account of these developments may be found in Frank Close’s recent book,
The Infinity Puzzle.

e Analogy with super-conductivity: Non-zero electric and magnetic fields can exist inside an
insulator, they are transparent to these fields. The mobile electrons in conductors on the other
hand, cancel out any external electric field, so conductors expel electric fields, though they are
transparent to magnetic fields. Indeed, we use iron as a core for solenoid. Superconductors
are special in that they expel both electric and magnetic fields (Meissner effect). The magnetic
field only penetrates a short distance into the super conductor, the London penetration depth. It
is as if the photon has become massive in a super conductor, it transmits a short range force.
This phenomenon can be described by spontaneous breaking of the U(1) gauge symmetry of
Maxwell theory. The Abelian Higgs model (AHM) does precisely this.

11.1 Abelian Higgs Model (AHM) for generating vector boson mass

e In the standard model, the weak gauge bosons ‘get their masses’ from the Higgs mechanism
via the spontaneous breaking of the SU(2) x U(1) electroweak gauge symmetry. A simpler
place to study the Higgs mechanism is the spontaneous breaking of a U(1) gauge symmetry.

e The Abelian Higgs model consists of a complex scalar subject to the so-called Higgs/Mexican
hat potential, minimally coupled to a U(1) gauge field. If D, = 0, —iA,,, then

1 12
L=z Fuw + 1Dudl” = V(I9]). (400)
The gauge-invariant quartic self-interaction potential V (|¢|) = —m?|¢|*+ 2|¢[* is chosen such

that for m® > 0, ¢ = 0 is a local maximum while the points on the circle |¢|> = 2m?/\ are a
1-parameter family of global minima. Up to an irrelevant additive constant, it is convenient to
write

A 2m?
Vil = J(IP = 0*)? where 0* = = (401)
The potential is clearly minimized when |¢| = v = 4/ %, and v is called the vacuum expec-

tation (vev) value of the scalar field since in the ground state (|¢|) = v.

e If m? < 0, then the minimum of the potential is at ¢ = 0, and this minimum energy
configuration is invariant under the U(1) symmetry ¢ — €$. So for m? < 0, the g.s. retains
this symmetry of the Hamiltonian. However, for m? > 0, we have a degenerate family of
ground states ¢ = ve'®, none of which is invariant under U(1) phase changes. So for m? > 0,
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the ground states do not posses the symmetry of the hamiltonian and the U(1) symmetry is said
to be spontaneously broken by the non-zero vev v of the scalar field.

e In general, the symmetry group GG (U(1) in the case) may not be completely broken, there
may be a remnant, the unbroken subgroup /. It is defined as the isotropy group of the vacuum,
1.e., the subgroup of G which leaves the vacuum invariant. In our case, the vacuum is any one of
dg = ve'. For g € U(1) to leave ¢, invariant, we must have g¢y = ¢y, this is possible only if
g = 1. So in this case, the unbroken subgroup H = {1} is trivial. We say that the U(1) gauge
symmetry is completely broken by the non-zero vev of the scalar field. In the Weinberg-Salam
model, G = SU(2)y x U(1)y is broken to the subgroup U(1)gy of electromagnetism.

e When a continuous global symmetry is broken (see Gell-Mann-Levy linear sigma model) we
have a massless boson in the spectrum, the Nambu-Goldstone boson. The case of spontaneous
gauge-symmetry breaking is more intricate. Around a symmetry-broken vacuum, the AHM
describes a massive spin one particle (massive vector boson like photon in a superconductor, or
Z boson) and a massive neutral scalar particle (like the Higgs particle).

e First let us count field degrees of freedom. If m? < 0 and the symmetry is unbroken, we have
a massless U(1) gauge field (A,, a photon) which has two polarizations as well as a complex
scalar field ¢. In total these have 4 real field degrees of freedom (DoF) at each space-time
point. The number of DoF should not change upon SSB. Indeed, a massive vector boson has
three possible polarization states and a massive real scalar accounts for one field degree of
freedom.

e To see these features around a symmetry broken vacuum, we write the Lagrangian in terms of
new variables. Let ¢ = (v+ h)e?” where h is areal field. If h = 0 and @ is a constant, then this
is a minimum energy state. h will describe fluctuations around the vacuum (a massive neutral
scalar, like the Higgs particle) and we will see that ¢ can be eliminated from the Lagrangian.
This has to be the case, since we expect the gauge field A, to describe three field dof (massive
vector boson) and the real scalar & should be the 4th field degree of freedom. To begin with,
the scalar potential is simply
4

V= 2(\¢|2 —v?)? = MW?h? + Mh?® + %. (402)
The first term is a mass term for the scalar A field while the next two describe cubic and quartic
self-interaction vertices of h. A is called the Higgs self-coupling. 6(z) dropped out of V' since
it only depends on |$|? to satisfy gauge invariance. The square of the covariant derivative of ¢,
|D,¢|* can also be made independent of 6 by a suitable gauge transformation. Indeed, if we
view ¢ — ¢¢ as a gauge transformation, then the corresponding gauge transformation takes
A — A+ 00. So this suggests we define a new gauge field B, = A, — 0,0. Then

0t = 0y [(v+h)e’] = [0,h+i(v+h)D,0)e” and
D,é (0, — (B, +0,0))¢ = [0,h — iB,(v + h)] ” (403)

Thus 6 drops out of the square of the covariant derivative

|D,¢|* =0,k —iB,(v+ h)|> = (0h)* + v*B* + 20hB* + B*h*. (404)
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(Oh)? is the kinetic term for a real scalar, v>B? is a mass term for the gauge field while the last
two terms describe interactions between the massive gauge field and the scalar particle. Finally,
the Maxwell Lagrangian _}LF/WF/U’ for the gauge field A, being gauge-invariant takes the
same form in terms of B,

1 v 14 1 14 1%
— @(G“Al, — 0,A,)(0"A” — 0" AY) = —@(8#3, - 0,B,)(0"B" — 0" B"). (405)
Adding the three terms, the Lagrangian in the new variables upon extracting the gauge coupling
from the gauge field, (B — eB) is

4
L= —i(a,LBy—aVBM)(aﬂB”—a”B“)+e2v2BQ+(ah)2 —\v?h?—\vh? — %Jrze%hB%e?B?h?.

(406)
This Lagrangian describes a massive vector field B, (massive photon, m7 = 2e¢*v?, see below)
coupled to a massive real scalar field h (Higgs field m? = \v?). Notice that the scalar does not
have derivative interactions with the vector field: the scalar is uncharged (neutral) with respect
to the U(1) gauge symmetry. Moreover, in this form, the Lagrangian is not manifestly gauge-
invariant, due to the vector boson mass term 62U2B“BM. However, this is an artifact of writing
L in variables adapted to a vacuum state ¢ = ve® that is not invariant under the U(1) symmetry.
The model is in fact gauge-invariant as it was in the original variables.

e There are 4 types of interaction vertices, Avh® + 2% 4 2¢2vh B2 4 ¢ B2h? which describe
self-interactions of the Highs particle and interactions between the Higgs and the massive vector
boson. They describe scattering and decay vertices (possibly virtual) such as h — hh (higgs
radiating a virtual higgs), hh — hh (higgs-higgs scattering), h — BB and hB — hB.

e The massive vector boson B* has three physical degrees of freedom at each location. One
way to see this is to consider the above Lagrangian for B, ignoring interactions with /. This is
the non-gauge-invariant Proca Lagrangian

EProca = _%L(auBy - ayB;J(&uBV - 8VB#) + 621]232. (407)

The resulting equation of motion is the Proca equation 0, F*" + 2¢*v*B” = 0 where F* =
orAY — 9V A*. Since F™ is antisymmetric, taking the divergence of the Proca equation gives
us the consistency condition 9, B” = (3. This is one constraint on the 4 components of B*,
leaving only three propagating degrees of freedom for a massive vector field. Each component
of the Proca field B* satisfies the massive KG equation for a real scalar field

0,0'B” +2¢*v°B" =0 or (O+m%)B” =0. (408)

From this we read off the mass of the photon m?% = 2¢%v? resulting from the Higgs mechanism.
This is the tree-level mass ignoring quantum effects of interactions, which can and do modify
the mass slightly, as one finds in perturbation theory.

