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1 Introduction

In this course, we will explore some of the tools necessary for attacking the fundamental questions of

elementary particle physics. These questions include:
e What fundamental particles is everything made out of?
e How do the particles interact with each other?
e What principles underlie the answers to these questions?
e How can we use this information to predict and interpret the results of experiments?

The Standard Model of particle physics proposes some answers to these questions. Although it is highly
doubtful that the Standard Model will survive intact beyond this decade, it is the benchmark against
which future theories will be compared. Furthermore, it is highly likely that the new physics to be
uncovered at the CERN Large Hadron Collider (LHC) can be described using the same set of tools.
This Introduction contains a brief outline of the known fundamental particle content of the Standard
Model, for purposes of orientation. These and many other experimental results about elementary
particles can be found in the Review of Particle Properties, hereafter known as the RPP, authored
by the Particle Data Group, and in its pocket-sized abridged form, the Particle Physics Booklet. The
current edition of the RPP was published as K. Nakamura et al. (Particle Data Group), J. Phys. G
37, 075021 (2010), and is about the size of a telephone book directory for a city of 50,000 people. It
is updated and republished every even-numbered year. An always-up-to-date version is available on-
line, at http://pdg.1bl.gov, and it is usually considered the definitive source for elementary particle
physics data and analysis. Each result is referenced according to the experiments that provided it.
Background theoretical material needed for interpreting the results is also included. Copies can be

ordered for free from their website.

1.1 Fundamental forces

The known interaction forces in the Standard Model (besides the universal attraction of gravity) are the
electromagnetic force, the weak nuclear force, and the strong nuclear force. These forces are mediated

by the spin-1 (vector) bosons listed in Table 1:

Boson Charge Mass (GeV/c?)  Width (GeV/c?) Lifetime (sec) Force

photon 5 0 0 0 o0 EM
W+ +1 80.399 + 0.023 2.085 4= 0.042 3.14 x 1072 weak
Z 0 91.1876 4+ 0.0021  2.4952 +£0.0023  2.64 x 1072  weak

gluon g 0 “0” strong

Table 1: The fundamental vector bosons of the Standard Model.



The photon is the mediator of the electromagnetic force, while the W+ and Z" bosons mediate the
weak nuclear force, which is seen primarily in decays and in neutrino interactions. The W' and W~
bosons are antiparticles of each other, so they have exactly the some mass and lifetime. The gluon has
an exact 8-fold degeneracy due to a degree of freedom known as “color”. Color is the charge associated
with the strong nuclear force. Particles that carry net color charges are always confined by the strong
nuclear force, meaning that they can only exist in bound states, Therefore, no value is listed for the
gluon lifetime, and the entry “0” for its mass is meant to indicate only that the classical wave equation
for it has the same character as that of the photon. Although the fundamental spin-1 bosons are often

called force carriers, that is not their only role, since they are particles in their own right.

1.2 Resonances, widths, and lifetimes

Table 1 also includes information about the width I' of the W and Z particle resonances, measured in
units of mass, GeV/c?. In general, resonances can be described by a relativistic Breit-Wigner lineshape,
which gives the probability for the kinematic mass reconstructed from the production and decay of the
particle to have a particular value M, in the idealized limit of perfect detector resolution and an isolated
state. For a particle of mass m, the probability is:

f(M)

PO = Rp ey s mer e (1)

where f(M) and I'(M) are functions that usually vary slowly over the resonance region M ~ m, and
thus can be treated as constants. The resonance width I' = I'(m) is equivalent to the mean lifetime,

which appears in the next column of Table 1; they are related by
7 (in seconds) = (6.58212 x 1072°)/[T" (in GeV/c?)]. (1.2)

The RPP lists the mean lifetime 7 for some particles, and the width I' for others. Actually, the
Standard Model of particle physics predicts the width of the W boson far more accurately than the

experimentally measured width indicated in Table 1. The predicted width, with uncertainties from
input parameters, is I'yy = 2.091 4+ 0.002 GeV/cQ.

1.3 Leptons and quarks

The remaining known indivisible constituents of matter are spin-1/2 fermions, known as leptons (those
without strong nuclear interactions) and quarks (those with strong nuclear interactions). All experi-
mental tests are consistent with the proposition that these particles have no substructure. The leptons
are listed in Table 2. They consist of negatively charged electrons, muons, and taus, and weakly inter-
acting neutrinos. There is now good evidence (from experiments that measure oscillations of neutrinos
produced by the sun and in cosmic rays) that the neutrinos have non-zero masses, but their absolute
values are not known except for upper bounds as shown. The quarks come in 6 types, known as

“flavors”, listed in Table 3.



Lepton Charge Mass (GeV/c?) Mean Lifetime (sec)

electron e~ -1 5.10998910(13) x 10~* 00
Ve 0 <2x107*
muon o ~1 0.105658367(4) 2.197 x 1076
v 0 <1.9x107*
tau T ~1 1.77682(16) 2.91 x 10713
v, 0 < 0.018

Table 2: The leptons of the Standard Model.

Quark Charge Mass (GeV/c?)
down d -1/3  41x1073 t0 5.8 x 1073
up u 2/3  1.7x1073 to0 3.3 x 1073
strange s -1/3 0.08 to 0.13
charm c 2/3 1.47 to 1.83
bottom b -1/3 4.7 to 5.0
top t 2/3 173.1+1.3

Table 3: The quarks of the Standard Model.

The fermions listed in Tables 2 and 3 are often considered as divided into families, or generations.
The first family is e™,ve,d, u, the second is pu~,v,,s,c, and the third is 77,v,,b,t. The masses of
the fermions of a given charge increases with the family. The weak interactions mediated by W*
bosons can change quarks of one family into those of another, but it is an experimental fact that
these family-changing reactions are highly suppressed. All of the fermions listed above also have
corresponding antiparticles, with the opposite charge and color, and the same mass and spin. The
antileptons are positively charged et, %, 77 and antineutrinos Ve, Uy, V7. For each quark, there is
an antiquark (E, 7,5,¢,b,T) with the same mass but the opposite charge. Antiquarks carry anticolor
(anti-red, anti-blue, or anti-green).

The masses of the five lightest quarks (d, u, s, ¢, b) are somewhat uncertain, and even the definition
of the mass of a quark is subject to technical difficulties and ambiguities. This is related to the fact
that quarks exist only in colorless bound states, called hadrons, due to the confining nature of the
strong force. A colorless bound state can be formed either from three quarks (a baryon), or from three
antiquarks (an anti-baryon), or from a quark with a given color and an antiquark with the corresponding
anti-color (a meson). All baryons are fermions with half-integer spin, and all mesons are bosons with
integer spin. The quark mass values shown in Table 3 correspond to particular technical definitions
of quark mass used by the RPP (I've chosen to quote the MS masses for u,d, s, and pole masses for
¢, b,t), but other definitions give quite different values. The lifetimes of the d, u, s, c,b quarks are also

fuzzy, and are best described in terms of the hadrons in which they live. In contrast, the top quark



mass is relatively well-known, with an uncertainty at this writing of order only about 0.75%. This is
because the top-quark mean lifetime (about 4.6 x 1072 seconds) is so short that it decays before it
can form hadronic bound states (which take roughly 3 x 1072* seconds to form). Therefore it behaves
like a free particle during its short life, and so its mass and width can be defined in a way that is not
subject to large ambiguities. Each of these quarks has an exact 3-fold degeneracy, associated with the
color that is the source charge for the strong force. The colors are often represented by the labels red,
green, and blue, but these are just arbitrary labels; there is no experiment that could tell a red quark
from a green quark, even in principle.

There may also be a fundamental Higgs boson, with spin 0 and charge 0. In the simplest version
of the Standard Model, the Higgs boson is is required to exist as part of the model specification, and
experimental constraints from the LEP2 experiment require its mass to be larger than 114.4 GeV/ c?
in the context of that model, at 95% confidence. However, some extensions of the Standard Model (for
example technicolor) do not have any fundamental Higgs boson, nor even a well-defined resonance that
plays the role of a Higgs boson. Other extensions of the Standard Model (notably supersymmetry)
imply the existence of more than one fundamental Higgs boson. Also, in extensions of the minimal

Standard Model, it is possible to evade the 114.4 GeV/c? lower mass bound from LEP2.

1.4 Hadrons

As remarked above, quarks and antiquarks are always found as part of colorless bound states. The
most common are the nucleons (the proton and the neutron), the baryons that make up most of the
directly visible mass in the universe. They and other similar baryons with total angular momentum

(including both constituent spins and orbital angular momentum) J = 1/2 are listed in Table 4.

J =1/2 baryon Charge Mass (GeV/c?) Lifetime (sec)
P (uud) +1 0.938272 > 6.6 x 10%
n (udd) 0 0.939565 885.7
A (uds) 0 1.11568 2.63 x 10710
»t (uus)  +1 1.18937 8.02 x 1071
»0 (uds) 0 1.19264 7.4 x 10720
- (dds) -1 1.19745 1.48 x 10710
=0 (uss) 0 1.31486 2.9 x 10710
=" (dss) -1 1.3217 1.64 x 10710

Table 4: Baryons with J =1/2 made from light (u,d,s) quarks.

The quarks listed in parentheses are the valence quarks of the bound state, but there are also virtual
(or “sea”) quark-antiquark pairs and virtual gluons in each of these and other hadrons. The proton

may be absolutely stable; experiments to try to observe its decays have not found any, resulting in only



a very high lower bound on the mean lifetime. The neutron lifetime is also relatively long, but it decays
into a proton, electron, and antineutrino (n — pe~ 7). The other J = 1/2 baryons decay in times of
order 10719 seconds by weak interactions, except for the ¥° baryon, which decays extremely quickly
by an electromagnetic interaction into the A, which has the same valence quark content: X° — A~. In
that sense, one can think of the X9 as being an excited state of the A. There are other excited states
of these baryons, not listed here. The mass of the baryons in Table 4 increases with the number of
valence strange quarks contained.

Note that the masses of the proton and the neutron (and all other hadrons) are much larger than
the sums of the masses of the valence quarks that make them up. These nucleon masses come about
from the strong interactions by a mechanism known as chiral symmetry breaking. Nucleons dominate
the visible mass of particles in the universe. Therefore, it is quite wrong (although fashionable) to say
that the search for the Higgs boson is needed to understand the “origin of mass”. Most of the masses
of the W* and Z bosons and the top, bottom, charm, and strange quarks and the leptons are indeed
believed to come from the Higgs mechanism, to be discussed below. However, the Higgs mechanism is
by no means necessary to understand the origin of all mass, and in particular it is definitely not the
explanation for most of the mass that is directly observed in the universe.

There are also J = 3/2 baryons, with some of the more common ones listed in Table 5.

J = 3/2 baryon Charge Mass (GeV/c?) T (GeV/c?) Lifetime (seconds)
AT (uuw) 42 1.232 0.118 5.6 x 10~
At (wud) — +1 n n no
AV (udd) 0 "o " "o
A~ (ddd) -1 n i n
¥t (suu) +1 1.383 0.036 1.8 x 10723
»*0 (sud) 0 1.384 0.036 1.8 x 10723
¥*- (sdd) -1 1.387 0.039 1.7 x 10723
=*0 (ssu) 0 1.532 0.0091 72 %1072
B* (ssd) ~1 1.535 0.0099 6.6 x 1072
Q- (ss8) -1 1.672 8.0 x 10717 8.21 x 10711

Table 5: J = 3/2 baryons.

The RPP uses a slightly different notation for the ¥* and =* J = 3/2 baryons. Instead of the *
notation to differentiate these states from the corresponding J = 1/2 baryons with the same quantum
numbers, the RPP chooses to denote them by their approximate mass in MeV (as determined by older
experiments, so a little off from the present best values) in parentheses, so ¥(1385) and =(1530). Very
narrow resonances correspond to very long-lived states; the Q™ is by far the narrowest and most stable

of the ten J = 3/2 baryon ground states listed.



There are also baryons containing heavy (c or b) quarks. The only ones that have been definitively
observed so far have J = 1/2 and contain exactly one heavy quark. The lowest lying states with a
charm quark include the A}, ¥+ ©+ %0 =+ =0 and Q0 resonances with masses ranging from 2.29
GeV/c? to 2.7 GeV/c?, and those with a bottom quark include the A), =9, =, ", ¥, and ¥, with
masses ranging from 5.62 GeV/c? to 5.82 GeV/c?. More information about them can be found in the
RPP. Again, there are other baryons, generally with heavier masses, that can be thought of as excited
states of the more common ones listed above.

Bound states of a valence quark and antiquark are called mesons. They always carry integer total

angular momentum J. The most common J = 0 mesons are listed in Table 6.

J = 0 meson Charge Mass (GeV/c?)
w0 (ua, dd) 0 0.134977
m* (ud); (du)  +1 0.139570
K* (us); (su) +1 0.493677
K% KO (ds); (sd) 0 0.497614
n (uii, dd, s5) 0 0.54785
n (ui, dd, s5) 0 0.95778

Table 6: J = 0 mesons containing light (u,d, s) quarks and antiquarks.

Here the bar over a quark name denotes the corresponding antiquark. The charged pions 7

are
antiparticles of each other, as are the charged kaons K*, so they are exactly degenerate mass pairs
with the same lifetime. However, the K and K0 mesons are mixed and not quite exactly degenerate
in mass. One of the interaction eigenstates (K?) is actually much longer-lived than the other (K3); the
mean lifetimes are respectively 5.12 x 1078 and 8.95 x 107! seconds. The lifetimes (and the widths)
of the other J = 0 mesons are not listed here; you can find them yourself in the RPP.

Besides the J = 0 mesons listed above, there are counterparts containing a single heavy (charm or
bottom) quark or antiquark, with the other antiquark or quark light (up, down or strange). The most

common ones are listed in Table 7.

J = 0 meson Charge Mass (GeV/c?)
DO DO (cti); (ud) 0 1.8648
D* (cd); (de) — +1 1.8696
DF (c5); (sc) +1 1.9685
B* (ub); (bu)  +1 5.279
BY, B0 (db); (bd) 0 5.280
BY, BY sb); (b3) 0 5.366

Table 7: J = 0 mesons containing one heavy and one light quark and antiquark.



There are also J = 0 mesons containing only charm and bottom quarks and antiquarks. The ones with

the lowest-lying masses are listed in Table 8:

J = 0 meson Charge Mass (GeV/c?)
N “charmonium” (ce) 0 2.980
BFf (eb); (be)  +1 6.277
7y “bottomonium” (bb) 0 9.391

Table 8: J = 0 mesons containing a heavy quark and a heavy antiquark.

Vector (J = 1) mesons are also very important. Table 9 lists the most common ones that contain

only light (u,d, s) valence quarks and antiquarks:

J =1 meson Charge Mass (GeV/c?)
pt (ud); (du) — +1 0.7755
P’ (utt, dd) 0 "
WY (ui, dd) 0 0.7827
K** (us); (su) +1 0.8917
K, K (d5); (sd) 0 0.8959
é (uti, dd, s5) 0 1.01946

Table 9: J =1 mesons containing light quarks and antiquarks.

The most common J = 1 mesons containing one heavy (c or b) quark or antiquark are likewise shown
in Table 10.

0 5.415

J =1 meson Charge Mass (GeV/c?)
D DO (ca); (uc) 0 2.007
D** (cd); (de) =1 2.010
D+ (c5); (s€) +1 2.112
B*, B0 (db); (bd) 0 5.302
B+ (ub); (bu) +1 5.348
); (bs)

B, B (sb);

Table 10: J = 1 mesons containing one heavy and one light quark and antiquark.

Note that these have the same charges and slightly larger masses than the corresponding J = 0 mesons

in Table 7. J = 1 mesons with both quark and antiquark heavy are shown in Table 11:

10



J =1 meson Charge Mass (GeV/c?)
J/v “charmonium” (cc) 0 3.096916
T “bottomonium”  (bb) 0 9.4603

Table 11: J =1 mesons containing a heavy quark and a heavy antiquark.

In principle, there could also be J =1 B:i mesons, but (unlike their J = 0 counterparts in Table 8)
their existence has not been established experimentally. The heavy quarkonium (c¢ and bb) systems
have other states besides the 7., J/1 and 7, T from Tables 8 and 11. For the ¢ system, there are J = 0
mesons X¢0,1,2 that have the quark and antiquark in P-wave orbital angular momentum states. There
are also states 1.(2S5), ¥(25), ¥(3770), ¥(3872) that are similar to the n. and J/v, but with excited
radial bound-state wavefunctions. Similarly, in the bb system, there are excited bottomonium states
T(25), T(3S5), T(4S), T(10860), and Y(11020) with J = 1, and P-wave orbital angular momentum
states with total J = 0, x40,1,2(1P) and xp0,1,2(2P). The spectroscopy of these states provides a striking
confirmation of the quark model for hadrons and of the strong force.