3If we had kept the interaction terms, we would get a more complicated consistency condition depending on
the other fields, but it too would impose one constraint among the four components of B.
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11.2 Dirac fermion masses from Abelian Higgs mechanism

e In the electroweak standard model, the quarks and charged leptons ‘get their masses’ by
the Higgs mechanism via the spontaneous breaking of the SU(2) x U(1) electroweak gauge
symmetry. The Abelian Higgs model is a simpler context in which to study how spin half Dirac
fermions can get masses.

e Consider a Dirac field v» Yukawa-coupled (g below is the Yukawa coupling constant) to a
complex scalar ¢ = ¢ + i¢, subject to a Mexican hat potential

_ A _
L= 06" + iy - 0 = T(I6]* = v*)* — g0 (1 + i7562)¥ (409)

Notice that the real part of ¢ couples to the scalar v1) while the imaginary part couples to the
pseudo-scalar ¥ys1). ¢ is assumed to be a scalar while ¢, is taken to be a pseudoscalar, so
that as a whole, £ is parity even. This seemingly peculiar coupling is needed to ensure that £
possesses a U(1) global symmetry that we mention below, the symmetry would be lost if both
¢1 and ¢, coupled to the scalar ).

e The energy is minimized when |¢| = v. So if ¢; has a non-zero vacuum expectation value
v, then the Yukawa interaction mimics a mass term for the Dirac field, m,, = gv.

e This Lagrangian has an interesting U(1) global symmetry under the compensating phase
changes of the complex scalar and Dirac spinor

¢ —e?p, and P — e 250, (410)

Use the fact that 42 = I (so €% = cos + isin ) and that {v5,7*} = 0 to show that under
this transformation,

U= 0e D and (g1 +ivsde) = €77 (61 + i7502). (411)

As a consequence, both 1)@ and (¢ + iy5¢2)1 are invariant under this global U(1) sym-
metry. The seemingly peculiar coupling of the real and imaginary parts of ¢ to the scalar and
pseudoscalar bilinears in Dirac fields was essential for this to work.

e So far, we have a complex scalar in the Mexican hat potential coupled to a Dirac fermion with
Yukawa interactions giving a mass to the fermion when the scalar has a non-zero vev. We may
gauge the above global U(1) symmetry and arrive at a theory of spin zero, half and one fields
where the Higgs mechanism gives masses to the fermion as well as gauge boson.

e Minimal coupling of the scalar and Dirac fields to a U(1) gauge field A, is effected via
different covariant derivatives

. I
D,p=(0,—1tA,)¢ and D,y = (0,+ 5@75AM)¢. (412)
These ensure that D,¢ and D, transform in the same way as ¢, 1. Indeed,
v — g where g(x) = 6_375(% and A, — A,+0,.0
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1. 1. 1.
= D;ﬂvb — (93M¢ - 52'75(8“0)9 + 52’7514#9 + 5275(6u0)g) ¢ - 9D1L¢(413)

[g(x) in these equations is not to be confused with the Youkawa coupling constant g!] Thus
we may write down a gauge invariant Lagrangian

1 A | . A
£ = =5 FuF™ 4 (07 D = g(o1 + 7562))0 + (D) (D) = (102 = 022 @414)
By transforming to variables adapted to the vacua |¢| = v:

b= (v+h)e?, p=e20% B,=A,—0,0. (415)

it is possible to write the Lagrangian in terms of a massive neutral scalar Higgs field A, a
massive fermion x and a massive photon B, just as was done for the abelian Higgs model in
the previous section. 6 drops out of the Lagrangian as before, due to the gauge symmetry. Show
that the masses are

mp = \/56'0, my, = Vv and m, = gv. 416)

We notice that the fermion and vector boson masses are proportional to the vev v of the scalar
field. It is the non-zero vev of the scalar field that is responsible for these particles having
non-zero masses. Writing out the interaction terms in the Lagrangian one also finds a trilinear
coupling of the fermions to the Higgs scalar gxhy. Thus both the mass of the fermion as well as
its Yukawa coupling are proportional to g. This means a heavier fermion couples more strongly
to the Higgs than a light fermion. This feature continues to hold in the standard model, where
there are several fermions - the charged leptons and quarks, all of which get their masses via
the spontaneous breaking of the non-abelian EW gauge symmetry SU(2)x U(1) by the Higgs
mechanism. The top quark couples much more strongly to the Higgs particle than the electron
does. What is more, due to the 75 in D,), the massive vector boson B, couples to the axial
vector current Yv*7y5x of the massive Dirac fermion rather than to the vector current.

11.3 Higgs mechanism in an SU(2) gauge theory

e We now generalize the abelian (U(1)) Higgs model to a gauge theory associated to a non-
abelian group SU(2). This is a step closer to the SU(1)x U(1) gauge theory relevant to the
electroweak standard model. Since there are three weak gauge bosons and su(2) is a 3d Lie
algebra, it is a natural example to consider. Upper case SU(2) refers to the group and lower case
su(2) to the Lie algebra.

e The non-abelian gauge fields of su(2), A, transform in the adjoint representation of SU(2)

2

that transform in the fundamental representation of SU(2). Since su(2) is three dimensional,
there are three gauge bosons. The covariant derivative is D,¢ = 0,¢ — ieW,¢ where W, =
Wﬁt“, t* = %a“ and o“ are the Pauli matrices which furnish a basis for the Lie algebra, with
tr t*¢" = 16°°. Then the Lagrangian is

(so they are 2 x 2 matrices) and are coupled to a complex doublet of scalar fields ¢ = (¢1)

L= —% tr F*F,, + (Do) (D"6) — V(9). 417)
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If V(¢) = 0, since there is no mass term for the gauge bosons, this would describe 10 propa-
gating field degrees of freedom: three gauge bosons, each with two independent polarizations
and four real scalar fields.

e A scalar potential that is a function of ¢'¢ is automatically gauge invariant, and we take the
Mexican hat potential

A
V(g) = Z(d)*cb —v?)? (418)

The scalar potential is minimized when ¢f¢) = |¢1]? + |@2|> = v®. The space of minima

(vacua) is called the vacuum manifold. In this case it is a 3-sphere S® embedded in R* since
the complex doublet of scalar fields have four real components. If the vacuum value of the

scalar field is non-zero (e.g. ¢ = (2) ), then the SU(2) symmetry is spontaneously broken.

e G = SU(2) is completely broken to H = {I} since the isotropy subgroup of the vacuum
(sub group that leaves the vacuum invariant) is trivial. For,

(D) -()-0) = emva e

and unitarity and determinant one force ¢ =0 and a = 1.

o If SU(2) were a global symmetry then there would be three massless Nambu-Goldstone
bosons corresponding to the three zero modes of the potential about any vacuum (3 independent
directions we may move in S* without changing the potential). When the local gauge symme-
try SU(2) is spontaneously broken, it is as if these three massless Goldstone bosons are eaten
by the three vector bosons, making them massive. A massive spin one gauge field has three
modes of polarization (three spin projections) unlike a massless spin one particle, which only
has two helicities. It is as if the Goldstone bosons become the longitudinal polarization states of
the vector bosons. We will see below that SU(2) is completely broken, all three vector bosons
become equally massive and there is also a neutral scalar Higgs particle in the spectrum. Thus
the number of propagating fields remains the same (10) after SSB: 3 massive spin one particles
and a spin zero particle.

¢ To find the masses of the gauge bosons after SSB we work in the gauge ¢ = (v _?_ h) where

v, h are real and expand out the square of the covariant derivative of ¢ keeping terms quadratic
in fields. Denote W* = W' 4+ i{WW?2. Then,

- (0 e (WP W 0 \_( —5W,(+h)
Dy = 0.0 —ieW,d = (auh) 9 <I/V;+ —I/I?f’) (v—l—h) - (6Mh+ %%3(v+h)

2,2
and  (D,$) (D"0) = (9h)” + == [(W))? + (W2) + (W3)?] + interactions. ~ (420)

4

The second term is the mass term for gauge bosons, all three are equally massive. To identify
the numerical factors in the mass, one compares with the kinetic term for gauge fields from the
YM Lagrangian

1 1
—3 tr F,, FH = —3 tr 144 [QG#WSB’”W”I’ — 209, W28"WH® 1 cubic and quartic interactions

208



1
= 3 (WwoOwre — w2o"o, W+ + divergence and interaction terms] (421)
The equation of motion for Wi is LW} + #VV; + ... =0. So we have three spin one gauge
bosons with equal masses myy. = f/—% fora=1,2,3.

e The mass of the the Higgs field h is similarly obtained by expanding the potential. Note that
' = (v + h)?, so the Higgs Lagrangian becomes

(Oh)> =V (¢) = (8h)2—%(¢ﬂ p—v*)? = (6h)2—2(4vzh2+4vh3+h4) = (0h)?—(\v?)h?+interactions.
(422)
We read off my = vv/\.

e This spontaneously broken su(2) gauge theory is interesting but cannot be appropriate for
the weak interactions since the W and Z do not have the same masses. Moreover, the strengths
of the neutral and charged weak interactions aren’t quite the same. This indicates su(2) cannot
be the gauge Lie algebra of the weak interactions. We now proceed to the idea that worked.

12 SU(2)wx U(1)y Electroweak gauge theory

Parity transforms a LH Dirac fermion into a RH one. Parity violation in the weak interactions
is because the LH and RH components couple differently to the weak gauge bosons. Indeed,
Marshak and Sudarshan, Feynman and Gell-Mann found that the experimental data favors the
charged weak currents to have a V-A structure. As a consequence, only the LH projections of
the quarks and leptons participate in the charge-changing weak interactions mediated by W=+,
parity is maximally violated. WW* must be very heavy, to explain the weakness of the weak
force in beta decay. In 1973, more feeble ‘neutral’ weak interactions were discovered, mediated
by the Z°. The masses of the weak gauge bosons were measured in 1983, My, = 80, M, = 91
GeV. Unlike the W=, the Z couples to both LH and RH components of fermions, though not in
the same way, so Z interactions also violate parity. The only renormalizable theory of massive
vector bosons we know of, is a spontaneously broken (via the Higgs mechanism) gauge theory
coupled to scalar fields. The gauge group would have to have dimension 3 to accommodate
W= and Z. However, it cannot be SU(2) which leads to 3 gauge bosons of equal mass while
My, # My. Moreover, the fact that W+ do not couple to RH fermions while Z° couples to
both LH and RH fermions, and that the strengths of the charged and neutral weak interactions
are slightly different suggests we cannot have a simple gauge group: we need two coupling
constants. Moreover, we should bear in mind that SSB via the Higgs mechanism can be partial,
some gauge symmetries may be broken while others may survive. Now recall that in addition to
these weak gauge bosons, we also have the massless photon of an unbroken U(1) gauge theory:
electromagnetism. The photon couples in the same way to both LH and RH Dirac fermions
and conserves parity. So we seek a 4d gauge lie algebra that can be broken to the u(1) of EM,
leaving three massive weak gauge bosons.
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12.1 Electroweak mixing, Higgs mechanism, W+, Z0 v

e The 4d unitary Lie algebra u(2) = su(2)y x u(l)y is an obvious choice, it is a product
of weak isospin and weak hyper charge. It consists of 2 x 2 hermitian matrices. Any such
hermitian matrix is a linear combination of the identity and the Pauli matrices. The identity
generates U(1)y while the Pauli matrices generate SU(2)y, . Since u(2) is a product of a
simple factor and a u(1), the gauge theory can have two independent coupling constants e, and
ey respectively.

e As we will see, su(2) x u(1) can be broken by the Higgs mechanism to u(1) of electromag-
netism (which is not the same as u(1)y ). The three gauge bosons W=, W of su(2)w couple
only to LH components of quarks and leptons. WW* become massive as a consequence of SSB
via the Higgs mechanism. The weak hypercharge gauge boson Y}, couples to both LH and RH
components, but in different ways. There is a linear combination of W and Y which couples
in the same way to both LH and RH fermions, i.e. to the vector current constructed from Dirac
spinors. It is identified with the photon field A,,, it remains massless and corresponds to the
unbroken u(1) of electric charge. The coefficients in the linear combination are determined by
the gauge couplings e; and e,. The orthogonal linear combination of WB and Y, is the mas-
sive Zg. It mediates the weak neutral interactions which violate parity. In this section we focus
on the electroweak gauge bosons and the scalar fields responsible for SSB. We will include the
quarks and leptons subsequently.

e As in the case of SU(2) gauge theory, we consider a complex doublet of scalar fields ¢ =

(zl) which transform in the fundamental representation of U(2) gauge group. The gauge-
2

invariant scalar potential we consider is as before: V(¢) = 2(¢7¢ — v?)%.

e The u(2) gauge field is a hermitian 2 x 2 matrix at each space-time point. We choose as
basis the identity and Pauli matrices, which span commuting u(1) and su(2) sub-algebras,

W, = Wi We may write the covariant derivative of the scalar field as

3
(1 1
D,¢=0,0—1 (561}/# + eo g:l EUQWH> 0. (423)

As before we use W= to denote the combinations Wf = W; + zWﬁ

e The gauge field kinetic and self-interactions are given by the Yang-Mills Lagrangian

1 1
- ZYMVYMV - 5 tr WHVW/“,. (424)
The field strengths are
Yo=20Y,—09)Y, and W, =0,W, —0,W, —ieW,, W,]. (425)

The possibility of having two independent coupling constants can also be understood by think-
ing directly in terms of a u(2) gauge field A, which is a hermitian matrix field with no
constraint on its trace (unlike in the case of su(2) it need not be traceless). Let F,, =
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0,A, —0,A,—i[A,, A)]. Now one can form two independent gauge- invariant and Lorentz in-
variant quantities that involve at most two derivatives, these are tr F,, F'*” and tr F),, tr F'*”.
The latter was identically zero for su(2) but is non-trivial here. The Lagrangian can then be an
arbitrary linear combination of these two, giving two independent coupling constants.

e The minima of the scalar potential ¢'¢) = v? form a 3-sphere. We choose the vacuum as
o= (v) where v is a real number. The isotropy subgroup of the vacuum is non-trivial in this

case, in fact it is U (1) (good since we want an unbroken U (1) of electromagnetism):

ENO-()-0) - soer

and unitarity implies ¢ = 0 and |a| = 1, leaving an arbitrary phase a € U(1). Thus the residual

symmetry group is U (1), we will see that the corresponding massless gauge boson is the photon
field.

e The hypercharges of W7 and Y), are all zero while the third component of weak isospin 73
is +1 for W* and zero for wp and Y,,. We will define the electric charge as ) = 75 + Y/2
(for reasons to be indicated below) SO WjE have electric charges +1 in units of the positron
charge, while W3 and Y are electrically neutral.