Much more detailed information on all of these hadronic bound states (and many others not listed
above), including the decay widths and the decay products, can be found in the RPP. Theoretically,
one also expects exotic mesons that are mostly “gluonium” or glueballs, that is, bound states of gluons.
However, these states are expected to mix with excited quark-antiquark bound states, and they will

be extremely difficult to identify experimentally.

1.5 Decays and branching ratios

In some cases, hadrons can decay through the strong interactions, with widths of order tens or hundreds

of MeV. Some examples include:

AT prT (1.3)
p- — 701 (1.4)
w — atra® (1.5)
¢ — KTK~. (1.6)
There are also decays that are mediated by electromagnetic interactions, for example:

=y (1.7)
AT = py (1.8)
0 S Ay (1.9)
R S (1.10)

The smallest decay widths for hadrons are those mediated by the weak interactions, for example:
n — pe U (1.11)
T = WU, (1.12)
Kt — 7t7° (1.13)
BT — Dyt (1.14)
QO — KA. (1.15)

11



The weak interactions are also entirely responsible for the decays of the charged leptons:

T VRN 7 (1.16)
TT — vre D (1.17)
T = Urp Dy (1.18)
T~ — v; + hadrons. (1.19)

Experimentally, the hadronic 7 decays are classified by the number of charged hadrons present in the
final state, as either “l-prong” (if exactly one charged hadron), “3-prong” (if exactly three charged
hadrons), etc.

In most cases, a variety of different decay modes contribute to each total decay width. The fraction
that each final state contributes to the total decay width is known as the branching ratio (or branching
fraction), usually abbreviated as BR or B. As a randomly chosen example, in the case of the w meson

the strong interaction accounts for most, but not all, of the decays:

BR(w — ntn %) = (89.1 £ 0.7)% (strong) (1.20)
BR(w— ) =(89+03)%  (EM) (1.21)
BR(w—7Tn7)=(1.7£03)%  (EM) (1.22)

with other final states totaling less than 1%.
It is also common to present this information in terms of the partial widths into various final states.
If the total decay width for a parent particle X is I'(X), then the partial decay width of X into a

particular final state Y is
NX —Y)=BR(X — Y)['(X). (1.23)

The sum of all of the branching ratios is equal to 1, and the sum of the partial widths is equal to the
total decay width.

There are two roads to enlightenment regarding the Standard Model and its future replacement.
The experimental road, which is highly successful as indicated by the impressive volume and detail
in the RPP, finds the answers to masses, decay rates, branching ratios, production rates, and even
more detailed information like kinematic and angular distributions directly from data in high-energy
collisions. The theoretical road aims to match these results onto predictions of quantum field theories
specified in terms of a small number of parameters. In the case of electromagnetic interactions, quantum
field theory is extremely successful, providing amazingly accurate predictions for observable quantities
such as magnetic moments and interaction rates. In other applications, quantum field theory is only
partly successful. For some calculations, perturbation theory and other known methods are too difficult
to carry out, or do not converge even in principle. In such cases, only rough or even qualitative results
are possible. However, quantum field theory is systematic and elegant, and provides understanding
that is often elusive in the raw data. In the following notes, we will try to understand some of the basic
calculation methods of quantum field theory as a general framework, and eventually the description of
the Standard Model in terms of it.

12



2 Special Relativity and Lorentz Transformations

A successful description of elementary particles must be consistent with the two pillars of modern
physics: special relativity and quantum mechanics. Let us begin by reviewing some important features
of special relativity.

Spacetime has four dimensions. For any given event (for example, a firecracker explodes, or a

particle decays to two other particles) one can assign a four-vector position:
(ct,z,y,z) = (20, 2!, 22, 23) = 2# (2.1)

The Greek indices u,v, p, ... run over the values 0,1,2,3, and c is the speed of light in vacuum. As a
matter of terminology, x* is an example of a contravariant four-vector.

It is often useful to change our coordinate system (or “inertial reference frame”) according to
ot — o' = LM, 2. (2.2)

Such a change of coordinates is called a Lorentz transformation. Here L¥, is a 4 X 4 real matrix that
parameterizes the Lorentz transformation. It is not arbitrary, however, as we will soon see. The laws
of physics should not depend on what coordinate system we use; this is a guiding principle in making
a sensible theory.

As a simple example of a Lorentz transformation, suppose we rotate our coordinate system about

the z-axis by an angle . Then in the new coordinate system:

' = (ct' 2!y, ) (2.3)
where
' = ct
¥ = zcosa+ysina
y = —xsina+ycosa
7 = =z (2.4)

Alternatively, we could go to a frame moving with respect to the original frame with velocity v along

the z direction, with the origins of the two frames coinciding at time ¢t = ¢’ = 0. Then:

ct’ = y(ct —pBz)

¥ = =z

y =y

2 = ~(z — Bct). (2.5)

where

B=v/c v=1/y1-p (2.6)

13



Another way of rewriting this is to define the rapidity p by § = tanhp, so that v = coshp and
B~ = sinh p. Then we can rewrite eq. (2.5),

2% = 2%coshp— z3sinhp

:Ell — 131

22 = 22

2 = —a2sinhp + 23 cosh p. (2.7)

This change of coordinates is called a boost (with rapidity p and in the Z direction).
Another example of a contravariant four-vector is given by the 4-momentum formed from the energy

E and spatial momentum 7 of a particle:

P = (E/c,p). (2.8)

In the rest frame of a particle of mass m, its 4-momentum is given by p* = (mc, 0,0, 0). All contravariant

four-vectors transform the same way under a Lorentz transformation:
a* = LM,a", (2.9)

In particular, the 4-momentum of a particle is related to its mass by the Lorentz transformation that

relates the frame of reference in which it is measured and the rest frame. In the example of eq. (2.5),

one has:
v 0 0 —pBy
0 1 0 0
L
L+, 0 01 0 , (2.10)
-6y 0 0 v
and the inverse Lorentz transformation is
vy 0 0 By
0O 1 0 0
nwo__ —1\p v —1\p
By 0 0 v

A key property of special relativity is that for any two events one can define a proper interval,
which is independent of the Lorentz frame, and which tells us how far apart the two events are in a
coordinate-independent sense. So, consider two events occurring at x* and z* + d*, where d" is some

four-vector displacement. The proper interval between the events is

(A7) = (@ = (') ~ () ~ () = guud'd" (212)
where
1 0 0 0
0 -1 o0 0
=10 0 -1 0 (2.13)
0 0 0o -1



is known as the metric tensor. Here, and from now on, we adopt the Einstein summation convention,
in which repeated indices pu, v, ... are taken to be summed over. It is an assumption of special relativity
that g, is the same in every inertial reference frame.

The existence of the metric tensor allows us to define covariant four-vectors by lowering an index:
Ty = gur’ = (ct,—x,—y,—2), (2.14)
Pu=guwp” = (E/c,~pz,—py, —p). (2.15)
Furthermore, one can define an inverse metric g"” so that
9" gup = 0, (2.16)

where 6% =1 if p = v, and otherwise = 0. It follows that

1 0 0 0
by o
0o 0 0 -1
Then one has, for any vector a*,
ay = gua”; at = g"a,. (2.18)
It follows that covariant four-vectors transform as
a, = L,"a, (2.19)
where (note the positions of the indices!)
L.)” = gupg”° LP5. (2.20)

Because one can always use the metric to go between contravariant and covariant four-vectors, people
often use a harmlessly sloppy terminology and neglect the distinction, simply referring to them as
four-vectors.

If o and b* are any four-vectors, then
a'b’ g = aubyg"’ = au b =a’'b,=a-b (2.21)

is a scalar quantity. For example, if p* and ¢ are the four-momenta of any two particles, then p-q is a
Lorentz-invariant; it does not depend on which inertial reference frame it is measured in. In particular,

a particle with mass m satisfies the on-shell condition
p* =plp, = E*/? — p? = m?c. (2.22)

The Lorentz invariance of dot products of pairs of 4-momenta, plus the conservation of total four-
momentum, plus the on-shell condition (2.22), is enough to solve most problems in relativistic kine-

matics.
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Let us pause to illustrate this with an example. Consider the situation of two particles, each of
mass m, colliding. Suppose the result of the collision is two final-state particles each of mass M. Let us
find the threshold energy and momentum 4-vectors for this process in the COM (center-of-momentum)
frame and in the frame in which one of the initial-state particles is at rest. Throughout most of the
following, we will take ¢ = 1, by a choice of units.

Relativistic kinematics problems are often more easily analyzed in the COM frame, so let us consider
that case first. Without loss of generality, we can take the colliding initial-state particles to be moving

along the z-axis. Then their 4-momenta are:

P = (B, 0,0, VE2—m?) (2.23)
py = (E,0,0, —VE2—m2). (2.24)
The spatial momenta are required to be opposite by the definition of the COM frame, which in turn
requires the energies to be the same, using eq. (2.22) and the fact that the masses are assumed equal.

The total 4-momentum of the initial state is p* = (2E,0,0,0), and so this must be equal to the total

4-momentum of the final state in the COM frame as well. Furthermore,
p? = 4E? (2.25)

is a Lorentz invariant, the same in any inertial frame.

Similarly, in the COM frame, the final state 4-momenta can be written as:

K = (Ey, 0, sin@./E? — M2, cos@,/E? — M?) (2.26)
Ky = (Ey, 0, —SinH‘/EJ% — M?, —cos@,/EJ% — M?). (2.27)

The angle 6 parametrizes the arbitrary direction of the scattering. Without loss of generality, we have

taken the scattering to occur within the yz plane, as shown:

/ El
0
2 > \ - P2

—

ko

The fact that we are in the COM frame again requires the spatial momenta to be opposite, and thus the
energies to be equal to a common value E; because of the assumed equal masses M. Now, requiring
conservation of total 4-momentum gives ki’ + k5 = p/' + py, so Ef = E. In order for the spatial

momentum components to be real, we therefore find the energy threshold condition in the COM frame

E > Epresh = M. (228)
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Now let us reconsider the problem in a frame where one of the initial-state particles is at rest,

corresponding to a fixed-target experiment. In the Lab frame,
Pl = (E,0,0, VE? —m2), (2.29)
py = (m,0,0,0) (2.30)
are the 4-momenta of the two initial-state particles, and E’ is the Lab frame energy of the moving

particle. The total initial state 4-momentum is therefore p** = (E’' +m, 0, 0, vV E'> — m?), leading to

a Lorentz invariant
= (E' +m)* — (E” —m?) = 2m(E' +m). (2.31)
This must be the same as eq. (2.25), so the Lab frame energy is related to the COM energy of each
particle by
m(E' +m) = 2E°. (2.32)
Because we already found E > M, the Lab frame threshold energy condition for the scattering event
to be possible is m(E' +m) > 2M?, or

2M? —m?
E/ > Eéhresh = m = . (233)

Let us also relate the Lab frame 4-momenta to those in the COM frame. To find the Lorentz trans-

formation needed to go from the COM frame to the Lab frame, consider the 0,3 components of the

<7g> - (577 ﬁvv) (— Ef—m2>' (2.34)

g = ,/1_m2/E2:,/g:Z, (2.35)

1 [E"+m
o — 52 =FE/m= 5 (2.36)

\/Ez/T —/ Q;m (2.37)

Now we can apply this Lorentz boost to the final-state momenta as found in the COM frame to obtain

equation pg’ = A*,py:

It follows that

the Lab frame momenta. For the first final-state particle:

v 0 0 By E
0 1 0 0 0

oo _

W= 0O 0 1 0 sin v E% — M? (2.38)
By 0 0 ~ cos v E2 — M2

1+ cosf/1 —m?/E2\/1 — M?2/E?
= (B*/m) sin (m/E) «0/1 —M2]E? ‘ (2.39)
V1 —m?/E? 4 cos /1 — M?/E?
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Note that for M > m, the z-component of the momentum is always positive (in the same direction
as the incoming particle in the Lab frame), regardless of the sign of cosf. (The other final-state
momentum is obtained by just flipping the signs of cosf and sinf.) The Lab-frame scattering angle
with respect to the original collision axis (the z-axis in both frames) is determined by

o d — (m/E)sin0
- V1—m?/E?/\/T— M2]E? + cosf’

(2.40)

For fixed € in the COM frame, |#’| in the Lab frame decreases with increasing E/m, as the produced
particles go more in the forward direction.

Notice from egs. (2.28) and (2.33) that while the production of a pair of heavy particles of mass M
requires beam energies in symmetric collisions that scale like M, in fixed-target collisions the energy
required scales like 2012 /m > M, where m is the beam particle mass. This is why fixed-target
collisions are no longer an option for frontier physics discoveries of very heavy particles or high-energy
phenomena.

In collider applications, it is common to see the direction of a final-state particle with respect to
the colliding beams described either by the pseudo-rapidity n or the longitudinal rapidity y. Suppose
that the two colliding beams are oriented so that Beam 1 is going in the Z direction and Beam 2 is
going in the —Z direction. A final state particle (or group of particles) emerging at an angle 6 with

respect to Beam 1 in general has a four-vector momentum given by:

pl‘ = (Ev PT COS ¢7 pTSin¢7 p2)7 (241)

where pr = |p]sin@ is the transverse momentum, p, = |p|cosf is the longitudinal momentum, and
E = /[p]2 + m? is the energy, with m the mass and p the three-vector momentum. (In hadron
colliders, this four-vector is generally defined in the lab frame, not in the center-of-momentum frame
of the scattering event, which is often unknown.) Then the pseudo-rapidity is defined by

n = %111 (%) — _ln[tan(6/2)] . (2.42)
Thus n = 0 corresponds to a particle coming out perpendicular to the beam line (6 = 90°), while
n = +oo correspond to the directions along the beams (6 = 0,180°). Particles at small || (less than
1 or 2 or so, depending on the situation) are said to be central, while those at large || are said to be
forward. Note that the pseudo-rapidity depends only on the direction of the particle, not on its energy.
The longitudinal rapidity is defined somewhat similarly by

1 E+pz>
y=5 In <E —.) (2.43)

In fact, 7 = y in the special case of a massless particle, and they are very nearly equal for a particle
whose energy is large compared to its mass. However, in general y does depend on the energy. For the
same particle, the ordinary rapidity is given by:

1 E+|ﬁ|)
:—m( 1. 2.44)
E— 17 (

2
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The quantity y is the rapidity of the boost needed to move to a frame where the particle has no
longitudinal momentum along the beam direction, while p is the rapidity of the boost needed to move
to the particle’s rest frame. Confusingly, it has become a standard abuse of language among collider
physicists to call y simply the rapidity, and among non-collider physicists it is common to see the letter
1 used to refer to the ordinary rapidity, called p here. Some care is needed to ensure that one is using
and interpreting these quantities consistently.

Now let us return to the study of the properties of Lorentz transformations. The Lorentz-invariance

of equation (2.21) implies that, if a# and b* are constant four-vectors, then
G = gpuat'b”, (2.45)
so that
g LF L7 5aPb7 = g,eaPb”. (2.46)
Since a* and b” are arbitrary, it must be that:
GuL"p LY ¢ = gpo- (2.47)

This is the fundamental constraint that a Lorentz transformation matrix must satisfy. In matrix form,

it could be written as LT gL = g. If we contract eq. (2.47) with ¢g#*, we obtain
L,FLY = 5 (2.48)

Applying this to egs. (2.2) and (2.19), we find that the inverse Lorentz transformation of any four-vector
is

a’ = d"L,’ (2.49)

a, = a,Lt, (2.50)

Let us now consider some more particular Lorentz transformations. To begin, we note that as a

matrix, det(L) = £1. (See homework problem.) An example of a “large” Lorentz transformation with
det(L) = —1 is:

-1 0 0 O
0 1 0 0
H =
L, 0 0 1 0 (2.51)
0 0 0 1
This just flips the sign of the time coordinate, and is therefore known as time reversal:
20 =20 2t =2l 2% =2 2B =25 (2.52)
Another “large” Lorentz transformation is parity, or space inversion:
1 0 0 O
0 -1 0 O
no—
L, 0 0 -1 0 | (2.53)

0o 0 0 -1
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so that:
=z = —x e =—x = —xv. (2.54)

It was once thought that the laws of physics have to be invariant under these operations. However, it
was shown experimentally in the 1950’s that parity is violated in the weak interactions, specifically in
the weak decays of the %9Co nucleus and the K* mesons. Likewise, experiments in the 1960’s on the
decays of K mesons showed that time-reversal invariance is violated (at least if very general properties
of quantum mechanics and special relativity are assumed).