Minimal coupling to the U(2) scalar doublet is effected via the covariant derivative

i€ (y 4+ bYW,

(1 a\ .
D,¢=0,0—1 (2€1Y + 62 7 ) o= (aﬂh iey (v + nY + w?(v n h)W ) . (427)
The Lagrangian is
1 174 1 auv a )\
L= =YY, = JWHWE, + (Do) (Dy) — Z(qugb — %)% (428)
The quadratic terms in gauge fields are normalized as for real scalar fields. Up to terms that are
4-divergences,

L= (YOY" —Y,0"0,Y" + WeOWH — W9, ) + ... (429)

N —

To identify the gauge and Higgs boson masses, we go to the gauge where ¢ = (v _?_ L and

expand the Lagrangian to quadratic order in the fluctuating fields W, Y, h. The square of the
covariant derivative of the scalar fields is

2 2 2 2 2 2 2
+h +h +h : +h :
(Du9)'(DF¢) = (9h)* + 762(04 ) W Wht 4 61(”4 Pyz 62(”4 ) (W)? = 6162@2 Ly, won
2
= (0h)* + el: Y2+ % (W2 + (W32 + (W2)?) — 616221] WY, + interactions. (430)

Putting [D¢|* = (9h)?+5 Mg X i X" where X, = (Y, W}, W2 W3) we identify a symmetric
mass? matrix for gauge bosons

6% 0 0 —€1€9
v 0 e 0 0
2 0 0 e 0

—ees 0 0 €2

My, = (431)
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It is clear that W' and W? (or the charged weak bosons WW*) have deﬁnite and equal masses
m¥, = 1e3v®. But Y and W? do not have definite masses as the mass? matrix is not diagonal
in this basis. The neutral electroweak gauge bosons with definite masses (which we identify
with the photon A, and Z" boson Z,,) are the remaining eigenvectors of the mass? matrix.
Since the matrix has zero determinant, the remaining eigenvalues are 0 and $v%(ef + €3) with

corresponding eigenvectors

e W? + ey, esW3 — ey,
A, = 2 TR _gin HWW3+COS 0y, and Z, = 2r TR g HW/f—sin OwY,.
et + 3 e? + €3

(432)
It is natural to identify A, with the photon field, since it is the only massless gauge boson in
the model. Thus, the masses of the four gauge bosons are
1,5, 1

JUes Mz = 5’02(6% +e3) and m, =0. (433)

We defined the weak mixing angle or Weinberg angle 6y, (originally introduced by Glashow)

mwy+ =

€1 €2 €1 .
cos By = tanfy = — and ey sin Oy = e cos Oy .

NCET NCET €2
(434)

Oy measures the extent of mixing between weak hypercharge and weak isospin [if 6y, = 0,
then A, =Y, and 7, = W3] or the relative strengths of the corresponding gauge couphngs e
and ey. Oy is a ‘running’ parameter, it has been measured to be about 30° or sin’ fy ~ 0.23
at an energy scale corresponding to the mass of the Z boson, 91 GeV. The ratio of the masses
of the W and Z bosons is

sin HW =

mw _ Y% osfy (435)

mz  vy/e} + e3
e So far, the EM coupling and electric charge have not appeared in the Weinberg-Salam model.
They need to be defined in such a way that the model agrees with QED when we consider the
interactions of charged particles with photons. To relate the electromagnetic coupling e to the
couplings e; and e, we write the covariant derivative in terms of A, and Z,, (instead of Y}, and
Wi) and compare with the usual electromagnetic coupling 0, — ieQQA,, to charged particles,

where e = v/ 4rmhca is the electromagnetic coupling and () is the charge in units of the positron
charge. Here we work with the covariant derivative of the Higgs doublet. Being a complex
scalar, it is charged, though the two components can have different charges, as we will see.
Using

Y, = cosOwA, —sinbyZ, and Wj’ = sinbfw A, + cosOw Z,,, (436)
the covariant derivative for the scalar doublet
D, = 0,- “;2 (1W} + 02 W2) — @Y - oW
Ou — Z;2 (01W1 + 02W2) — % (er] 0059 + ego3sinf) A, — % (eg03cosf —e1Isinb) Z,

However, this must reduce to the usual electromagnetic coupling to the photon 0, — iQeA,,,
where () is the charge matrix for the particles under consideration, and e is the electromagnetic
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coupling. Comparing, we see that e() must be a linear combination of %(73 = T3 (corre-
sponding to the 3rd component of weak isospin) and the identity //2 (corresponding to weak
hypercharge) and e should be linearly related to e; and e, through coefficients that are trigono-
metric functions of the weak mixing angle. e, e, eq, Oy, are all ‘running’ parameters while ()
is a constant matrix depending on the charged particles being considered. There is some free-
dom in how one arranges the factors. We will define the charge matrix as the linear combination
Q=%+ % , where Y is the hypercharge matrix and e is the electromagnetic coupling constant
(some authors absorb the half into Y ). So we must have

v .
93 + _) A, = —%(62 sinfos + e cos§ I)A, (437)

—ieQA, = —ie ( 5 5

Now the hypercharge matrix of the scalar doublet is Y = I (this is explained in the section on
fermion masses) so we must have

e = ey sin Oy = ey cos Oy . (438)

e We have seen that the Fermi coupling of low energy beta decay is proportional to the square of
the weak coupling e, and inversely proportional to the square of My, (from the W propagator)
e 1 1

— = = = —=174.3GeV. (439)
42m3, 2y 202 V2V/2G

We used mj, = jv’e3 from the GWS model and the known value of Gp ~ 1.165 x 107°
GeV 2 to estimate the vev of the Higgs field. Sometimes v/2v = 246.4 GeV is quoted. The
weak mixing angle was determined in the mid 1970s through a measurement of the strength
of weak neutral currents (relative to the weak charged currents), giving sin® fy, ~ 0.23. Thus
it became possible to predict the masses of the W and Z bosons using known values for the
Higgs vev v ~ 174.3 GeV, electromagnetic coupling ¢ = /4w, ~ 0.31 (we use the value
a = 1/129 valid at 91 GeV) and sin 0y ~ 0.48, cosf ~ .88:

Gr

1 ve my ev
—vey = ——— ~ 79.6GeV and my = =
V2 2 V2 sin O 77 cos Ow  /2sinfcosh

The W and Z were discovered at roughly the predicted masses in 1983 at CERN.

~ 90.4GeV.
(440)

mw —

e The mass of the Higgs field h is similarly obtained by expanding the potential. Note that
' = (v + h)?, so the Higgs Lagrangian becomes

(Oh)* =V (¢) = (ah)%%(gﬂ p—v*)? = (8h)2—%(4v2h2+4vh3+h4) = (0h)?—(\v?)h*+interactions.