However, all experiments up to now are consistent with invariance of the laws of physics under the
subset of Lorentz transformations that are continuously connected to the identity; these are known as
“proper” Lorentz transformations and have det(L) = +1. They can be built up out of infinitesimal

Lorentz transformations:
L*, = 8% + wh, + O(w?), (2.55)

where we agree to drop everything with more than one w*,. Then, according to eq. (2.47),

G (8 +whp +..)(6 +we +...) = Gpo, (2.56)
or
9po + Wop + Wps + . = Gpo- (2.57)
Therefore
Wop = ~Wpo (2.58)

is an antisymmetric 4 x 4 matrix, with 4 - 3/2 -1 = 6 independent entries. These correspond to 3
rotations (p,o0 = 1,2 or 1,3 or 2,3) and 3 boosts (p,oc = 0,1 or 0,2 or 0,3). It is a mathematical fact
that any Lorentz transformation can be built up out of repeated infinitesimal boosts and rotations,
combined with the operations of time-reversal and space inversion.

Lorentz transformations obey the mathematical properties of a group, known as the Lorentz group.
The subset of Lorentz transformations that can be built out of repeated infinitesimal boosts and
rotations form a smaller group, called the proper Lorentz group. In the Standard Model of particle
physics and generalizations of it, all interesting objects, including operators, states, particles, and fields,
live in representations of the Lorentz group. We'll study these group representations in more detail
later.

So far we have considered constant four-vectors. However, one can also consider four-vectors that
depend on position in spacetime. For example, suppose that F(z) is a scalar function of x*. [It is
usual to leave the index p off of z# when it is used as the argument of a function, so F'(z) really means

F (xo,xl,x2,a¢3).] Under a Lorentz transformation from coordinates z* — z/#, at a given fixed point
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in spacetime the value of the function F’ reported by an observer using the primed coordinate system

is taken to be equal to the value of the original function F' in the original coordinates:

F'(2') = F(x). (2.59)
Then
_OF _19F -
o F = pyri (EE’VF) (2.60)

is a covariant four-vector. This is because:
o ., , 02V 0 o
o F @) = oo D F (@) = Ly (0, F) (x), (2.61)

showing that it transforms according to eq. (2.19). [The second equality uses the chain rule and

((%F)’(;U’) =

eq. (2.59); the last equality uses eq. (2.49) with a# = z#.] By raising the index, one obtains a con-
travariant four-vector function

10F =
—orVE). (2.62)

One can obtain another scalar function by acting twice with the 4-dimensional derivative operator

OMF = g™, F = (

on F', contracting the indices on the derivatives:
1 9°F
c2 Ot?

The object —0"0,F is a 4-dimensional generalization of the Laplacian.

M0, F = — V2F. (2.63)

A tensor is an object that can carry an arbitrary number of spacetime vector indices, and transforms
appropriately when one goes to a new reference frame. The objects g"” and g,,, and 0f are constant
tensors. Four-vectors and scalar functions and 4-derivatives of them are also tensors. In general, the
defining characteristic of a tensor function T}'42(x) is that under a change of reference frame, it

transforms so that in the primed coordinate system, the corresponding tensor 1" is:

T//»bwz---(x/) — L’“plLng . LU101LD202 .. ,Tmpz---(x)_ (2.64)

viva... 0102...
A special and useful constant tensor is the totally antisymmetric Levi-Civita tensor:

+1 if prpo is an even permutation of 0123
€uwpe = 3 —1 if prpois an odd permutation of 0123 (2.65)
0  otherwise
One use for the Levi-Civita tensor is in understanding the Lorentz invariance of four-dimensional

integration. Define 4 four-vectors which in a particular frame are given by the infinitesimal differentials

AF = (cdt,0,0,0); (2.66)
B* = (0,dxz,0,0); (2.67)
Ct = (0,0,dy,0); (2.68)
D' = (0,0,0,dz). (2.69)
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Then the 4-dimensional volume element
d*z = da’dz'da’da® = AP B CP D € po (2.70)

is Lorentz-invariant, since in the last expression it has no uncontracted four-vector indices. It follows

that if F'(z) is a Lorentz scalar function of z#, then the integral
I[F]) = /d4x F(2) (2.71)

is invariant under Lorentz transformations. This is good because eventually we will learn to define

theories in terms of such an integral, known as the action.
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3 Relativistic quantum mechanics of single particles
3.1 Klein-Gordon and Dirac equations

Any realistic theory must be consistent with quantum mechanics. In this section, we consider how to
formulate a theory of quantum mechanics that is consistent with special relativity.

Suppose that ®(x) is the wavefunction of a free particle in 4-dimensional spacetime. A fundamental
principle of quantum mechanics is that the time dependence of ® is determined by a Hamiltonian

operator, according to:

0
H® =ih—9 3.1.1
iho (3.1.1)
Now, the three-momentum operator is given by
P = —ihV. (3.1.2)

Since H and P commute, one can always take ® to be one of the basis of wavefunctions for eigenstates

with energy and momentum eigenvalues E and p respectively:
H® = E®; P = 9. (3.1.3)

One can now turn this into a relativistic Schrodinger wave equation for free particle states, by using

the fact that special relativity implies:

E =\/m2c* + p%2, (3.1.4)

where m is the mass of the particle. To make sense of this as an operator equation, we could try

expanding it in an infinite series, treating p? as small compared to m?c?:
9 P’ 7
h—® = mc(1 - L)@ 3.1.5
ot me(1+ 2m2c2  8miAct o) ( )
2 n’ 2 nt 22
= - —V° - \Y L) 3.1.6
e = V2 = (V) 4] (3..6)

If we keep only the first two terms, then we recover the standard non-relativistic quantum mechanics of

a free particle; the first term mc?

is an unobservable constant contribution to the Hamiltonian, propor-
tional to the rest energy, and the second term is the usual non-relativistic kinetic energy. However, the
presence of an infinite number of derivatives leads to horrible problems, including apparently non-local
effects.

Instead, one can consider the operator H? acting on ®, avoiding the square root. It follows that

H2® = B0 = (52 + m2cM)® = (2P + m2ch)e, (3.1.7)
so that:
0?® ) 5
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Here and from now on we have set ¢ = 1 and A = 1 by a choice of units. This convention means
that mass, energy, and momentum all have the same units (GeV), while time and distance have units
of GeV~!, and velocity is dimensionless. These conventions greatly simplify the equations of particle
physics. One can always recover the usual metric system units using the following conversion table for

energy, mass, distance, and time, respectively:

1 GeV = 1.6022 x 1073 erg = 1.6022 x 107*° Joules, (3.1.9)

(1 GeV)/c? = 1.7827 x 107 g = 1.7827 x 10~ %" kg, (3.1.10)

(1 GeV) Y(he) = 19733 x 107 em = 1.9733 x 10716 m, (3.1.11)
(1 GeV)™'h = 6.58212 x 1072 sec. (3.1.12)

Using eq. (2.63), the wave-equation eq. (3.1.8) can be rewritten in a manifestly Lorentz-invariant

way as
(0"0, +m*)® =0 (3.1.13)

This relativistic generalization of the Schrodinger equation is known as the Klein-Gordon equation.

It is easy to guess the solutions of the Klein-Gordon equation. If we try:

d(z) = Poe *T, (3.1.14)
where @ is a constant and k* is a four-vector, then 0,® = —ik,® and so
0"9,® = —kFk,® = —K*D (3.1.15)

Therefore, we only need to impose k*> = m? to have a solution. It is then easy to check that this is an
eigenstate of H and P with energy F = k? and three-momentum p' = E, satisfying E? = p2 + m?.

However, there is a big problem with this. If k* = (E, p) gives a solution, then so does k* = (—E, p).
By increasing |p/|, one can have |E| arbitrarily large. This is a disaster, because the energy is not
bounded from below. If the particle can interact, it will make transitions from higher energy states
to lower energy states. This would seem to lead to the release of an infinite amount of energy as the
particle acquires a larger and larger three-momentum, without bound!

In 1927, Dirac suggested an alternative, based on the observation that the problem with the Klein-
Gordon equation seems to be that it is quadratic in H or equivalently 0/0t; this leads to the sign
ambiguity for E. Dirac could also have been! motivated by the fact that particles like the electron have
spin; since they have more than one intrinsic degree of freedom, trying to explain them with a single
wavefunction ®(z) is doomed to failure. Instead, Dirac proposed to write a relativistic Schrodinger
equation, for a multi-component wavefunction W, (z), where the spinor index a = 1,2,...,n runs over

the components. The wave equation should be linear in 0/0t; since relativity places ¢ on the same

t Apparently, he realized this only in hindsight.
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footing as x,y, z, it should also be linear in derivatives of the spatial coordinates. Therefore, the
equation ought to take the form

i%\y:H\p: (@- P+ Bm)¥ (3.1.16)

where oy, oy, o, and § are n x n matrices acting in “spinor space”.
To determine what & and 8 have to be, consider H2W. There are two ways to evaluate the result.
First, by exactly the same reasoning as for the Klein-Gordon equation, one finds
—8—2\11 = (-V*+m?)v. (3.1.17)
ot?

On the other hand, expressing H in terms of the right-hand side of eq. (3.1.16), we find:

” i 0.0 _; > (a;B+ 3 )6+ﬁ2 2w (3.1.18)
——U= |- Qo ———7 —Im a; o) =— m 1.
o2 2= I i Dak — 7 Qi
Since partial derivatives commute, one can write:
3 3
0 0 1 o 0

k=1 j,k=1

Then comparing egs. (3.1.17) and (3.1.18), one finds that the two agree if, for j,k =1,2,3:

5 = 1 (3.1.20)
a;f+fa; = 0; (3.1.21)
Qo + apay = 25jk' (3122)

The simplest solution turns out to require n = 4 spinor indices. This may be somewhat surprising,
since naively one only needs n = 2 to describe a spin-1/2 particle like the electron. As we will see, the
Dirac equation automatically describes positrons as well as electrons, accounting for the doubling. It

is easiest to write the solution in terms of 2 x 2 Pauli matrices:

L0 1\ s (0 —i\ s (1 0 o (10
"_(10’ =\ o)t T\ 1) wmd o={y )

Then one can check that the 4 x 4 matrices
0 o —al 0
_ . _ - i=1.2 1.2

ﬂ <O’0 O>a Oé] < O O_])a (.] ) 73> (3 3)
obey the required conditions. The matrices 3, «; are written in 2 x 2 block form, so “0” actually
denotes a 2 x 2 block of 0’s. Equation (3.1.16) is known as the Dirac equation, and the 4-component
object is known as a Dirac spinor. Note that the fact that Dirac spinor space is 4-dimensional, just
like ordinary spacetime, is really just a coincidence.! One must be careful not to confuse the two types

of 4-dimensional spaces!

tFor example, if we lived in 10 dimensional spacetime, it turns out that Dirac spinors would have 32 components.
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It is convenient and traditional to rewrite the Dirac equation in a nicer way by multiplying it on
the left by the matrix 3, and defining

A0 = 3 N = Baj; (j=1,2,3). (3.1.24)
The result is
0 0 0 0
- 0 1 2 3
— — — —) — U =0 .1.25
or, even more nicely:
(iv" 0y, — m)¥ = 0. (3.1.26)

The v* matrices are explicitly given, in 2 x 2 blocks, by:

0 . j
’YO:<00 %)s 7J=< ) %>; (j=1,2,3). (3.1.27)

o —o
[The solution found above for the * is not unique. To see this, suppose U is any unitary 4 x 4

matrix satisfying UTU = 1. Then the Dirac equation implies:
U(iry"d, —m)UTU¥ =0, (3.1.28)
from which it follows that, writing v/* = Uy*UT, and ¥/ = U,
(iv™"9, — m)¥’' = 0. (3.1.29)

So, the new 7# matrices together with the new spinor ¥’ are just as good as the old pair v#, ¥; there are
an infinite number of different, equally valid choices. The set we’ve given above is called the chiral or
Weyl representation. Another popular choice used by some textbooks (but not here) is the Pauli-Dirac
representation.

Many problems involving fermions in high-energy physics involve many gamma matrices dotted
into partial derivatives or momentum four-vectors. To keep the notation from getting too bloated, it

is often useful to use the Feynman slash notation:
Yay, = ¢ (3.1.30)
for any four-vector a*. Then the Dirac equation takes the even more compact form:
(i@ — m)¥ = 0. (3.1.31)

Some important properties of the v* matricesare:

AT =40 AT =y (j=1,2,3) (3.1.32)
YOyl = (3.1.33)
Tr(vuw) = 49w (3.1.34)
Yy =4 (3.1.35)
VYo + ¥V = {0 Wt = 20 (3.1.36)
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Note that on the right-hand sides of each of egs. (3.1.35) and (3.1.36), there is an implicit 4 x 4 unit
matrix. It turns out that one almost never needs to know the explicit form of the v*. Instead, the
equations above can be used to derive identities needed in practical work. (You will get some practice
with this from the homework.)

How does a Dirac spinor ¥, (x) transform under a Lorentz transformation? It carries no vector
index, so it is not a tensor. On the other hand, the fact that the Hamiltonian “mixes up” the components
of U,(x) is a clue that it doesn’t transform like an ordinary scalar function either. Instead, we might

expect that the spinor reported by an observer in the primed frame is given by
V' (2') = AU(x), (3.1.37)

where A is a 4 x 4 matrix that depends on the Lorentz transformation matrix L*,. In fact, you will

show for homework that for an infinitesimal Lorentz transformation L*, = §# + w*,,, one has:
V() = (1 %wWSW)\IJ(x), (3.1.38)

where

1

s
1

[V, 7). (3.1.39)

To obtain the result for a finite Lorentz transformation, we can apply the same infinitesimal trans-
formation a large number of times N, with N — oo. Letting 2, = Nw,,,, we obtain, after N iterations

of the Lorentz transformation parameterized by w*,:
L, = @+ /N lexp(@)]F, (3.1.40)
as N — oo. Here we are using the identity:
Jim (1+ /NN = exp(z), (3.1.41)
with the exponential of a matrix to be interpreted in the power series sense:
exp(M) =1+ M+ M?/2+ M?/6 +.... (3.1.42)
For the Dirac spinor, one has in the same way:

V() — (1 _ %QMVS””/N>N U(z) — exp (—%QWS‘“’> W(x). (3.1.43)

So, we have found the A that appears in eq. (3.1.37) corresponding to the L*, that appears in
eq. (3.1.40):

A =exp (—%QWS‘“’> . (3.1.44)
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As an example, consider a boost in the z direction:

0 0 0 —p
0O 0 0 O
(A
Qx,, 0 00 o (3.1.45)
—-p 0 0 O
Then
p> 0 0 0 0 0 0 —p?
2 |0 0 0 O 3 0 0 0 O
O = 0o 00 ol Q° = o oo o | etc. (3.1.46)
0 0 0 p? -2 0 0 0
so that from egs. (3.1.40) and (3.1.42),
1 0 00 0 0 01
0 0 0O : 0 0 0 O
n — 2 _ 3
L*, (14+p°/2+...) 00 0 0 (p+p°/6+4...) 00 0 0
0 0 01 1 0 00
coshp 0 0 —sinhp
0 0 0 0
= 0 0 0 0 , (3.1.47)
—sinhp 0 0 coshp
in agreement with eq. (2.7). Meanwhile, Qg3 = —Q30 = —p, so
~ 3
lo g _Ppo s _P (o 0
S QS = ~E10, ) 2<0 Y, (3.1.48)

in 2 x 2 blocks. Since this matrix is diagonal, it is particularly easy to exponentiate, and eq. (3.1.44)

gives:
p/2 0 0 0 e’2 0 0 0
_ 0 —p/2 0 0| | 0 e?? 0 0
A =exp 0 0 2 0 |7 o 0 P2 (3.1.49)
0 0 0 p/2 0 0 0 er/?

Therefore, this is the matrix that boosts a Dirac spinor in the z direction with rapidity p, in eq. (3.1.37).
Since W is not a scalar, it is natural to ask whether one can use it to construct a scalar quantity. A

tempting guess is to get rid of all the pesky spinor indices by
Ui(z) =) wlv,. (3.1.50)
However, under a Lorentz transformation, ¥/(2') = AW¥(z) and ¥'T(2') = ¥'(z)AT, so:
VI (2)) = UTATAY (2). (3.1.51)

This will therefore be a scalar function if ATA = 1, in other words if A is a unitary matrix. However,

this is not true, as the example of eq. (3.1.49) clearly shows!
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Instead, with amazing foresight, let us consider the object
Ui 0p, (3.1.52)
Under a Lorentz transformation:
WTAO0 (/) = UTATAOAD (). (3.1.53)
Therefore, ¥T19¥ will transform as a scalar if:
ATy =40 (3.1.54)

One can check that this is indeed true for the special case of eq. (3.1.49). More importantly, it can be

proved for any
A=1-— %WWSW (3.1.55)

that is infinitesimally close to the identity, using egs. (3.1.32) and (3.1.33). Therefore, it is true for any
proper Lorentz transformation built out of infinitesimal ones.

Motivated by this, one defines, for any Dirac spinor ¥,
¥ = 0l,0, (3.1.56)

One should think of ¥ as a column vector in spinor space, and ¥ as a row vector. Then their inner

product,
R (3.1.57)

with all spinor indices contracted, transforms as a scalar function under proper Lorentz transformations.

Similarly, one can show that
YAyH (3.1.58)

transforms as a four-vector. One should think of eq. (3.1.58) as a (row vector)x (matrix)x (column

vector) in spinor-index space, with a spacetime vector index p hanging around.

3.2 Solutions of the Dirac equation

Our next task is to construct solutions to the Dirac equation. Let us separate out the x*-dependent

part as a plane wave, by trying
U(z) = u(p, s)e” . (3.2.1)

Here p* is a four-vector momentum, with p° = E > 0. A solution to the Dirac equation must also
satisfy the Klein-Gordon equation, so p? = E2 — p2 = m2. The object u(p, s) is a spinor, labeled by

the 4-momentum p and s. For now s just distinguishes between distinct solutions, but it will turn out
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to be related to the spin. Plugging this into the Dirac equation (3.1.31), we obtain a 4 X 4 eigenvalue

equation to be solved for u(p, s):
(p — m)u(p,s) = 0. (3.2.2)

To simplify things, first consider this equation in the rest frame of the particle, where p* =
(m,0,0,0). In that frame,

m(y° — Du(p, s) = 0. (3.2.3)
Using the explicit form of 1%, we can therefore write in 2 x 2 blocks:

<_i _i) u(p,s) =0, (3.2.4)

where each “1” means a 2 x 2 unit matrix. The solutions are clearly
_ Xs
u(p,s) = v/m (X ) , (3.2.5)
S

where x5 can be any 2-vector, and the y/m normalization is a convention. In practice, it is best to

choose the x, orthonormal, satisfying x!x, = d,s for 7,5 = 1,2. A particularly nice choice is:

X1=<(1)>§ xQz(‘f). (3.2.6)

As we will see, these just correspond to spin eigenstates S, = 1/2 and —1/2.
Now to construct the corresponding solution in any other frame, one can just boost the spinor using

egs. (3.1.44). For example, consider the solution

U'(2) = u(p,1)e " = /m —imt’, (3.2.7)

SO = O =
o

in a frame where the particle is at rest; we have called it the primed frame for convenience. We suppose
the primed frame is moving with respect to the unprimed frame with rapidity p in the z direction.

Thus, the particle has, in the unprimed frame:
E = p® = mcosh p; P = p°> = msinh p. (3.2.8)
Now, ¥(z) = A~1W/(z') from eq. (3.1.37), so using the inverse of eq. (3.1.49):
e_p/2

0 —ipx
U(z) =+vm o2 | € Pz, (3.2.9)
0

We can rewrite this, noting that from eq. (3.2.8),

Jme!? = \JE ¥ pu; Vme 1?2 = \/E —p,. (3.2.10)
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Therefore, one solution of the Dirac equation for a particle moving in the z direction, with energy E
and three-momentum p, = VE? — m2, is:
VE—p:
U(x) = 0 e P (3.2.11)

VE+p.
0

so that

(3.2.12)

in this frame.

0) in eq. (3.2.5) in the rest frame, and apply the same procedure,

Similarly, if we use instead xo = < 1

we find a solution:

0 0
U(z) = vm QZQ e = VEd*pz e P, (3.2.13)
e P2 E—p.
so that
0
u(p,2) = ”Egpz (3.2.14)

VE—p:
in this frame. Note that p, in eqs. (3.2.11) and (3.2.13) can have either sign, corresponding to the
wavefunction for a particle moving in either the 42z or —z directions.
In order to make a direct connection between spin and the various components of a Dirac spinor,
let us now consider how to construct the spin operator S. To do this, recall that by definition, spin
is the difference between the total angular momentum operator J and the orbital angular momentum

operator L:

J=L+58 (3.2.15)
Now,
L=%xP, (3.2.16)

where # and P are the three-dimensional position and momentum operators. The total angular mo-
mentum must be conserved, or in other words it must commute with the Hamiltonian:
[H,.J] = 0. (3.2.17)

Using the Dirac Hamiltonian given in eq. (3.1.16), we have

[H,L] = [@- P+ Bm, T x P| = —id@ x P, (3.2.18)
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where we have used the canonical commutation relation (with & = 1) [P}, z;] = —id;;. So, comparing
egs. (3.2.15), (3.2.17) and (3.2.18), it must be true that:

[H,§]—z'o7><13—i<"oxp 52]3) (3.2.19)
One can now observe that the matrix:
o 1 5
§=3 (g g) (3.2.20)

obeys eq. (3.2.19). So, it must be the spin operator acting on Dirac spinors.

In particular, the z-component of the spin operator for Dirac spinors is given by the diagonal matrix:

1 0 0 0
10 -1 0 o0

=500 0 1 o (3.2.21)
0 0 0 —1

Therefore, the solutions in egs. (3.2.11) and (3.2.13) can be identified to have spin eigenvalues S, = +1/2
and S, = —1/2, respectively. In general, a Dirac spinor eigenstate with S, = +1/2 will have only the
first and third components non-zero, and one with S, = —1/2 will have only the second and fourth
components non-zero, regardless of the direction of the momentum. Note that, as promised, S, = 1/2
(—1/2) exactly corresponds to the use of x1 (x2) in eq. (3.2.5).

The helicity operator gives the relative orientation of the spin of the particle and its momentum.
It is defined to be:

7S

h= ik (3.2.22)

Like S, helicity has possible eigenvalues +1/2 for a spin-1/2 particle. For example, if p, > 0, then
egs. (3.2.11) and (3.2.13) represent states with helicity +1/2 and —1/2 respectively. The helicity is not
invariant under Lorentz transformations for massive particles. This is because one can always boost
to a different frame in which the 3-momentum is flipped but the spin remains the same. (Also, note
that unlike S, helicity is not even well-defined for a particle exactly at rest, due to the |p| = 0 in
the denominator.) However, a massless particle moves at the speed of light in any inertial frame, so
one can never boost to a frame in which its 3-momentum direction is flipped. This means that for
massless (or very energetic, so that E > m) particles, the helicity is fixed and invariant under Lorentz
transformations. In any frame, a particle with p" and S parallel has helicity h = 1/2, and a particle
with p and S antiparallel has helicity h = —1/2.

Helicity is particularly useful in the high-energy limit. For example, we can consider four solutions

obtained from the E,p, > m limits of egs. (3.2.11) and (3.2.13), so that |p,| = E:
0
v = | eiB2) 71, S1, h=+1/2 3.2.23
p=>0,S.=+1/2 = V2E | € [T, ST, h=+1/2] (3.2.23)
0
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V2E —iB(t—=z — J
Up.508.=—1/2 = o e 71, 1, h=—1/2] (3.2.24)
0
V2E
0 —1 z — o
Up.<0.5.=41/2 = o |e 71, 51, h=-1/2 (3.2.25)
0
0
0 —1 z — a
Up.<05.=-1/2 = o |e E(t+=) 71, S, h=+1/2] (3.2.26)

In this high-energy limit, a Dirac spinor with h = +1/2 is called right-handed (R) and one with
h = —1/2 is called left-handed (L). Notice that a high-energy L state is one that has the last two
entries zero, while a high-energy R state always has the first two entries zero.

It is useful to define matrices that project onto L and R states in the high-energy or massless limit.

In 2 x 2 blocks:
1 0 0 0
&_Q(ﬂ, &_Q1) (3.2.27)

where 1 and 0 mean the 2 x 2 unit and zero matrices, respectively. Then Pr, acting on any Dirac spinor

gives back a left-handed spinor, by just killing the last two components. The projectors obey the rules:
P} =P,;  Pt=Pr;  PrPp=PLPr=0. (3.2.28)

It is traditional to write P;, and Pg in terms of a “fifth” gamma matrix, which in our conventions is

given in 2 x 2 blocks by:

-1 0
V5 = ( 0 1) . (3.2.29)
Then
1- 1
p, = 1205 Pp— 5 (3.2.30)
2 2
The matrix ~y5 satisfies the equations:
%=1 W =3 {157}t = 0. (3.2.31)

So far, we have been considering Dirac spinor wavefunction solutions of the form
U(z) = u(p, s)e” P (3.2.32)

with p° = E > 0. We have successfully interpreted these solutions in terms of a spin-1/2 particle,
say, the electron. However, there is nothing mathematically wrong with these solutions for p* with
p? < 0 and p? = m?. So, like the Klein-Gordon equation, the Dirac equation has the embarrassment

of negative energy solutions.
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Dirac proposed to get around the problem of negative energy states by using the fact that spin-1/2
particle are fermions. The Pauli exclusion principle dictates that two fermions cannot occupy the same
quantum state. Therefore, Dirac proposed that all of the negative energy states are occupied. This
prevents electrons with positive energy from making disastrous transitions to the E < 0 states. The
infinite number of filled £ < 0 states is called the Dirac sea.

If one of the states in the Dirac sea becomes unoccupied, it leaves behind a “hole”. Since a hole
is the absence of an E < 0 state, it effectively has energy —E > 0. An electron has charge’ —e, so
the hole corresponding to its absence effectively has the opposite charge, +e. Since both electrons
and holes obey p? = m?, they have the same mass. Dirac’s proposal therefore predicts the existence
of “anti-electrons” or positrons, with positive energy and positive charge. The positron was indeed
discovered in 1932 in cosmic ray experiments.

Feynman and Stiickelberg noted that one can reinterpret the positron as a negative energy electron
moving backwards in time, so that p* — —p* and S - -3 According to this interpretation, the

wavefunction for a positron with 4-momentum p* with p° = E > 0 is

U(z) = v(p,s)eP”. (3.2.33)
Now, using the Dirac equation (3.1.31), v(p, s) must satisfy the eigenvalue equation:

(p +m)v(p,s) = 0. (3.2.34)

We can now construct solutions to this equation just as before. First, in the rest (primed) frame of the

particle, we have in 2 x 2 blocks:

<m m) v(p, s) = 0. (3.2.35)

So, the solutions are

V() =vm (2) eimt (3.2.36)

for any two-vector &.

One must be careful in interpreting the quantum numbers of the positron solutions to the Dirac
equation. This is because the Hamiltonian, 3-momentum, and spin operators of a positron described
by the wavefunction eq. (3.2.33) are all given by the negative of the expressions one would use for an

electron wavefunction. Thus, acting on a positron wavefunction, one has

0

HU = —i=VU 3.2.37
5 ( )

PU = iV, (3.2.38)

- 1/ 0

S — —§<0 5) v, (3.2.39)

THere, e is always defined to be positive, so that the electron has charge —e. (Some references define e to be negative.)
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where H, 15, and S are the operators whose eigenvalues are to be interpreted as the energy, 3-
momentum, and spin of the positive-energy positron antiparticle. Therefore, to describe a positron

with spin S, = +1/2 or —1/2, one should use, respectively,
0 1
51 = <1> ; or 62 = (O) , (3240)
in eq. (3.2.36).

Now we can boost to the unprimed frame just as before, yielding the solutions:

v(p,1) = V& +Pe (3.2.41)

v(p,2) = : (3.2.42)

Here v(p, 1) corresponds to a positron moving in the +z direction with 3-momentum p, and energy
E = /p2+m? and S, = +1/2, hence helicity h = +1/2 if p, > 0. Similarly, v(p,2) corresponds to a
positron with the same energy and 3-momentum, but with S, = —1/2, and therefore helicity h = —1/2
ifp, > 0.

Note that for positron wavefunctions, P, projects onto states that describe right-handed positrons
in the high-energy limit, and Pr projects onto states that describe left-handed positrons in the high-
energy limit. If we insist that P, projects on to left-handed spinors, and Pg projects on to right-handed
spinors, then we must simply remember that a right-handed positron is described by a left-handed
spinor (annihilated by Pg), and vice versal

Later we will also need to used the Dirac row spinors:

T

u(p,s) = u(p, )™, o(p, s) = v(p, s)"". (3.2.43)

The quantities u(p, s)u(k,r) and u(p,s)v(k,r) and v(p, s)u(k,r) and v(p,s)v(k,r) are all Lorentz

scalars. For example, in the rest frame of a particle with mass m and spin S, = +1/2, one has

) =t ) = v 0 1 0 (& ) =m0 vm 0, @2
so that
\/ﬁ
a(p, Dulp,1) = (Vm 0 m 0) ¢0m — om. (3.2.45)
0

Since this quantity is a scalar, it must be true that @(p, 1)u(p,1) = 2m in any Lorentz frame, in other

words, for any p*. More generally, if s,7 = 1,2 represent orthonormal spin state labels, then the v and
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v spinors obey:

u(p, s)u(p,r) = 2mdsr, (3.2.46)
v(p, s)v(p,r) = —2mdsr, (3.2.47)
o(p, s)u(p,r) = u(p, s)v(p,r) = 0. (3.2.48)

Similarly, one can show that @(p, s)y"u(p,”) = 2(m,0)ds, in the rest frame. Since it is a four-vector,

it must be that in any frame:
u(p, s)v"u(p,r) = 2p" 0. (3.2.49)

But by far the most useful identities that we will use later on are the spin-sum equations:

2
> ulp, s)u(p,s) = p+m; (3.2.50)
s=1

2
Z v(p,s)o(p,s) = p—m. (3.2.51)

Here the spin state label s is summed over. These equations are to be interpreted in the sense of a row

vector times a column vector giving a 4 x 4 matrix, like:

aq a1b1 albg a1b3 a1b4
an (b b b b ) _ a2b1 a2b2 a2b3 a2b4 (3 9 52)
as ! 2 3 4 a3b1 a3b2 agbg a3b4 -

aq asb1  agbs  agbs  asby
We will use egs. (3.2.50) and (3.2.51) often when calculating cross-sections and decay rates involving
fermions.
As a check, note that if we act on the left of eq. (3.2.50) with p — m, the left hand side vanishes
because of eq. (3.2.2), and the right hand side vanishes because of

(p —m)(p +m) = pp —m* = 0. (3.2.53)

This relies on the identity

ES (3.2.54)

which follows from

PP = PP e = PP (=0 + 20m) = —pp + 207, (3.2.55)

where eq. (3.1.36) was used. A similar consistency check works if we act on the left of eq. (3.2.51) with
p+m.