(441)
We read off my = vv/\. The spin zero Higgs particle with mass mpy ~ 125 GeV was
discovered at CERN in 2012. This fixes the dimensionless Higgs self coupling A = (my /v)? ~
0.5. The fact that the measured value of A is not large justifies a perturbative treatment of the
scalar sector of the SM.
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12.2 Minimal coupling to fermions in the SU(2)x U(1) model

Quarks and leptons are modeled as Dirac spinors in the standard model. To accommodate parity
violation as encoded in the V-A theory of weak interactions, the left and right handed projections
of the Dirac fermions (quarks and leptons) behave differently>* under SU(2)x U(1). Let us
first consider the first generation ( (v, €¢), and (u, d)), ignoring mixing among generations. The
LH components of a Dirac spinor are those that live in the —1 eigenspace of 75 while the RH
components lie in the +1 eigenspace of v5. So Y5, = —v.p, and Prv.;, = %(I—%)%L = Vg,
etc. The property of being right or left handed is a Lorentz-invariant concept, unlike positive or
negative helicity which is well-defined only for massless particles.

e Parity violation and V-A implies that only the LH projections of quarks and leptons partic-
ipate in the charge changing weak interactions. Since these W& interactions arise from the
SU(2)w group, the LH projections of quarks and leptons must transform non-trivially under
weak isospin, the simplest possibility is that they transform in the fundamental representation.
On the other hand, the RH projections do not participate in the charge changing weak interac-
tions, so they must be singlets under SU(2)yy .

e The LH components of the quarks and leptons each transform as a doublet in the fundamental
representation of weak isospin. In the case of quarks, we have three such doublets, one for each
color « =1,2,3:

LH weak isospin doublets [ = <Ve) , and  qur = (Z“) . (442)
¢/JL o)

Weak isospin gauge transformations can rotate the LH electron neutrino into a LH electron for
instance. The electron neutrino and up quarks (of all colors) have third component of weak

isospin T3 = % while T3 = —% for the electron and down quarks. The weak hypercharges
of these LH components are fixed by their electric charges and the relation Q = T3 + Y/2.
Thus Y,,, =Y., = —1,Y,,, = Y;, = 3. Under a U(1)y transformation, a field ¢ of

weak-hypercharge Y transforms as 1) — Y1),

e On the other hand, the RH components vg, er, u,r and d,g are singlets under weak isospin
(i.e. they transform in the trivial representation). In the standard model vr does not interact
with any other particle and decouples from the theory. So 75 = 0 for all the RH quarks and
leptons. Thus their weak hypercharges are simply twice their electric charges Y = 2@ or
Vn=0Y, =-2Y,  =5Y,=—32
e The weak ispspins and weak hypercharges of the second and third generations of quarks and
leptons are assigned in the same way.

e [t follows that the RH anti-leptons and RH anti-quarks also form weak isospin doublets:
+

(5 ) etc. Similarly, the LH anti-leptons and anti-quarks are singlets under weak isospin.
€+ L

The hypercharges of the anti-particles are the negatives of the Y -values of the corresponding

particles.

4By contrast the left and RH components of the quarks transform in the same way under color SU (3).
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e These weak isospins and hypercharges are important in determining the covariant deriva-
tives of the fermion fields, and consequently their coupling to electromagnetic and weak gauge

) ) .. ) Ve .
bosons. For instance, the covariant derivative of the LH neutrino-electron doublet | = ee 18

Dyly = 0,y —i (WL =Y, 80) 1 (443)
Here a = 1, 2 labels the T35 = %, —% components of the weak isospin doublet, [ = v, [y =
er,. Here WHZ and Y, are the gauge fields corresponding to weak isospin and weak hypercharge
(the coupling constants e, and e; ) have been absorbed into the respective gauge fields.

e The RH electron is a weak isospin singlet, it does not couple to W, so its covariant derivative
i
Dyer = [0, —i(=2Y,)] er. (444)

e For the LH quarks ¢,, @ = 1,2, 3, is a color index while a = 1, 2 label the two weak isospin
projections (qa1 = Uar, a2 = dur ). If Aﬂg are the gluon fields, then

1
Dyloa = 0uGaa — {Wugag + gyuégag + Auf‘i U (445)

e The RH up and down quarks do not couple to IV, since they are weak isospin singlets. Thus

4 2
DMUQR = auuaR —1 |:§YM55 + AN§:| UBR and DudaR = a,udaR —1 |:_§YM5§ + AM§:| d/gR.
(446)

e The RH neutrinos transform trivially under the whole SM gauge group. So they do not couple
to any gauge fields D,v.r = O0,v.r. They do not interact with any other particles and have not
been detected.

12.3 Fermion masses from Yukawa couplings sans mixing of generations

e Quarks and leptons are spin-half Dirac fermions in the standard model. Mass terms for Dirac
spinors take the form —maty) = —map, — marr. Such mass terms for quarks and leptons
are not gauge-invariant since the LH components transform as weak isospin doublets while the
RH components are weak isospin singlets. Moreover, such a mass term is also not invariant
under U (1)y since the LH and RH fermions do not have the same weak hypercharges Y. (Note
that hypercharge of er is 2 while that of ey is —1. To be U(1) invariant, the sum of the
hypercharges of the fields in a product should be zero.

On the other hand, Yukawa coupling of a Dirac spinor to a scalar field can lead to a mass
term for the Dirac spinor if the scalar has a non-zero vev. To get a gauge invariant mass term
this way, we exploit the fact that both the scalar field and the LH fermions are doublets under
weak isospin. There are two distinct and interesting ways in which we may introduce gauge
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invariant Yukawa couplings. They are based on the observation that both the ‘dot’ and ‘cross’
products of a pair of SU(2) doublets are invariant under SU(2). Suppose

(9 A2 U
¢—(¢;) and l—(é)—(e)L or <d>L (447)

are the Higgs scalar and the LH lepton (or quark) SU(2)y, doublets. Then the ‘dot product’
¢'1 is obviously SU(2) invariant. Similarly, the ‘cross’ product

O X | = eqpPaly = Pl — Paly = ¢t (io2) 1 (443)

is also invariant under ¢ — g¢,[ — gl. This is familiar to us as the spin singlet combination of
two spin halves. But we may show it explicitly by using the general parametrization of an SU(2)

. z
matrix g = —w
Then an SU(2) transformation takes the Higgs doublet to

£ where z and w are complex numbers with det g = |2]* + |w|* = 1.
¢1 = 21 +wey and gy — —w P + 272 (449)

and similarly for the quark/lepton doublet [. It follows that the cross product

d1ls — poli = (201 +wo2)(—w*ly + 2°l) — (—w 1 + 27 ¢2) (2l + wly)
= (|2]* + [w)(drls — ¢2l1) = det g(d1ls — doli) = (41l — dala). (450)
is SU(2) invariant.

e The ‘cross-product’ type of Yukawa coupling generates masses for the up-type quarks ¢ =

(i),

As discussed, this is invariant under weak isospin gauge transformations. To be invariant under
U(1)y we need to ensures that the weak hypercharges of ug(Y = —4/3),¢ and q.(Y = 1/3)
add up to zero. This requirement fixes the hypercharge of the scalar field to be 1 as mentioned

«

GuUiz ¢ (ios) (Za) + h.c. = guURewPagy + h.c. (451)
L

earlier. Choosing ‘unitary’ gauge where ¢ = we see that the up quark mass is g,v:

0
v+ h
—a 0 1 Ug, —« —Q
JulUp (0 v+ h) 10 d + h.c. = —gvuRuLy — g hURuL + h.c. (452)