The Dirac spinors given above only describe electrons and positrons with both momentum and
spin aligned along the 4z direction. More generally, we could construct u(p, s) and v(p, s) for states
describing electrons or positrons with any p and spin. However, in general that is quite a mess, and it

turns out to be not particularly useful in most practical applications, as we will see.
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3.3 The Weyl equation

It turns out that the Dirac equation can be replaced by something simpler and more fundamental in

the special case m = 0. If we go back to Dirac’s guess for the Hamiltonian, we now have just
H=a-P, (3.3.1)

and there is no need for the matrix 3. Therefore, eqs. (3.1.20) and (3.1.21) are not applicable, and we

have only the one requirement:
Q0 + Qo = 2(Sjk- (3.3.2)

Now there are two distinct solutions involving 2 x 2 matrices, namely & = & or & = —&. So we have

two possible quantum mechanical wave equations:

i%p = +iG - V. (3.3.3)

If we now define
ot = (0% o, 0% %), 3.34
o = (0%,—0',—0? —0?), (3.3.5)

then we can write the two possible equations in the form:

i 0,1y, = 0, (3.3.6)
io"pr = 0. (3.3.7)

Here I have attached labels L and R because the solutions to these equations turn out to have left
and right helicity, respectively, as we will see in a moment. Each of these equations is called a Weyl
equation. They are similar to the Dirac equation, but only apply to massless spin-1/2 particles, and
are 2 x 2 matrix equations rather than 4 x 4. The two-component objects ¢;, and ¢ are called Weyl
spinors.
We can understand the relationship of the Dirac equation to the Weyl equations if we notice that
the v* matrices can be written as
0 ot
= (Eu ’ ) (3.3.8)

[Compare eq. (3.1.27).] If we now write a Dirac spinor in its L and R helicity components,

U= (i’;) , (3.3.9)

then the Dirac equation (3.1.26) becomes:

.OU“a\I/L
“\or 0 )4\ wg

=m (i;) (3.3.10)



or

i0'9,Vr = mVy, (3.3.11)
iE'LLau\IfL = mVUp. (3312)

Comparing with eqgs. (3.3.6) and (3.3.7) when m = 0, we can indeed identify ¥ as a right-handed
helicity Weyl fermion, and ¥, as a left-handed helicity Weyl fermion.

Note that if m = 0, one can consistently set ¥p = 0 as an identity in the Dirac spinor without
violating egs. (3.3.11) and (3.3.12). Then only the left-handed helicity fermion exists. This is how
neutrinos originally appeared in the Standard Model; a massless neutrino corresponds to a left-handed
Weyl fermion. Recent evidence shows that neutrinos do have small masses, so that this discussion has
to be modified slightly. However, for experiments in which neutrino masses can be neglected, it is still
proper to treat a neutrino as a Weyl fermion, or equivalently as the left-handed part of a Dirac neutrino
with no right-handed part.

The two versions of the Weyl equation, egs. (3.3.6) and (3.3.7), are actually not distinct. To see
this, suppose we take the Hermitian conjugate of eq. (3.3.7). Since (V) = =V and (o) = 0¥, we

obtain:
.0 9 FYR vAWAL
i(0"— =7 -V)Yp=0 (3.3.13)
ot
or:
i 8,k = 0. (3.3.14)

In other words, a right-handed Weyl spinor is the Hermitian conjugate of a left-handed Weyl spinor, and
vice versa. The modern point of view is that the Weyl equation is fundamental, and all 4-component
Dirac fermions can be thought of as consisting of two 2-component Weyl fermions coupled together by
a mass. This is because in the Standard Model, all fermions are massless until they are provided with
a mass term by the spontaneous breaking of the electroweak symmetry, as described in section 13.2.
Since a right-handed Weyl fermion is the Hermitian conjugate of a left-handed Weyl fermion, all one

really needs is the single Weyl equation (3.3.6). A Dirac fermion is then written as

wz<§>, (3.3.15)

where y and £ are independent left-handed two-component Weyl fermions. All fermion degrees of

freedom can thus be thought of in terms of left-handed Weyl fermions.

3.4 Majorana fermions

A Majorana fermion can be obtained from a massive Dirac fermion by reducing the number of degrees of
freedom by identifying the right-handed part with the conjugate of the left-handed part as a constraint.
This is done by the identification

b =0p =0k (3.4.1)
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In four-component notation, a Majorana spinor has the form

Uy — (%) , (3.4.2)

and obeys the same wave equation as a Dirac fermion, (iv#9, — m)¥y = 0. However, it has only
half as many degrees of freedom; the Majorana condition (3.4.1) ensures that a Majorana fermion is
its own antiparticle. From egs. (3.3.11), (3.3.12), one sees that in the two-component form a classical

Majorana fermion obeys the wave equation:

i1 9,1 — mapt = 0, (3.4.3)
or, in complex-conjugated form,

iot 8, — map = 0. (3.4.4)

As we will see in section 13.4, the experimental fact that neutrinos have small masses suggests that
they are likely to be Majorana fermions (and thus their own antiparticles), although this expectation
is based partly on theoretical prejudice and it is also possible that they may be Dirac. In the minimal
supersymmetric extension of the Standard Model, there are new fermions called neutralinos and the

gluino, which are predicted to be Majorana fermions.
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4 Maxwell’s equations and electromagnetism

In the previous section, we worked out the relativistic wave equations governing the quantum me-
chanics of scalars and fermions. A more familiar set of relativistic wave equations are those governing

electromagnetic fields. Recall that Maxwell’s equations can be written in the form:

V-E = ep, (4.1)
. . OE .
B-— = 4.2
V x T ed, (4.2)
V-B = 0, (4.3)
. - OB
E+— = 4.4
VxE+ o 0, (4.4)

where p is the local charge density and J is the current density, with the magnitude of the electron’s
charge, e, factored out. These equations can be rewritten in a manifestly relativistic form, using
the following observations. First, suppose we add together the equations obtained by taking 0/0t of
eq. (4.1) and V- of eq. (4.2). Since the divergence of a curl vanishes identically, this yields the Law of
Local Conservation of Charge:

op = =
S tV-T=o. (4.5)

To put this into a Lorentz-invariant form, we can form a four-vector charge and current density:
T = (p,J), (4.6)
so that eq. (4.5) becomes
o J" =0. (4.7

Furthermore, egs. (4.3) and (4.4) imply that we can write the electric and magnetic fields as derivatives

of the electric and magnetic potentials V' and A:

= . 94
EFE = —-VV - — 4.8
B = VxA. (4.9)
Now if we assemble the potentials into a four-vector:
A= (V, A), (4.10)

then egs. (4.8) and (4.9) mean that we can write the electric and magnetic fieldsas components of an

antisymmetric tensor:

Fo = 0,A,— 0,4, (4.11)

- v . (4.12)



Now the Maxwell equations (4.1) and (4.2) correspond to the relativistic wave equation
0, F" = eJ”, (4.13)
or equivalently,
ot AY — 9”9, Al = eJ". (4.14)
The remaining Maxwell equations (4.3) and (4.4) are equivalent to the identity:
OpF + 0y Fyp + 0y Fpy = 0, (4.15)

for p,v,p = any of 0,1,2,3. Note that this equation is automatically true because of eq. (4.11). Also,
because F'*” is antisymmetric and partial derivatives commute, 0,0, F*" = 0, so that the Law of Local
Conservation of Charge eq. (4.7) follows from eq. (4.13).

The potential A*(x) may be thought of as fundamental, and the fields E and B as derived from
it. The theory of electromagnetism as described by A¥(x) is subject to a redundancy known as gauge

invariance. To see this, we note that eq. (4.14) is unchanged if we do the transformation
AF(x) — AH(x) + 0* \(x), (4.16)

where A(z) is any function of position in spacetime. In components, this amounts to:

O\

= 4.1
V.= Vo, (4.17)
A — A-VA. (4.18)

This transformation leaves F*¥ (or equivalently E and E) unchanged. Therefore, the new A* is just

as good as the old A* for the purposes of describing a particular physical situation.
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5 Field Theory and Lagrangians
5.1 The field concept and Lagrangian dynamics

It is now time to make a conceptual break with our earlier treatment of relativistic quantum-mechanical
wave equations for scalar and Dirac particles. There are two reasons for doing this. First, the existence
of negative energy solutions lead us to the concept of antiparticles. Now, a hole in the Dirac sea,
representing a positron, can be removed if the state is occupied by a positive energy electron, releasing
an energy of at least 2m. This forces us to admit that the total number of particles is not conserved. The
Klein-Gordon wavefunction ¢(x) and the Dirac wavefunction W (z) were designed to describe single-
particle probability amplitudes, but the correct theory of nature evidently must describe a variable
number of particles. Secondly, we note that in the electromagnetic theory, A*(z) are not just quantum
mechanical wavefunctions; rather, they exist classically too. If we follow this example with scalar
and spinor particles, we are lead to abandon ¢(x) and ¥(x) as quantum wavefunctions representing
single-particle states, and reinterpret them as fields that have meaning even classically.

Specifically, a scalar particle is described by a field ¢(z). Classically, this just means that for every
point z#, the object ¢(x) returns a number. Quantum mechanically, ¢(z) becomes an operator (rather
than a state or wavefunction). There is a distinct operator for each x#. Therefore, we no longer have
a position operator x#; rather, it is just an ordinary number label that tells us which operator ¢ we
are talking about.

If ¢(x) is now an operator, what states will it act on? The answer is that we can start with a

vacuum state
10) (5.1.1)

that describes an empty universe with no particles in it. If we now act with our field operator, we

obtain a state:

¢(2)]0), (5.1.2)

which, at the time ¢ = ¥, contains one particle at #. (What this state describes at other times is a
much more complicated question!) If we act again with our field operator at a different point y*, we

get a state

P(y)9(2)[0), (5.1.3)

which in general can be a linear combination of states containing any number of particles. [The operator
¢(y) can either add another particle, or remove the particle added to the vacuum state by ¢(x). But,
in addition, the particles can interact to change their number.] In general, the field operator ¢(x) acts
on any state by adding or subtracting particles. So this is the right framework to describe the quantum

mechanics of a system with a variable number of particles.
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Similarly, to describe spin-1/2 particles and their antiparticles, like the electron and the positron,
or quarks and antiquarks, we will want to use a Dirac field ¥(x). Classically, ¥(z) is a set of four
functions (one for each of the Dirac spinor components). Quantum mechanically, ¥(x) is a set of four
operators. We can build up any state we want, containing any number of electrons and positrons, by
acting on the vacuum state |0) enough times with the fields ¥(z) and ¥(z) = Ui40.

The vector field A*(z) associated with electromagnetism is already very familiar in the classical
theory, as the electrical and vector potentials. In the quantum theory of electromagnetism, A*(x)
becomes an operator which can add or subtract photons from the vacuum.

This way of dealing with theories of multi-particle physics is called field theory. In order to describe
how particles in a field theory evolve and interact, we need to specify a single object called the action.

Let us first review how the action principle works in a simple, non-field-theory setting. Let the
variables ¢, (t) describe the configuration of a physical system. (For example, a single ¢(¢) could
describe the displacement of a harmonic oscillator from equilibrium, as a function of time.) Here n
is just a label distinguishing the different configuration variables. Classically, we could specify the
equations of motion for the g,, which we could get from knowing what forces were acting on it. A
clever way of summarizing this information is to specify the action

ty
S = L(qn, Gn) dt. (5.1.4)

t;

Here t; and t; are fixed initial and final times, and L is the Lagrangian. It is given in simple systems
by

L=T-V, (5.1.5)

where T is the total kinetic energy and V is the total potential energy. Thus the action S is a
functional of g,; if you specify a particular trajectory g, (t), then the action returns a single number.
The Lagrangian is a function of ¢,(t) and its first derivative.

The usefulness of the action is given by Hamilton’s principle, which states that if ¢, (t;) and ¢, (ty)
are held fixed as boundary conditions, then S is minimized when ¢, (t) satisfy the equations of motion.
Since S is at an extremum, this means that any small variation in ¢, (t) will lead to no change in S, so
that g, (t) — gn(t) + d¢n(t) implies S = 0, provided that g, (t) obeys the equations of motion. Here

dqn(t) is any small function of ¢ that vanishes at both ¢; and t¢, as shown in the figure below:
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q(tz) [

Q(t1) N

Let us therefore compute §S. First, note that by the chain rule, we have:

oL
L= n n : 1.
) Z <5q +0g 0qn> (5.1.6)
Now, since
5in = L (65g2) (5.1.7)
we obtain
tr oL d oL
58 = l/ k”__ —6n——}ﬁ. 5.1.8
g t; g qn, - dt( 4 )aQn ( )
Now integrating by parts yields:
oL OL |t=t;
08 = 0Gn dt ) " Ba . 5.1.9
Z/ ! [an <3qn>] - Z D le=t, (5.1.9)

The last term vanishes because of the boundary conditions é¢,(t;) = dg,(ty) = 0. Since the variation
0S5 is supposed to vanish for any dg,(t), it must be that
g—i - % (%) =0 (5.1.10)
is the equation of motion for ¢, (t), for each n.
As a simple example, suppose there is only one ¢, (t) = z(t), the position of some particle moving

in one dimension in a potential V' (x). Then

1
L=T-V= §mj:2—V(x), (5.1.11)
from which there follows:
oL ov
— =——=F 5.1.12
Ox Ox ’ ( )



which we recognize as the Newtonian force, and
d (0L d
— | = | = —(mz) = mz. 5.1.13
dt < 0 ) gt = mé (5.1.13)
So the equation of motion is Newton’s second law:

F = mi. (5.1.14)

Everything we need to know about the dynamics of a physical system is encoded in the action .5,
or equivalently the Lagrangian L. In quantum field theory, it will tell us what the particle masses are,
how they interact, how they decay, and what symmetries provide selection rules on their behavior.

As a first example of an action for a relativistic field theory, consider a scalar field ¢(z) = ¢(t, Z).
Then, in the previous discussion, we identify the label n with the spatial position #, and ¢, (t) = ¢(t, T).
The action is obtained by summing contributions from each x:

_ Y N 3 ;
S_/t_ dtL(<z>,¢)—/ti dt/d FL(6,0). (5.1.15)

(3

Now, since this expression depends on <Z), it must also depend on 6(;5 in order to be Lorentz invariant.
This just means that the form of the Lagrangian allows it to depend on the differences between the

field evaluated at infinitesimally nearby points. So, a better way to write the action is:

S = /d4x L(¢, D). (5.1.16)

The object L is known as the Lagrangian density. Specifying a particular form for £ defines the theory.

To find the classical equations of motion for the field, we must find ¢(z) so that S is extremized; in
other words, for any small variation ¢(z) — ¢(z)+d¢(z), we must have 65 = 0. By a similar argument
as above, this implies the equations of motion:

oL 5L
5 0, (75(8,4@) —0. (5.1.17)

Here, we use % to mean the partial derivative of £ with respect to ¢; ¢ is used rather than 9 to avoid
confusing between derivatives with respect to ¢ and spacetime partial derivatives with respect to x*.
Likewise, &g—f@ means a partial derivative of £ with respect to the object 0,¢, upon which it depends.

As an example, consider the choice:

1 1
L= 50,60"¢ §m2¢2. (5.1.18)
It follows that:
oL 9
—_— = — 1.1
7 m=¢ (5.1.19)
and
oL ) [1 3 ] 1 .3 1
= —g*P 0,0 = —g"” 030 + g™ 0,0 = . 5.1.20
50.0) ~ 5(0,0) 127 $0p0| = 59" 00 + 59" Oad ¢ ( )
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Therefore,

oL

and so the equation of motion following from eq. (5.1.17) is:
9,0"¢ +m?p = 0. (5.1.22)

This we recognize as the Klein-Gordon wave equation for a scalar particle of mass m; compare to
eq. (3.1.13). This equation was originally introduced with the interpretation as the equation governing
the quantum wavefunction of a single scalar particle. Now it has reappeared with a totally different
interpretation, as the classical equation of motion for the scalar field.

The previous discussion for scalar fields can be extended to other types of fields as well. Consider
a general list of fields ®;(x), which could include scalar fields ¢(x), Dirac or Majorana fields ¥(z) with
four components, Weyl fields ¢(x) with two components, or vector fields A*(z) with four components,
or several copies of any of these. The Lagrangian density £(®;,0,®;) determines the classical equations
of motion through the principle that S = [ d*z £ should be stationary to first order when a deviation
Qi(x) — ®j(z) + 6P;(x) is made, with boundary conditions that d®;(x) vanishes on the boundary
of the spacetime region on which S is evaluated. (Typically one evaluates S between two times t;
and ty, and over all of space, so this means that ¢®(x) vanishes very far away from some region of
interest.) The Lagrangian density £ should be a real quantity that transforms under proper Lorentz
transformations as a scalar.

Similarly to eq. (5.1.6), we have by the chain rule:

6L 5L
68 = /d%? [&bjﬁ +6(0,9;) (mﬂ : (5.1.23)

Now using 6(0,®;) = 0,(0®;), and integrating the second term by parts (this is where the boundary

conditions come in), one obtains

oL oL
55 = /d% 5, {— —9 <7>] . (5.1.24)
zj: T1ee; M\ 6(0,95)
If we require this to vanish for each and every arbitrary variation §®;, we obtain the Euler-Lagrange
equations of motion:

5L 5L
_ = | = 1.2
5D, Ou (5@@]»)) 0 (5.1.25)

for each j.
For example, let us consider how to make a Lagrangian density for a Dirac field ¥(z). Under
Lorentz transformations, ¥(z) transforms exactly like the wavefunction solution to the Dirac equation.

But now it is interpreted instead as a field; classically it is a function on spacetime, and quantum
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mechanically it is an operator for each point z#. Now, ¥(z) is a complex 4-component object, so Uf(z)
is also a field. One should actually treat ¥(z) and ¥f(z) as independent fields, in the same way that in
complex analysis one often treats z = x + iy and 2* = x — iy as independent variables. As we found in
section 3.1, if we want to build Lorentz scalar quantities, it is useful to use ¥(z) = ¥4 as a building
block.

A good (and correct) guess for the Lagrangian for a Dirac field is:
L =iUy"9,¥ —mUV, (5.1.26)
which can also be written as:
L= iU 0919, — muiy 0w, (5.1.27)

This is a Lorentz scalar, so that when integrated [ d*z it will give a Lorentz-invariant number. Let us
now compute the equations of motion that follow from it. First, let us find the equations of motion

obtained by varying with respect to ¥T. For this, we need:

sor = YOV —my" ¥, (5.1.28)
oL
m — O- (5.1.29)

The second equation just reflects the fact that the Lagrangian only contains the derivative of ¥, not
the derivative of ¥f. So, by plugging in to the general result eq. (5.1.25), the equation of motion is
simply:

"0,V —mV¥ =0, (5.1.30)

where we have multiplied % = 0 on the left by 4 and used the fact that ()2 = 1. This is, of course,
the Dirac equation.
We can also find the equations of motion obtained from the Lagrangian by varying with respect to

V. For that, we need:

) —
5—§ = —mVY, (5.1.31)
oL —
= WA 5.1.32
50,7 iUy ( )
Plugging these into eq. (5.1.25), we obtain:
—i0,Uy* —m¥ = 0. (5.1.33)

However, this is nothing new; it is just the Hermitian conjugate of eq. (5.1.30), multiplied on the right
by 7 and using eq. (3.1.33).
The Lagrangian density for an electromagnetic field is:

Lem = _EF#VFIW - _%(8,&141/ - 8VA#)(8MAV - 87}‘4”)' (5'1'34)
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To find the equations of motion that follow from this Lagrangian, we compute:

dLpM
= 0 5.1.35
0A, ’ ( )
since A* doesn’t appear in the Lagrangian without a derivative acting on it, and

0Lem ) 1 B ) . 60}
5(0uA,) 5(8MAZ,)[ 10ads = 054a)(0p A — 85 Ap)g™ g

1
- 1 [(apAa —054p)g"" 9" — (OpAc — 054p)9" 9"

+(0aAs — 05A4a)g"" 97 — (9aAs — Dadp)g"g"”|

= —oMAY 4+ 0VAH
= —F#, (5.1.36)
So, the equations of motion,
‘SfTEVM — 9, (%) =0 (5.1.37)
reduce to
0, FM =0, (5.1.38)

which we recognize as Maxwell’s equations in the case of vanishing J* [see eq. (4.13)]. In order to

include the effects of a 4-current J*, we can simply add a term
Lcurrent = _eJMAu (5139)

to the Lagrangian density. Then, since

5£current _ V.

5£current

—_— = .1.41
50, 4,) (5.1.41)

the classical equations of motion for the vector field become
0 F" —eJ” =0, (5.1.42)

in agreement with eq. (4.13). The current density J* may be regarded as an external source for the
electromagnetic field of unspecified origin; or it can be built out of the fields for charged particles, as

we will see.

5.2 Quantization of free scalar field theory

Let us now turn to the question of quantizing a field theory. To begin, let us recall how one quantizes
a simple generic system based on variables g, (), given the Lagrangian L(gy, ¢,). First, one defines the

canonical momenta conjugate to each qy:

Pn= o (5.2.1)



The classical Hamiltonian is then defined by
H(Qnapn) = anQn - L(Qna Qn)a (522)
n

where the ¢, are to be eliminated using eq. (5.2.1). To go to the corresponding quantum theory, the
qn and p, and H are reinterpreted as Hermitian operators acting on a Hilbert space of states. The

operators obey canonical equal-time commutation relations:

[pnapm} = 0 (523)
[ns am] = O; (5.2.4)
[pn; Qm} = —ihdpm, (525)

and the time evolution of the system is determined by the Hamiltonian operator H.
Let us now apply this to the theory of a scalar field ¢(z) with the Lagrangian density given by
eq. (5.1.18). Then ¢(x) = ¢(t, T) plays the role of ¢,(t), with & playing the role of the label n; there is

a different field at each point in space. The momentum conjugate to ¢ is:

(%) = gz (5¢[ ¢+ } $. (5.2.6)

It should be emphasized that m(Z), the momentum conjugate to the field ¢(Z), is not in any way the
mechanical momentum of the particle. Notice that 7(Z) is a scalar function, not a three-vector or a
four-vector!

The Hamiltonian is obtained by summing over the fields at each point

H — /d3m (5.2.7)
_ / &7 (&) () — / d“* 2 _ (V6)2 — m2¢?] (5.2.8)
= 3 / &7 12 + (Vo)? +m2¢2]. (5.2.9)

Notice that a nice feature has emerged: this Hamiltonian is a sum of squares, and is therefore always
> 0. There are no dangerous solutions with arbitrarily large negative energy, unlike the case of the
single-particle Klein-Gordon wave equation.

At any given fixed time ¢, the field operators ¢(Z) and their conjugate momenta () are Hermitian

operators satisfying commutation relations exactly analogous to egs. (5.2.3)-(5.2.5):

[6(@), 6()] = 0; (5.2.10)
[n(2), 7(§)] = 0; (5.2.11)
7 (@), 0(5)] = —ihd®(F - ). (5.2.12)

As we will see, it turns out to be profitable to analyze the system in a way similar to the way one

treats the harmonic oscillator in one-dimensional nonrelativistic quantum mechanics. In that system,
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one defines “creation” and “annihilation” (or “raising” and “lowering”) operators a! and a as complex

linear combinations of the position and momentum operators z and p. Similarly, here we will define:
ay = /d3f e~ 7T [Byp(T) + in(F)] (5.2.13)
where
Ez = \/p% +m?, (5.2.14)

with the positive square root always taken. The overall coefficient in front of eq. (5.2.13) reflects an
arbitrary choice (and in fact it is chosen differently by various books). Equation (5.2.13) defines a

distinct annihilation operator for each three-momentum p. Taking the Hermitian conjugate yields:

af, = / P7 P [Eyp(Z) — in(#)] . (5.2.15)

To see the usefulness of these definitions, compute the commutator:
la,al] / P / 7T PERT (B (F) + in(T) , By () — im (7)) (5.2.16)
/ B / B e PIRT (B2 1 )60 (7 - §), (5.2.17)

where eqs. (5.2.10)-(5.2.12) have been used. Now performing the ¥ integral using the definition of the

delta function, one obtains:
lap, al] = (B + Ey) / Bz F-Dw (5.2.18)
This can be further reduced by using the important identity:
/ B3 dTE = (271360 (), (5.2.19)
valid for any 3-vector ¢, to obtain the final result:
laz, aE] = (21)%2E;00) (k — p). (5.2.20)

Here we have put Ej = Ej, using the fact that the delta function vanishes except when k= p. In a

similar way, one can check the commutators:
[N IO % S
lag, ap] = [ag, a] =0. (5.2.21)

Up to a constant factor on the right-hand side of eq. (5.2.20), these results have the same form as the
harmonic oscillator algebra [a,a!] = 1; [a,a] = [af,al] = 0 that are familiar from non-relativistic quan-
tum mechanics. Therefore, the quantum mechanics of a scalar field behaves like an infinite collection
of harmonic oscillators, one associated with each three-momentum p.

Now we can understand the Hilbert space of states for the quantum field theory. We start with the

vacuum state |0), which is taken to be annihilated by all of the lowering operators:

az|0) = 0. (5.2.22)



Acting on the vacuum state with any raising operator produces
at|0) = [k), (5.2.23)

which describes a state with a single particle with three-momentum k (and no definite position). Acting

multiple times with raising operators produces a state with multiple particles. So
al ol .. al |0) = |y, ko, ..., kn) (5.2.24)
wO A Jkoy ook 2.

describes a state of the universe with n ¢-particles with momenta /21, Eg, cee En Note that these states
are automatically symmetric under interchange of any two of the momentum labels I;-, because of the

L a%] = 0. This is another way of saying that the multiparticle states obey Bose-Einstein

identity [akz,
statistics for identical particles with integer (in this case, 0) spin.

In order to check our interpretation of the quantum theory, let us now evaluate the Hamiltonian
operator in terms of the raising and lowering operators, and then determine how H acts on the space
of states. First, let us invert the definitions eqgs. (5.2.13) and (5.2.15) to find ¢(Z) and 7 (%) in terms of

the a;; and az. We begin by noting that:

ag+al ;= / P37 e PEEL (7). (5.2.25)

Now we act on both sides by:

/ dp Y, (5.2.26)
where we have introduced the very convenient shorthand notation:
3p
dp 5.2.27
/ P= ] (2r)32E;, (5:2.27)

used often from now on. The result is that eq. (5.2.25) becomes

/dp a5+ al ) = /d?’f O(T) {/ (;1;1)73 eiﬁ'@f)}. (5.2.28)

Since the j integral in braces is equal to 6®) (77 — @) [see eq. (5.2.19)], one obtains after performing the

Z integral:
o) = /dp PI(az+al ), (5.2.29)
or, renaming ¥ — =, and p— —p in the second term on the right:
= /dﬁ (ePFag+ e_iﬁ'fa;). (5.2.30)

This expresses the original field in terms of raising and lowering operators. Similarly, for the conjugate

momentum field, one finds:

(7) = —i / dp B (¢P7a; — e=P7al), (5.2.31)



Now we can plug the results of egs. (5.2.30) and (5.2.31) into the expression eq. (5.2.9) for the

Hamiltonian. The needed terms are:

1 - 1 - 7 ~ ik-@ —ik-& ip-E —ipZ
§/d3x n(z)? = §/d3x/dk/dp(—z)2E]gEﬁ (ek ap—e K a%) (ep ay—e a;;), (5.2.32)

% / P (V)2
m? = m? = [ I ~ [ ik-@ —ik-& ip- @ —ip-Z
T/d% d(2)? = T/d‘ga:/dk/dp (ek ap +e k a%) (ep ag+e P a;;). (5.2.34)

Adding up the pieces, one finds:
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H= 3 /dk/dﬁ/dgf {(m2 —k-p— E;Ep) {aEaﬁeZ(k+m'x + a;%a;e_z(wrmx]
+(m?+k-p+ E;Ep) {a}%aﬁei(ﬁ_g)'i + aga%ei(’;_m'ﬂ } . (5.2.35)
Now one can do the Z integration using;:
/ Bz EEDE — (27353 (K 4+ p), (5.2.36)
/ Bz FEDT (21363 (F - ). (5.2.37)

As a result, the coefficient (m? — k-p— E; Ej) of the aa and a'al terms vanishes after plugging in
k= —p as enforced by the delta function. Meanwhile, for the aa' and afa terms one has k= P from

the delta function, so that
(m? + k- 5+ EzEp) 6@ (k — ) = 2B26@) (k — ). (5.2.38)
Now performing the k integral in eq. (5.2.35), one finds:
H = %/dﬁ Ez (a;aﬁ—k aﬁa;;) . (5.2.39)
Finally, we can rearrange the second term, using
apal; = alay + (2m)°2E;60) (5 - p) (5.2.40)
from eq. (5.2.20). The last term is infinite, so
H= /dp’ Egalas + oo, (5.2.41)

where “o0” means an infinite, but constant, contribution to the energy. Since a uniform constant
contribution to the energy of all states is unobservable and commutes will all other operators, we are
free to drop it, by a redefinition of the Hamiltonian. This is a simple example of the process known as
renormalization. (In a more careful treatment, one could “regulate” the theory by quantizing the theory

confined to a box of finite volume, and neglecting all contributions coming from momenta greater than
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some cutoff |plmax. Then the infinite constant would be rendered finite. Since we are going to ignore

the constant anyway, we won’t bother doing this.) So, from now on,
H= / dp Eyalay (5.2.42)

is the Hamiltonian operator.

Acting on the vacuum state,
H|0) =0, (5.2.43)

since all ay annihilate the vacuum. This shows that the infinite constant we dropped from H is actually
the infinite energy density associated with an infinite universe of empty space, filled with the zero-point
energies of an infinite number of oscillators, one for each possible momentum 3-vector p. But we’ve

already agreed to ignore it, so let it go. Now, you will show for homework that:
1 _ T
[H, alg} = Epag. (5.2.44)
Acting with H on a one-particle state, we therefore obtain
H|k) = Hal|0) = [H,al]|0) = Eal.[0) = E;|F). (5.2.45)

This proves that the one-particle state with 3-momentum k has energy eigenvalue Ep =/ k2 + m?, as

expected. More generally, a multi-particle state
|y, Ko, k) = alal ..l |0) (5.2.46)

is easily shown to be an eigenstate of H with eigenvalue EE1 + EE2 + ...+ EEn' Note that it is not

possible to construct a state with a negative energy eigenvalue!

5.3 Quantization of free Dirac fermion field theory

Let us now apply the wisdom obtained by the quantization of a scalar field in the previous subsection
to the problem of quantizing a Dirac fermion field that describes electrons and positrons. A sensible
strategy is to expand the fields ¥ and UT in terms of operators that act on states by creating and
destroying particles with a given 3-momentum. Now, since ¥ is a spinor with four components, one
must expand it in a basis for the four-dimensional spinor space. A convenient such basis is the solutions
we found to the Dirac equation, u(p, s) and v(p, s). So we expand the Dirac field, at a given fixed time

t, as:
2 . — - dd
U(7) = Z/dﬁ {u(p, 5)ebs s + v(p, S)e_lp'wd;;,s} : (5.3.1)
s=1

Here s labels the two possible spin states in some appropriate basis (for example, S, = +1/2). The op-

erator b;; will be interpreted as an annihilation operator, which removes an electron with 3-momentum
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p and spin state s from whatever state it acts on. The operator d% s is a creation operator, which adds
a positron to whatever state it acts on. We are using b, b’ and d, d rather than a, o' in order to distin-
guish the fermion and antifermion creation and annihilation operators from the scalar field versions.

Taking the Hermitian conjugate of eq. (5.3.1), and multiplying by 4° on the right, we get:
2
U(7) = Z/dﬁ {E(p, s)e_mmb:is +(p, s)elp"”dﬁ,s} . (5.3.2)
s=1

The operator b;s creates an electron, and dj s destroys a positron, with the corresponding 3-momentum
and spin.

More generally, if the Dirac field describes some fermions other than the electron-positron system,
then you can substitute “particle” for electron and “antiparticle” for positron. So bf,b act on states to
create and destroy particles, while df, d create and destroy antiparticles.