The cross-product type of Yukawa coupling can also generate masses for the charged leptons
(see below). The second term describes the trilinear vertex at which up quarks and up anti-
quarks couple to the Higgs. Both the up quark mass and its Yukawa coupling to the Higgs
are proportional to g,. So a heavier Dirac fermion couples more strongly to the Higgs, as
we noticed in the Abelian Higgs model. This is like more massive bodies feeling a stronger
gravitational force. In particular, the top quark has the strongest coupling to the Higgs among
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all the quarks and leptons and provides a possible way of producing and studying the Higgs
particle.

e Note: the Yukawa coupling g, is a priori a complex number. However, it can be taken to be
a non-negative real number (quark mass divided by Higgs vev) since its phase can be absorbed
into a redefinition of the quark fields. More on this in the next section.

e The above ‘cross-product’” Yukawa couplings cannot lead to masses for down-type quarks (or
neutrinos). The down quark gets its mass g;v using the ‘other’ gauge-invariant ‘dot-product’
Yukawa coupling to the Higgs. In the same gauge,

— gad%o! (3“) +he = —gady (0 v+ h) (za) +h.e. = —gad(v+h)dar +hc. (453)
L */ L

(e}

e In the SM, the electron and other charged leptons (though not the neutrinos) receive their
masses through the Yukawa coupling to the scalar doublet. To write down the Yukawa couplings

+
and identify the masses (using the same gauge as above), it is convenient to define [ = 5 )

€+ R
to be the RH (positron, anti-neutrino) weak isospin doublet (with Y = 1) rather than the LH
neutrino, electron doublet (with Y = —1). If g, is the electron (and positron) Yukawa coupling
constant, then

gefr(¢ X Ig) + h.c. = g.ep¢'(ios) <Ve) + h.c. = g.€rewdaly + h.c. (454)
¢/ R

For the reasons given above, this is invariant under weak isospin gauge transformations. Check
that it is also invariant under weak hypercharge if we assign Yy = 1, which is consistent
with what we found above. To find the resulting electron (and positron) mass (which is gauge
0
v+h
h the Higgs scalar. Then the Yukawa coupling term is

invariant), we work in the gauge in which ¢ = ( , where v is the vev of the scalar and

Je€r, (O v+ h) (_01 (1)) (5) + h.c. = —g.vérer — ge€rher + h.c. (455)
¢/ R

The electron mass is then m,. = g.v. The second term describes the trilinear vertex at which
electrons and positrons couple to the Higgs.

e The cross-product Yukawa couplings can be used to obtain neutrino masses, though it leaves
unexplained why neutrinos are so much lighter than the other charged leptons. For that matter,
we do not know why the top quark is so much heavier than the up quark either!

12.4 Quark mixing: CKM matrix

e The above Yukawa coupling of quarks and leptons to the scalar doublet can give masses to
fermions in each generation. Let us focus on the quarks (same reasoning applies to leptons and
can lead to masses for charged leptons and neutrinos). Generations are weak eigenstates, quarks

217



that couple in a specific way to weak gauge bosons (e.g. the LH ones from each generation form
a weak isospin doublet). So we might imagine obtaining masses for each of the two quarks in
each generation. However, it is found that the weak eigenstates of quarks do not have definite
masses. Mass eigenstates are those that propagate a definite ways while the weak eigenstates
are those that interact with weak gauge bosons in definite ways, the two do not coincide. To
accommodate this, we notice that each generation of quarks transforms in the same way under
U(1)y . So without losing gauge invariance, we can have a Yukawa coupling between a RH up-
quark, Higgs doublet and a LH (¢, s) doublet just as we can have a Yukawa coupling between
a RH w-quark, Higgs doublet and a LH (u,d) doublet, generations can mix. So there aren’t just
6 Yukawa couplings but a 3 x 3 complex matrix g of Yukawa couplings for up-type quarks
and another 3 x 3 complex matrix g for the down-type quarks. Let us use ¢ = 1,2, 3 to label
generations and suppress color indices, then the Yukawa couplings are

Lyux = —/dpg! (“) + g] g (ic2) (“) +he. (456)
A general complex matrix g cannot be diagonalized by a similarity transformation. But it can
be diagonalized by two different unitary transformations, one acting on the right and one on
the left! To see this, note that by polar decomposition, any complex matrix can be written as
g = PO where P is a positive matrix (hermitian with non-negative eigenvalues) and © is a
unitary matrix. Moreover, suppose U is a unitary matrix that diagonalizes P, UTPU = D.
Now if we let V = ©TU we find that UTgV = D. The entries of the diagonal matrix D are
called the singular values of g, they are non-negative real numbers, the positive square-roots of
the positive matrix gg' (¢'g and gg' have the same eigenvalues).

e So let us suppose we have unitary matrices A;, Ar and A;, Ag that diagonalize ¢ and §
respectively. The singular values of ¢ are the masses of the up-type quarks in units of the Higgs
vev v while the singular values of g are the masses of the down-type quarks in units of v:

M

1 1. - M -
g:;ARMATL and gzzARMATL or A;gAL:7 and AlLgA, = .

(457)

Here M = diag(m,, m., m;) and M = diag(mg, ms, my) are the diagonal 3 x 3 matrices of
u-type quark masses and d-type quark masses.

e In the ‘unitary’ gauge ¢ = (0,v + h), the Yukawa Lagrangian, omitting interactions with h
becomes

u
Lyuk = —v (71 c E)R glc|] —v (cf 5 E)R g | s | +h.c. + interactions. (458)
t b
L L

e Now we define linear combinations of the weak eigenstates so as to diagonalize ¢ and g. Let

U w\’ U u\’ d d\’ d d\’

c =Ar|c]| , c =Ap|c| , S =Ar|s] , S =Agp|s] .

¢ L ¢ L ¢ R ¢ R b L b L b R b R
(459)
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In terms of these new ‘primed’ quark fields the Yukawa Lagrangian simplifies. Below we use
and d as short-hand notation for the three up-type and three down-type quarks:

Ly = —vﬂ%AEgALy'L — uJ;zAEQALd’L + h.c. + interactions
= —uyMu) —dyMd;, — u; Muy — d; Md}y + interactions. (460)

We see that the Yukawa couplings have lead to Dirac masses for the six quarks. The primed
quark fields have definite masses are are called the mass eigenstates. They are linear combina-
tions of the un-primed weak eigenstates.

e These mass terms only involve the 6 quark masses, which are the singular values of the com-
plex Yukawa coupling matrices g and g. Do the remaining parameters in g, g (or equivalently
the parameters in the unitary matrices Ay, Ag, Ap, AR) play any role? The passage to mass
eigenstates for quark fields affects the interaction terms between quarks and gauge fields. We
may write the EM, neutral weak and charged weak interactions in terms of mass eigenstates. It
turns out that the EM and neutral weak interactions are unaffected (check in the same way as we
do below for the charge changing weak interactions below). Something interesting happens in
the charge-changing weak interactions, a combination of the A;, A; matrices show up there.

e Recall that the charge weak interactions only affect the left handed quark and lepton doublets.
Focusing on quarks, consider the LH doublets ¢;;,, where ¢ = 1,2,3 label 3 generations,
a = 1,2 label a basis in the fundamental rep of weak isospin and o = 1,2, 3 label a basis in
the fundamental representation of color. The covariant derivative is

‘ 2
DuQLiaa = auQLiaa -1 |:Gug52 + WMZCSQ + gYu:| qLiBb- (461)

The Dirac Lagrangian is then
ED = q_zaaifyuDuQLiaa (462)

Let us focus on the change changing weak interactions that involve Wf (we suppress color
indices below)

d
1, 0o Ww- ., _
Lee = §QL'7M <W+ 0 >C]Lz‘:2(u ¢ f)L/VMWH (2) the.
L

N | =

d\’ d\’
1 - _ _ -
= (@ e 1) AW AL (2) +he. = —(a ¢ t)’LquC(Z> + h.c(463)
L L

Here we defined the 3 x 3 unitary CKM matrix C' = Azfl r. In general, the same unitary
matrices do not diagonalize both ¢ and g. C' measures the difference. If A, = Ay, then there
is no mixing. We see that the charged current weak interactions can convert an up quark mass
eigenstate into a linear combination of mass eigenstates of the down type quarks accompanied
by the emission of a W™*. While cc weak interactions operate within generations of weak
or flavor eigenstates, they do not operate within families of mass eigenstates. The Yukawa
couplings enter the Lagrangian only through the quark masses and CKM matrix elements.
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e The CKM matrix introduces several parameters into the standard model beyond the quark
masses, let us count them. Suppose there are N, generations. Being a unitary N, X N, ma-
trix, C' depends on N, 92 parameters. However, there is an equivalence relation among CKM

matrices, two distinct unitary matrices A, A, may correspond to the same Yukawa couplings.
Indeed, A; and Apr are not unique. Multiplying A; and Agr by a diagonal unitary matrix
diag (e, - - -, ¢®Na) on the right does not affect g. Similarly, multiplying Ay and Ap by a
diagonal unitary matrix diag (e?*, - - - , ¢”¥s) on the right does not affect §. So the CKM ma-
trix C;; = (AL AL); is physically equivalent to C;;¢'% %) However, a constant addition to
both the 6’s and 0’s does not affect C'. We can use these phases to eliminate 2N, — 1 pa-
rameters from the N, 92 parameters that C' can depend on. Thus, the CKM matrix depends on
N, 92 — 2N, + 1 = (N, — 1)? free parameters. For two generations there is one one such param-
eter, which is the Cabibbo mixing angle and was introduced to incorporate the possibility that
both the strange and down quark mass eigenstates could decay to an up quark mass eigenstate.

e For N, = 3, there are 4 parameters in the CKM matrix. Three of these can be regarded as
generalized Cabibbo mixing angles as they are present in a 3 x 3 (real) orthogonal matrix, which
depends on %3(3 — 1) = 3 parameters. The fourth parameter is a (complex) phase. A complex
phase in the CKM matrix makes the weak interaction Lagrangian not invariant under time-
reversal (which involves complex conjugation). By the CPT invariance of the same Lagrangian
this implies CP violation in the weak interactions. Indeed, Kobayashi and Maskawa in 1973
predicted a third generation of quarks in order to make it possible to incorporate CP violation
in the weak interactions, which had been unexpectedly experimentally discovered in 1964 by
Cronin and Fitch.

13 Summary of the Standard Model

e The standard model of particle physics (aside from the inclusion of the third generation of
quark and leptons) reached its current form around 1973-1974 when it became generally ac-
cepted that QCD was the best candidate for a theory of the strong interactions, displaying the
crucial property of asymptotic freedom (Gross, Wilczeck and Politzer, based on the work of ’t
Hooft and Veltman on quantization of non-abelian gauge theories). The need for asymptotic
freedom arose as a consequence of the results of the deep inelastic scattering experiments of the
late 1960s which showed that the structure functions of the proton were scale invariant, at suffi-
ciently small scales. This was explained by Bjorken and Feynman in terms of the parton model,
the constituents of the proton had to be point-like nearly free particles. So the force that bound
these partons had to be weak at short distances (asymptotically free) but strong at long distances
(infrared slavery). QCD had this remarkable property. The discovery (Ting and Richter) of the
J /1) meson containing a charm quark convinced most that quarks were real. Partons were iden-
tified as quarks and gluons. The charm quark had been predicted by Glashow Iliopolous and
Maiani (GIM mechanism which involves mixing among quarks of two generations).

e Following the discovery of parity violation in 1956 and the development of the V-A theory of
weak interactions, Glashow proposed an SU(2) x U(1) gauge theory of massive weak gauge
bosons in 1961, but it was not renormalizable and the mass terms for the gauge fields broke
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the local gauge symmetry. The Higgs mechanism for a gauge invariant way to generate vector
boson masses was proposed in 1964 and by 1967-68 Weinberg and Salam combined the Higgs
mechanism with Glashow’s model to arrive at the Lagrangian of the electroweak part of the SM
(for two families of leptons). However, this model had to wait for the work of 't Hooft and
Veltman (1972) to be shown to be a viable quantum theory in a perturbation approximation.
Kobayashi and Maskawa introduced three generations of quarks with mixing among them in
1973 to incorporate CP violation. While the Lagrangian of QCD is relatively simple since it
is not a chiral gauge theory, the Lagrangian of the electro-weak theory is more intricate due to
parity violation, Yukawa coupling to scalars and mixing among quark and lepton families. Mix-
ing among two lepton families was introduced by Maki, Nakagawa and Sakata in 1962 based
on Pontecorvo’s 1957 prediction of neutrino oscillations. However, this was generally accepted
and extended to three lepton families only in the late 1990s with experimental confirmation of
neutrino oscillations coming in 2001.

e The standard model is a non-abelian Yang-Mills gauge theory with gauge Lie algebra su(3) x
su(2) x u(1l), corresponding to color, weak isospin and weak-hypercharge symmetries. In
addition to the 8 gluons and 4 electroweak gauge bosons, it also has a complex doublet of scalar
fields and a set of fermion fields for the quarks and leptons. The gauge fields corresponding to
color, weak isospin and weak hypercharge are G,,, W, and Y),. For each = 0,1,2,3 and
location x they are traceless hermitian 3 X 3 matrices, traceless hermitian 2 x 2 matrices and a
real number respectively, each transforming in the adjoint representation of the respective gauge
group while being a singlet under the other gauge groups. We will use o = 1,2, 3 to denote
color indices, i.e. to enumerate a basis for the fundamental (triplet) representation of color
SU(3). a = 1, 2 label a basis for the fundamental (doublet) representation of weak isospin.

e The kinetic terms and self-interactions of the gauge fields are simply described by the squares
of the corresponding field strengths (Y* = o*Y" — 9"Y* and WH = WY — "W —
iWH W] and G = O*G¥ — 9¥G* — i|GH, G"])

1

1 1
‘Caue:_—yuyyu__t WMVWV__t G"G v 464
gauge = To(2 /4" AT 9z T 9er " (464)

Here e, 53 are the coupling constants of u(1)y, su(2)y and su(3)c. We absorb the coupling
constants into the corresponding gauge fields, so they appear as pre-factors in the Yang-Mills
Lagrangian.

e The scalar and fermion fields are introduced by specifying the representation of the SM gauge
group G according to which they transform. This allows us to write covariant derivatives for
each of the spin zero and half matter fields, from which their coupling to gauge fields follows by
the Lorentz minimal coupling prescription. The scalar fields are color singlets, transform as a
doublet under weak isospin and have Y = 1 (in order that the Yukawa couplings to quarks and
leptons be gauge invariant). So they belong to the (1,2, 1) representation of GG. The covariant
derivative of ¢ is