Just as in the case of a scalar field, we assume the existence of a vacuum state |0), which describes
a universe of empty space with no electrons or positrons present. The annihilation operators yield 0

when acting on the vacuum state:
bp,s|0) = djs[0) =0 (5.3.3)

for all p'and s. To make a state describing a single electron with 3-momentum p and spin state s, just

act on the vacuum with the corresponding creation operator:

bE10) = lez.,). (5.3.4)
Similarly,
Pt 10y (o .o
b bpsl0) =l €500 (5.3.5)

is a state containing two electrons, etc.
Now, electrons are fermions; they must obey Fermi-Dirac statistics for identical particles. This
means that if we interchange the momentum and spin labels for the two electrons in the state of

eq. (5.3.5), we must get a minus sign:

\ei’ jes ) = _|61;75;e]577’>. (5.3.6)

A corollary of this is the Pauli exclusion principle, which states that two electrons cannot be in exactly

the same state. In the present case, that means that we cannot add to the vacuum two electrons with

exactly the same 3-momentum and spin. Taking k= pand r = s in eq. (5.3.6):

€553 €s) = ~legsi €55 (5.3.7)
which can only be true if |€];S; e;s> = 0, in other words there is no such state.
Writing eq. (5.3.6) in terms of creation operators, we have:
TopT _ Tt
bz 05,5100 = by by 10). (5.3.8)
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So, instead of the commutation relation

[bT =0  (Wrong!) (5.3.9)

b=

that one might expect from comparison with the scalar field, we must have an anticommutation relation:

bl b by bE = (oL b} =0. (5.3.10)

Taking the Hermitian conjugate, we must also have:
{bz - b} = 0. (5.3.11)

Similarly, applying the same thought process to identical positron fermions, one must have:

{dk ) ps} = {dkr’ p,s} =0. (5.3.12)

Note that in the classical limit, ~ — 0, these equations are unaffected, since i doesn’t appear
anywhere. So it must be true that b, bf, d, and d anticommute even classically. So, as classical fields,

one must have

{¥(2),¥(y)} = 0, (5.3.13)
{Ui(2), ¥i(y)} = o (5.3.14)
{U(z),¥i(y)} = o (5.3.15)

Evidently, the classical Dirac field is not a normal number, but rather an anticommuting or Grassmann
number. Interchanging the order of any two Grassmann numbers results in an overall minus sign.
In order to discover how the classical equations (5.3.13) and (5.3.15) are modified when one goes

to the quantum theory, let us construct the momentum conjugate to (). It is:

oL =

P(Z) = oD = 100 = iWiy0y0 = 40, (5.3.16)

So the momentum conjugate to the Dirac spinor field is just ¢ times its Hermitian conjugate. Now,
naively following the path of canonical quantization, one might expect the equal-time commutation

relation:
[P(Z), ¥ (7)) = —ihd®(Z — 7). (Wrong!) (5.3.17)

However, this clearly cannot be correct, since these are anticommuting fields; in the classical limit
h — 0, eq. (5.3.17) disagrees with eq. (5.3.15). So, instead we postulate a canonical anticommutation

relation for the Dirac field operator and its conjugate momentum operator:

{P(&), W(ij)} = —ihd® (% — §). (5.3.18)

Now just rewriting P = iWT, this becomes:
{U(@), v (5)} = —hs®(Z - §). (5.3.19)
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From this, using a strategy similar to that used for scalar fields, one can obtain:
{bss, b%r} = {dys, d%T} = (27)%2E;00) (5 — k) Osr, (5.3.20)

and all other anticommutators of b, b', d, d' operators vanish.

One also can check that the Hamiltonian is
2
H=} / dp B (b, by + dis di.) (5.3.21)
s=1

in a way very similar to the way we found the Hamiltonian for a scalar field in terms of a, a’ operators.
In doing so, one must again drop an infinite constant contribution (negative, this time) which is
unobservable because it is the same for all states. Note that H again has energy eigenvalues that are

> 0. For homework, you will show that:

[H,b%s] = EkbL (5.3.22)
[H,d%s] = EEdj;S. (5.3.23)

(Note that these equations are commutators rather than anticommutators!) It follows that the eigen-

states of energy and 3-momentum are given in general by:

b bl dl dl o), (5.3.24)

D151 """ PSS kyry T knytm

which describes a state with n electrons (particles) and m positrons (antiparticles) with the obvious

3-momenta and spins, and total energy Ejy + ...+ Ey, +Ep +...+ Ep .
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6 Interacting scalar field theories
6.1 Scalar field with ¢* coupling

So far, we have been dealing with free field theories. These are theories in which the Lagrangian density
is quadratic in the fields, so that the Euler-Lagrange equations obtained by varying £ are linear wave
equations in the fields, with exact solutions that are not too hard to find. At the quantum level, this
nice feature shows up in the simple time evolution of the states. In field theory, as in any quantum

system, the time evolution of a state | X) is given in the Schrodinger picture by
L d
ZTLE|X> = H|X). (6.1.1)

So, in the case of a multiparticle state with an energy eigenvalue E as described above, the solution is

just
X (1)) = e O X (1)) = e TOFIX (1)) (6.1.2)

In other words, the state at some time ¢ is just the same as the state at some previous time g, up to
a phase. So nothing ever happens to the particles in a free theory; their number does not change, and
their momenta and spins remain the same.

We are interested in describing a more interesting situation where particles can scatter off each
other, perhaps inelastically to create new particles, and in which some particles can decay into other
sets of particles. To describe this, we need a Lagrangian density that contains terms with more than
two fields. At the classical level, this will lead to non-linear equations of motion that have to be
solved approximately. At the quantum level, finding exact energy eigenstates of the Hamiltonian is
not possible, so one usually treats the non-quadratic part of the Hamiltonian as a perturbation on the
quadratic part. This gives only approximate answers, which is unfortunate, but makes life interesting.

As an example, consider the free Lagrangian for a scalar field ¢, as given in eq. (5.1.18), and add

to it an interaction term:

L = Lo+ Ling; (6.1.3)

A
L = —g;0" (6.1.4)
Here A is a dimensionless number, a parameter of the theory known as a coupling. It governs the
strength of interactions; if we set A = 0, we would be back to the free theory in which nothing
interesting ever happens. The factor of 1/4! = 1/24 is a convention, and the reason for it will be

apparent later. Now canonical quantization can proceed as before, except that now the Hamiltonian is
H = Hy + Hiy, (6.1.5)
where
3 A 3 14
Hin = — | d°7 Ling = ﬂ d°x ¢(1') . (616)
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Let us write this in terms of creation and annihilation operators, using eq. (5.2.30):
Hiny = /d3 /dQ1/dQ2/dQ3/dQ4 ag e +aT e~ I) (a el ® 4—@T e~ e $)
(a,ygean T+ ajfge_’qr’ I) (a@elq“ T+ ajﬁe_’q“ "E) . (6.1.7)
Now we can perform the d®# integration, using eq. (5.2.19). The result is:
Hing = 24(27T)3/dfh /dCI2/dQ3/dQ4 [aqla,pa}g ab, SN+ @+ 3+ a@)

)
)

S
_|_
2
|
N

T 3)
+4a¢11 43 Ag; %4 0 ( +
5O +

'Ql
'81
|
N

—|—6a anaq3aq4

+4a§1 g Ag3 0, 5(3) ( T — @ — 3 — (74)
+ag agagag 0P (@ + @ + G+ @) |- (6.1.8)

Here we have combined several like terms, by relabeling the momenta, giving rise to the factors of 4, 6,
and 4. This involves reordering the a’s and af’s. In doing so, we have ignored the fact that a’s do not
commute with a!’s when the 3-momenta are exactly equal. This should not cause any worry, because
it just corresponds to the situation where a particle is “scattered” without changing its momentum at
all, which is the same as no scattering, and therefore not of interest.

To see how to use the interaction Hamiltonian, it is useful to tackle a specific process. For example,
consider a scattering problem in which we have two scalar particles with 4-momenta p,, pp that interact,

producing two scalar particles with 4-momenta kq, ko:
Papb — kika. (6.1.9)

We will work in the Schrodinger picture of quantum mechanics, in which operators are time-independent
and states evolve in time according to eq. (6.1.1). Nevertheless, in the far past, we assume that the
incoming particles were far apart, so the system is accurately described by the free Hamiltonian and
its energy eigenstates. The same applies to the outgoing particles in the far future. So, we can pretend

that Hiyt is “turned off” in both the far past and the far future. The states that are simple two-particle

states are
paspo)in = al; al. |0), (6.1.10)
in the far past, and
_ bt
k1, k2)our = GEIGEJO% (6.1.11)

in the far future. These are built out of creation and annihilation operators just as before, so they

are eigenstates of the free Hamiltonian Hy, but not of the full Hamiltonian. Now, we are interested in
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computing the probability amplitude that the state |p,, pp)1n €volves to the state |k1, k2)our. According

to the rules of quantum mechanics this is given by their overlap at a common time, say in the far future:

out(k1, k2|pa; pv)our- (6.1.12)

The state |pq, pp)ouT is the time evolution of |p,, pp)n from the far past to the far future:

Pa> oyout = €~ |pa, py)in, (6.1.13)

where 7" is the long time between the far past time when the initial state was created and the far future

time at which the overlap is computed. So we have:

out{k1, k2|pa, po)our = out k1, kale T |pa, pp)ix. (6.1.14)

The states appearing on the right-hand side are simple; see egs. (6.1.10) and (6.1.11). The complications

are hidden in the operator e 11,

In general, e *"H cannot be written exactly in a useful way in terms of creation and annihilation
operators. However, we can do it perturbatively, order by order in the coupling A. For example, let us

consider the contribution linear in A. We use the definition of the exponential to write:
e”TH — 1 —iHT/N)N = [1 —i(Hy + Hin)T/N]Y, (6.1.15)

for N — oo. Now, the part of this that is linear in Hj,t can be expanded as:
' N—1
e TH = N 1 —iH /NN "1 (—iH;wT/N) [1 — iHoT/N]" . (6.1.16)
n=0
(Here we have dropped the Oth order part, e~ THo a5 uninteresting; it just corresponds to the particles

evolving as free particles.) We can now turn this discrete sum into an integral, by letting ¢t = nT/N

and dt = T'/N in the limit of large N:
e~iTH _ _; / dt e~ T=0Ho g o=itHo, (6.1.17)
0

Next we can use the fact that we know what Hy is when acting on the simple states of egs. (6.1.10)
and (6.1.11):

e Mlpg, py)in = € i pa, pu)in, (6.1.18)
our(ky, kale " T=0HO = Gy (ky, kyle ™ T0Fs (6.1.19)

where
E;, = Eﬁa + Eﬁb? Ef = El% +4 EE2 (6.1.20)

are the energies of the initial and final states, respectively. So we have:
) T . .
our{ki, kale” T |pg, pp)in = —i/o dt e~ " T=DEs =i p (K, | Hing |[Pas Db)IN- (6.1.21)

59



First let us do the t integral:

T A A A T/2 ”
/0 dt e—{(T—0E; —itFi _ ~i(Es+E)T/2 /_T/2 g’ et (Br—FEs) (6.1.22)

where we have redefined the integration variable by ¢t = t' + T/2. As we take T'— oo, we can use the

integral identity

o .
/ dz ™ = 275(A) (6.1.23)
—0o0
to obtain:
T
/ dt e T =B — op §(B; — E) e B+ BT/, (6.1.24)
0
This tells us that energy conservation will be enforced, and (dropping the phase factor e~ *(Fr+E)T/2
which will just give 1 when we take the complex square of the probability amplitude):
out(k1, k2|pa; pp)ouT = —i 27 0(Ey — E;) out(k1, k2| Hint|Pa> Pb)IN- (6.1.25)

Now we are ready to use our expression for Hiy in eq. (6.1.8). The action of Hi, on eigenstates of
the free Hamiltonian can be read off from the different types of terms. The aaaa-type term will remove
four particles from the state. Clearly we don’t have to worry about that, because there were only two
particles in the state to begin with! The same goes for the a'aaa-type term. The terms of type afatalal
and a'afala create more than the two particles we know to be in the final state, so we can ignore them

too. Therefore, the only term that will play a role in this example is the a'afaa contribution:

i = 3 [ div [d [ dis [ 59 @+ @ - @ - @) aly ol aga, (6.1.26)
Therefore, we have:
out({k1, k2|pa, pp)ouT = —i(2ﬁ)4%/dd1 /ddz/dfi:s/dfh g1+ g2 — 3 — 1)
OUT<1<:1,I<:2|aq1 qzaqgaq4|pa,pb> (6.1.27)

Here we have combined the three-momenta delta function from eq. (6.1.26) with the energy delta
function from eq. (6.1.25) to give a 4-momentum delta function.

It remains to evaluate:

our(ki, kolal al agag, Ipa, po)in, (6.1.28)

which, according to eqgs. (6.1.10) and (6.1.11), is equal to

< ’ak ak a;1a(§2aq3aq4 p pb‘0> (6129)

This can be done using the commutation relations of eqs. (5.2.20) and (5.2.21). The strategy is to

commute ag, and ag, to the right, so they can give 0 when acting on |0), and commute az; and a to
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the left so they can give 0 when acting on (0|. Along the way, one picks up delta functions whenever
the 3-momenta of an a and a' match. One contribution occurs when ¢ = p, and ¢4 = p, and ¢, = Ky

and g5 = Eg. It yields:
(2m)32E4,6% (@5 — ) (2m)32E4,6% (@ — i) (2m)32E5 00 (@1 — k1) (27)32E5,6®) (3 — ka). (6.1.30)

There are 3 more similar terms. You can check that each of them gives a contribution equal to
eq. (6.1.30) when put into eq. (6.1.27), after relabeling momenta; this cancels the factor of 1/4 in
eq. (6.1.27). Now, the factors of (27)*2E, etc. all neatly cancel against the corresponding factors
in the denominator of dgs, etc. [See eq. (5.2.27).] The three-momentum delta functions then make
the remaining d*q;, d3¢, d®qs, and d3q, integrations trivial; they just set the four-vectors g3 = pq,
q4 = Py, 1 = k1, and go = ko in the remaining 4-momentum delta function that was already present in
eq. (6.1.27).
Putting it all together, we are left with the remarkably simple result:

our{ki, k2|pa, po)our = —iA27m) W (k1 + ka2 — pa — ). (6.1.31)

Rather than go through this whole messy procedure every time we invent a new interaction term for
the Lagrangian density, or every time we think of a new scattering process, one can instead summarize
the procedure with a simple set of diagrammatic rules. These rules, called Feynman rules, are useful
both as a precise summary of a matrix element calculation, and as a heuristic guide to what physical

process the calculation represents. In the present case, the Feynman diagram for the process is:

initial state x final state

Here the two lines coming from the left represent the incoming state scalar particles, which get “de-
stroyed” by the annihilation operators in Hj,;. The vertex where the four lines meet represents the
interaction itself, and is associated with the factor —i¢A. The two lines outgoing to the right represent
the two final state scalar particles, which are resurrected by the two creation operators in Hipt.

This is just the simplest of many Feynman diagrams one could write down for the process of two
particle scattering in this theory. But all other diagrams represent contributions that are higher order

in A, so if A is small we can ignore them.

6.2 Scattering processes and cross-sections

In subsection 6.1, we found that the matrix element corresponding to 2 particle to 2 particle scattering

in a scalar field theory with interaction Lagrangian —ﬁ(b‘* is:

out(kika|papp)out = —iA(21) 6™ (k1 + ks — pa — o). (6.2.1)
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Now we would like to learn how to translate this information into something physically meaningful
that could in principle be measured in an experiment. The matrix element itself is infinite whenever
4-momentum is conserved, and zero otherwise. So clearly we must do some work to relate it to an
appropriate physically measurable quantity, namely the cross-section.

The cross-section is the observable that gives the expected number of scattering events Ng that will
occur if two large sets of particles are allowed to collide. Suppose that we have N, particles of type
a and N of type b, formed into large packets of uniform density that move completely through each

other as shown.

0
00
© 00 , 00 00
o ® 00 o ©
600 0 o

oo

00 o

0 0 0% 040 04 0 o

o0
P 092 0956 0 o

b o°°

o

The two packets are assumed to have the same area A (shaded gray) perpendicular to their motion.
The total number of scattering events occurring while the packets move through each other should be
proportional to each of the numbers N, and Ny, and inversely proportional to the area A. The equation
No Ny

A

defines the cross-section o. The rate at which the effective N,N,/A is increasing with time in an

Ng = o (6.2.2)

experiment is called the luminosity L (or instantaneous luminosity), and the same quantity integrated

over time, is called the integrated luminosity. Therefore,
Ny—o / L. (6.2.3)

The dimensions for cross-section are the same as area, and the official unit is 1 barn = 10724 c¢m?
= 2568 GeV~2. However, a barn is a very large cross-section,’ so more commonly-used units are

obtained by using the prefixes nano-, pico-, and femto-:

Inb = 10733 cm? = 2.568 x 107° GeV 2, (6.2.4)
Ipb = 1073 cm? = 2.568 x 1072 GeV 2, (6.2.5)
1fb = 107 em? = 2.568 x 1072 GeV 2. (6.2.6)

As an example, the Tevatron collides protons (p) and antiprotons (p) with a center-of-momentum
(CM) energy of Ecy = 1960 GeV. At the time of this writing (January 2011), the total amount of

data collected in Run II corresponds to an integrated luminosity of about:

/Ldt =10fb~! = 10,000 pb~L. (6.2.7)

'The joke is that achieving an event with such a cross-section is “as easy as hitting the broad side of a barn”.
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The peak luminosity obtained so far in Run II of the Tevatron is about L = 4.04 x 1032 cm™? sec™!,

or 4.04 x 1074 pb~! sec™!, in April 2010. The record for a single week is [ Ldt = 73 pb~!.
To figure out how many scattering events one expects at a collider, one needs to know the corre-
sponding cross-section for that type of event, which depends on the final state. The total cross-section

for any type of scattering at the Tevatron is quite large, by one estimate approximately
o(pp — anything) = 0.075barns. (6.2.8)

However, this estimate is quite fuzzy, because it depends on the minimum momentum transfer that one
requires in order to say that a scattering event has occurred. For arbitrarily small momentum transfer
in elastic scattering of charged particles, the cross-section actually becomes arbitrarily large due to the
long-range nature of the Coulomb force, as we will see in section 7.5. Also, the vast majority of the
scattering events reflected in eq. (6.2.8) are extremely uninteresting, featuring final states of well-known
and well-understood hadrons. A more interesting final state would be anything involving a top quark

(t)and anti-top quark (%) pair, for which the Tevatron cross-section is about:
o(pp — tt + anything) = 7.5pb. (6.2.9)

This means that about 75,000 top pairs should have been produced so far in Run II. However, only a
fraction of these are identified as such. A more speculative possibility is that the Tevatron will find a
Higgs boson h. If the mass of the Higgs boson is m; = 130 GeV, then the Tevatron cross-section to

produce it in association with a Z° boson is roughly:
o(pp — hZ° + anything) = 751b. (6.2.10)

This implies 750 or so hZ" events in Run II, so far, if m; = 130 GeV. (Unfortunately, there is also a
large background from similar-looking events with a more mundane origin.)