(Dyt)a = 9t = i[Wo + Yu80)ba (465)

If we had not absorbed the couplings into the gauge fields, then they would appear here as
(e1/2)Y,,8% and (c2/2)WA(00);.
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e The propagation, self-interactions and interactions of scalars with electroweak gauge fields is
governed by the Lagrangian density

2

Lscatar = (Dugzﬁ)T(D“gzﬁ) - 2 (¢T¢ - U2) . (466)

Under a gauge transformation g € U(2), ¢ — g¢ and it is clear that the scalar potential is
invariant.

e Now we come to the quarks and leptons, which are Dirac spinor fields whose LH and RH
components are in different representations of G and consequently have different covariant
derivatives and couplings to the gauge and Higgs fields. We will use the Greek letters «, f =
1,2,..., N, for color indices (N, = 3). Latin letters from the beginning of the alphabet a,b =
1,2 label a basis for the fundamental representation of weak isospin SU(2)y,. Latin indices
from the middle of the alphabet 7,7 = 1,2, ..., N, label the N, = 3 generations of quarks and
leptons, i.e., the weak eigenstates (rather than the mass eigenstates). The number of quark and
lepton generations are the same: this is needed for the cancelation of anomalies in the quantum
theory, it is also an experimental fact. The covariant derivatives do not mix generations, the
Yukawa couplings mix generations. Let us recall the covariant derivatives.

e We denote the LH quarks by ¢uqi, 75¢ = —¢. they transform in (3,2, %) , 1.e., in the fun-
damental representations of color SU(3) and weak isospin and have hyper charge Y = 1/3. It
follows that the covariant derivatives of the LH quarks are

1
D,Goai = Opaai — i {W” 6P 4+ -Y,6%0° + Gﬁa} Ui (467)

pa o 3 H-a” o
e The RH up type quarks u,; transform in (3,1, 3) and the RH down type quarks d,; belong
to (3,1,—2). So

4 2
D,uuoﬂ‘ = 6uua,~ —1 (Gﬁ + gyuég) Upi, and Dudai = ﬁudm- —1 (Gﬁa — gYM(Sg) d,Bz

Qo
(468)

e The LH leptons l,; (75! = —1) belong to (1,2,—1), i.e., are color singlets, fundamental
under weak isospin and have weak hyper-charge —1. Their covariant derivatives are

Dylai = Oplai — i [W)y — Y,u00] by (469)

e The RH charged leptons vse; = e; are singlets under both color and weak isospin and have
weak hypercharge Y = —2. They belong to (1,1, —2), so

D#ei = @Lei - Z<_2Yu>ez (470)

e The RH neutrinos v;; = v; belong to (1,1,0), i.e., they transform trivially under the full
SM gauge group. So they do not interact with any of the SM gauge fields: D,v; = 0,v;.
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e Using these covariant derivatives, we can write down the Dirac Lagrangian for the massless
quarks and leptons

LDirac = qaai(i’y-D)qaai—i-ao‘i(m-D)uaﬁ—Jai(m-D)dai-l—l_ai(iv-D)lai+éi(i7-D)ei+ﬂi(i’y-D)l/Z-.
“471)

e The Yang-Mills, Higgs and Dirac Lagrangians treat each generation of massless quarks and
leptons separately. The Yukawa couplings of fermions give them masses and can mix genera-
tions. Recall that the up type quarks and charged leptons have cross-product-type of Yukawa
couplings (¢ x q) while the down type quarks (and possibly the neutrinos) have dot-product-
type of Yukawa couplings (d¢!q). The Yukawa coupling terms are

Lyukawa = G0 0ac®qop; + 18 hac™®ly; + G1d* 0" qoaj + [0 01 ;. (472)

Here g and g are the up-type and down-type complex Yukawa coupling matrices while f, f are
the charged lepton and neutrino Yukawa coupling matrices. Let M and m be the diagonal mass
matrices of up-type-quarks and charged leptons (masses M; and m; are the singular values of
g, f in units of the Higgs vev v), and similarly M/; and 77; are masses of the down-type quarks
and neutrinos respectively. Then

g= 1ARMATL and ¢ = EARMATL and f = 1BRmBE and f = léRMBZ.
v v v v 473)
Here the A’s and B’s are unitary matrices relating the mass eigenstates to the weak eigenstates
as explained in the last section. The 3 x 3 unitary CKM and PMNS matrices C' = ATLA r and
P = BZB 1, encode mixing among mass eigenstates of down-type quarks and neutrinos when
they participate in charge changing weak interactions (the CKM matrix is usually denoted V).

e Here M, m, M, are diagonal matrices with entries M;, m;, M;, m; respectively. In the
original SM, the last term was absent as neutrinos were taken to be massless m = 0.

e Let us count the number of free input parameters in the SM that are to be determined from
experiment. In the gauge sector, there are three dimensionless gauge couplings eq, es, €3 (e3 is
determined in terms of Agcp). In the scalar sector we have the dimensionless scalar (Higgs)
self-coupling A\ and the scalar vev v/2v ~ 246 GeV. All of these have been measured. The
rest of the parameters are the Yukawa couplings, or equivalently, the masses of the quarks and
leptons and the dimensionless mixing angles in the unitary CKM and PMNS matrices C' and
P. Suppose there are N, generations of quarks and leptons. Then there are 4N, quark and
lepton masses and (N, — 1)? mixing angles and phases each in C' and P, after accounting
for the freedom to redefine phases of fermion fields. Thus the SM with three generations has
5+4N,+2(N,—1)? = 25 free parameters. The masses of the charged leptons and heavy quarks
are known reasonably accurately while the light quark masses m,, 4 s are somewhat imprecisely
known. The CKM matrix elements have all been measured, three angles (beginning with the
Cabibbo angle from weak decays of charged Kaons followed by two more mixing angles from
weak decays of heavy mesons containing ¢ and b quarks) and a CP violating phase. The three
neutrino mixing angles have also been measured from neutrino oscillations (the atmospheric,
solar and reactor angles). The neutrino masses and CP violating phase in the PMNS matrix
remain to be measured.
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e The vacuum expectation value of the scalar field v is the only dimensional parameter in
the electroweak part of the standard model: quark and lepton masses are multiples of v as
determined by the dimensionless Yukawa couplings. It is a mystery why some of the Yukawa
couplings are so small.

e The number of colors N, is an integer and experiments favor N, = 3, we did not include it
with the continuous free parameters above. Measurements of the Z° decay width favor N, = 3
generations.

e Note that we do not count the speed of light or Planck’s constant among the parameters of the
SM. h and ¢ may be regarded as parameters of the frameworks of quantum theory and relativity
and do not pertain to the specific dynamical model of forces specified by the SM. We may work
in units where they are equal to one. A and c are used to set the scale for two out of the three
dimensions of mass, length and time.

e In addition to the 25 continuous free parameters of the SM needed to explain strong, weak
and electromagnetic phenomena, we need two more parameters to use general relativity to pre-
dict classical gravitational phenomena: Newton’s gravitational constant and the cosmological
constant.

e Though most of the Lagrangian of the SM is now confirmed, we are still quite far from under-
standing its consequences, especially in the low-energy behavior of the strong interactions and
the high-energy behavior of electroweak interactions. Much progress has been made, primarily
in weak coupling perturbation theory but many things (like the masses and structure of hadrons)
remain beyond the reach of perturbation theory. It is a little bit like being able to integrate New-
ton’s equations for the motion of planets for short times, but not knowing the medium and long
term behavior (shapes of orbits and their stability).
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