In the 7 TeV pp collision run at the LHC in 2010, a total integrated luminosity of 48 pb~! was
delivered to each detector. Much of this occurred during the last few days of running, with a record
integrated luminosity for one day of [ Ldt = 6.0 pb™!, and a maximum peak instantaneous luminosity
of L = 2.1 x 1032 ecm~2s~!. At this writing, the plan is to aim for 1 to 3 fb=! by the end of the run

starting in 2011. At 7 TeV collision energies, the cross-section for producing top-antitop pairs is about
o(pp — tt + anything) = 160pb, (6.2.11)

so about 7700 tt pairs have already been produced, and several hundred thousand will be within a
year, hopefully. The design luminosity to be eventually reached by the LHC is 1.0 x 103* cm™2s71.
In general, our task is to figure out how to relate the matrix element for a given collision process to
the corresponding cross-section. Let us consider a general situation in which two particles a and b with
masses m, and my and 4-momenta p, and py collide, producing n final-state particles with masses m;

and 4-momenta k;, where i = 1,2,...,n:
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Pa, Mg k1, mq

g

Py, Mp K, mp
As an abbreviation, we can call the initial state |i) = |pa, ma; Dy, mp)iN and the final state |f) =
|k1,m1;. . 5 kn,mp)ouTr. In general, all of the particles could be different, so that a different species

of creation and annihilation operators might be used for each. They can be either fermions or bosons,
provided that the process conserves angular momentum. If the particles are not scalars, then |i) and
|f) should also carry labels that specify the spin of each particle. Now, because of four-momentum

conservation, we can always write:
(fli) = Mg (2m)*6™ (po + py — Zk (6.2.12)

Here M,_ ¢ is called the reduced matrix element for the process. In the example in subsection 6.1, the
reduced matrix element we found to first order in the coupling A was simply a constant: Mgg_.4¢ = —iA.
However, in general, M can be a non-trivial Lorentz-scalar function of the various 4-momenta and spin
eigenvalues of the particles in the problem. It is computed order-by-order in perturbation theory, so it
is only known approximately.

According to the postulates of quantum mechanics, the probability of a transition from the state

i) to the state |f) is:

e
Ped = Ty 021

The matrix element has been divided by the norms of the states, which are not unity; they will be

computed below. Now, the total number of scattering events expected to occur is:

Ng=NoNy > Pi_y. (6.2.14)

!
Here N, Ny represents the total number of initial states, one for each possible pair of incoming particles.
The sum >, is over all possible final states f. To evaluate this, recall that if one puts particles in a

large box of volume V', then the density of one-particle states with 3-momentum k is

Bk
(2m)3

So, including a sum over the n final-state particles implies

zf: ﬁ[ /dgk ] (6.2.16)

density of states = V (6.2.15)
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Putting this into eq. (6.2.14) and comparing with the definition eq. (6.2.2), we have for the differential
contribution to the total cross-section:
n 37
do =P A 1:[ [V%} : (6.2.17)
i=1
Let us now suppose that each packet of particles consists of a cylinder with a large volume V. Then
the total time T over which the particles can collide is given by the time it takes for the two packets

to move through each other:

v

T = S S -
AlTy — Ty

(6.2.18)

(Assume that the volume V and area A of each bunch are very large compared to the cube and square
of the particles’” Compton wavelengths.) It follows that the differential contribution to the cross-section

is:

1% n 3k
do =Pyt e , 6.2.19
g P fT|Ua _Ub| Zl;[l |: (27T)3:| ( )

The total cross-section is obtained by integrating over 3-momenta of the final state particles. Note that
the differential cross-section do depends only on the collision process being studied. So in the following
we expect that the arbitrary volume V and packet collision time 7" should cancel out.

To see how that happens in the example of ¢p¢ — ¢¢ scattering with a ¢* interaction, let us first
compute the normalizations of the states appearing in P;_,¢. For the initial state |i) of eq. (6.1.10),
one has:

(ili) = (Olag,az,al; al;|0). (6.2.20)

To compute this, one can commute the al operators to the left:

(ili) = (Olag,lag,af; Jak, 0) + (Olag,al; az,al |0). (6.2.21)

;
Da
commutes with az, according to eq. (5.2.20), yielding 0 when acting on (0]. The first term can be

Now the incoming particle momenta p, and pj are always different, so in the last term the a- just

simplified using the commutator eq. (5.2.20):

(ili) = (Olag,al, |0) (27)3 2E0®) (5o — Fa). (6.2.22)

T

Commuting a to the left in the same way yields the norm of the state |7):

(ili) = (2m)° 4B, By 6©) (5 — a)0® (5, — 1) (6.2.23)

This result is doubly infinite, since the arguments of each delta function vanish! In order to successfully

interpret it, recall the origin of the 3-momentum delta functions. One can write

2m)36®) (5 - p) = / Bzl =y, (6.2.24)



showing that a 3-momentum delta-function with vanishing argument corresponds to V/(27)3, where V/

is the volume that the particles occupy. So we obtain
(ili) = AE,E,V? (6.2.25)

for the norm of the incoming state.
Similarly, the norm of the state |f) is:

n
-

(1) = H(27r)32E5(3)( — k) =[JEV). (6.2.26)

i=1 i=1
In doing this, there is one subtlety; unlike the colliding particles, it could be that two identical outgoing
particles have exactly the same momentum. This seemingly could produce “extra” contributions when
we commute a! operators to the left. However, one can usually ignore this, since the probability that
two outgoing particles will have ezactly the same momentum is vanishingly small in the limit V' — oco.

Next we turn to the square of the matrix element:

P = (Mg [2m) 150 (g + 2 — Yo 0)] (6.2.27)

This also is apparently the square of an infinite quantity. To interpret it, we again recall the origin of

the delta functions:

T/2 ,
on8(Ey — E;) = K T/zdtemEf*Ei) = T (for By = Ey), (6.2.28)

(> k- 7) = / Bz FEFED v (o Y E=3"F).  (6.2.29)
So we can write:

2m)46™ (po + pp — Zk = TV. (6.2.30)
Now if we use this to replace one of the two 4-momentum delta functions in eq. (6.2.27), we have:
[(Fli)]? = My s? @) TV 6 (py + pp — Z k;) (6.2.31)

Plugging the results of egs. (6.2.25), (6.2.26) and (6.2.31) into eq. (6.2.13), we obtain an expression
for the transition probability:

T 1
2 45(4)
11— - 11— 2 6 k .2. 2
Per = WM @5 et = 3k g 1T (557) (6.2.32)
Putting this in turn into eq. (6.2.19), we finally obtain:
o2
do = —Miil dd,,, (6.2.33)

AE, Ey|U, — Up|

where d®,, is a standard object known as the n-body differential Lorentz-invariant phase space:

m (0 dBE
d@ (27‘[‘)45(4) pa +pb Z ]{7 H <W> (6234)
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As expected, all factors of 7" and V have canceled out of the formula eq. (6.2.33) for the differential
cross-section.

In the formula eq. (6.2.33), one can write for the velocities:

S s

= —. 2.
U B Up E, (6.2.35)

Now, assuming that the collision is head-on so that %, is opposite to ¥, (or 0), the denominator in
eq. (6.2.33) is:

AEo By, — ] = 4(Ealiib| + Eyla]). (6.2.36)

The most common case one encounters is two-particle scattering to a final state with two particles.

In the center-of-momentum frame, p, = —py, so that the 2-body Lorentz-invariant phase space becomes:

3k d3ks

ddy = (27)'6®) (k1 + k2)0(Ea + By — By — E) 28, 25, (6.2.37)
B 8B (ky + k) 5(\/15% +m? + \/Eg +m2 — Ecn) P BT (62.38)
- 1672\ K2 + m3\ [ + m3 e -
where
Ecm = Eq + By (6.2.39)

is the center-of-momentum energy of the process. Now one can do the ks integral; the 3-momentum

delta function just sets Eg = —El (as it must be in the CM frame). If we define
K = |k| (6.2.40)
for convenience, then
Bk = K2dK dQ = K%K d¢ d(cos 0), (6.2.41)

where 2 = (6, ¢) are the spherical coordinate angles for k1. So

6(\/ K24+ m? +/K?+m3 — Ec
/...dq)2 - / W thy 2~ Fow) K2dK dé d(cos 0), (6.2.42)
VE?+m3 K2 +m3

where ... represents any quantity. To do the remaining dK integral, it is convenient to change variables

to the argument of the delta function. So, defining

W = /K2 +m? + /K2 +m} - Ecu, (6.2.43)

we find

\/K2 +m? + \/K2 +m3
VE?+m3 K2 +m3

AW = KdK. (6.2.44)
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Noticing that the delta function predestines \/ K2+ m% + \/ K2+ m% to be replaced by Ecn, we can

write:
K2dK Kdw
- . (6.2.45)
\/K2+m%\/K2+m% Ecwm
Using this in eq. (6.2.42), and integrating dW using the delta function (W), we obtain:
dd K d¢ d(cos ) (6.2.46)
= cos 2.
> 16n2Eoy
for the Lorentz-invariant phase space of a two-particle final state.
Meanwhile, in the CM frame, eq. (6.2.36) simplifies according to:
AE,Ey|U, — Up| = 4(Eq|py| + Eb|Pal) = 4lDal(Ea + Eb) = 4|Da| Ecm- (6.2.47)
Therefore, using the results of egs. (6.2.46) and (6.2.47) in eq. (6.2.33), we have:
_ L
do = |M;_¢| dQ) (6.2.48)

6472 B[Pl
for the differential cross-section for two-particle scattering to two particles.

The matrix element is quite often symmetric under rotations about the collision axis determined by
the incoming particle momenta. If so, then everything is independent of ¢, and one can do [ d¢ = 2,
leaving;:
|1

do = |M;_, 27_,
‘ i f| 327TE(23M|pa|

d(cos9). (6.2.49)

If the particle masses satisfy m, = m1 and m, = ma (or they are very small), then one has the further
simplification \Eﬂ = [Pal, so that

1

—_— . 2.
S2rEy d(cos ) (6.2.50)

do = [M; |

The formulas eqs. (6.2.48)-(6.2.49) will be used often in the rest of these notes.
We can finally interpret the meaning of the result eq. (6.1.31) that we obtained for scalar ¢* theory.

Since we found Mgs_¢p = —iA, the differential cross-section in the CM frame is:
)\2
Ao gty = ———5—d 0). .2.51
o000 = 3on R (cos ) (6.2.51)

Now we can integrate over § using f_ll d(cos @) = 2. However, there is a double-counting problem that
we must take into account. The angles (0, ¢) that we have integrated over represent the direction of
the 3-momentum of one of the final state particles. The other particle must then have 3-momentum
in the opposite direction (7 — 0, —¢). The two possible final states with El along those two opposite

directions are therefore actually the same state, because the two particles are identical. So we have
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actually counted each state twice when integrating over all df). To take this into account, we have to
divide by 2, arriving at the result for the total cross-section:
)\2
P00 = o T (6.2.52)
In the system of units with ¢ = i = 1, energy has the same units as 1/distance. Since A is dimensionless,
it checks that ¢ indeed has units of area. This is a very useful thing to check whenever one has found

a cross-section!

6.3 Scalar field with ¢ coupling

For our next example, let us consider a theory with a single scalar field as before, but with an interaction

Lagrangian that is cubic in the field:
Qm:—%&, (6.3.1)

instead of eq. (6.1.4). Here p is a coupling that has the same dimensions as mass. As before, let us
compute the matrix element for 2 particle to particle scattering, ¢p¢ — @o.

The definition and quantization of the free Hamiltonian proceeds exactly as before, with equal
time commutators given by eqs. (5.2.20) and (5.2.21), and the free Hamiltonian by eq. (5.2.42). The
interaction part of the Hamiltonian can be obtained in exactly the same way as the discussion leading

up to eq. (6.1.8), yielding:

Hine = % (27) /dql/dqQ/dqg [a‘h Ag, 4, 5(3)(‘]1 + @t a)
—|—3a2~1 a%a(;3 5 (h+ @ — @)
—|—3a:;~1 ag,ag, (@ — @ — @)
+ag ag,ag, SN +a@+a) | (6.3.2)
As before, we want to calculate:

out k1, ka|Pups)out = our(k1, kale |5, py)ix (6.3.3)

where H = Hy + Hiy is the total Hamiltonian. However, this time if we expand e "7 only to first
order in Hj,g, the contribution is clearly zero, because the net number of particles created or destroyed
by Hint is always odd. Therefore we must work to second order in H;yt, or equivalently in the coupling
L

Expanding the operator e *TH to second order in Hiy, one has in the large-N limit [compare to

eq. (6.1.15) and the surrounding discussion]:

. TN
TH  _ {1 —i(Ho + Hint)N} (6.3.4)
N—-2N-n—-2 N—n—m—2 m n
T . T T ) T T
= Z Z [1 —iHy— } (_ZHintN) {1 — ZHON] (_ZHintN) {1 — ZHON] ,

n=0 m=0

(6.3.5)
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where we have kept only terms that are of order H2,. Now we can convert the discrete sums into
integrals over the variables t = Tn/N and t' = T'm/N + t with At = At' = T/N. The result is:

. T T . / - .
T — [T [ e T (i) e W) (i) e (6.3.6)
0 T—t

When we sandwich this between the states (ki, k| and |, 5,), we can substitute

o~ iHo(T—t") —iEf(T—t')

— e

; (6.3.7)

e ot pmibit (6.3.8)

where F; = Ej, + Ejp, is the initial state energy eigenvalue and Ey = EE1 + EEQ is the final state energy
eigenvalue. Now, (—iHint)|pa,pp) Will consist of a linear combination of eigenstates |X) of Hy with

different energies E'x. So we can also substitute
e—iHo(t/—t) N e—iEX (t,—t) (639)

provided that in place of Ex we will later put in the appropriate energy eigenvalue of the state created

by each particular term in —iHj,; acting on the initial state. So, we have:
e TH — (_iHy ) I (—iHiy) (6.3.10)
where
T T . N , .
I :/ dt dt! e Ey (T=t) =iBx (t'=1) o —iEit (6.3.11)
0 T—t
To evaluate the integral I, we can first redefine t — ¢t — 7//2 and ' — t' — T'/2, so that

, T/2 , T/2 L,

I — e—ZT(Er‘rEf)/Z/ dt ezt(Ex—Ei) / dt/ e’Lt (Ef—Ex)‘ (6312)
—~T/2 t

Now e T(Eit+Ef)/2) ig just a constant phase that will go away when we take the complex square of the

matrix element, so we drop it. Taking the limit of a very long time T — oc:
o0 o0
I= / dt e*Fx—Ey) / dt’ ' (By—Exie) (6.3.13)
—00 t

The t' integral does not have the form of a delta function because its lower limit of integration is t.

et/

Therefore we have inserted an infinitesimal factor e”* so that the integral converges for t' — oco; we

will take € — 0 at the end. Performing the ¢’ integration, we get:

i o
I = it(Er—Ei) 3.14
(Ef—Ex—F’ie)/_oodte (6.:3.14)
{

As usual, energy conservation between the initial and final states is thus automatic.
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Putting together the results above, we have so far:

e T . { .
out(k1, k2|Pa, Po)our = 2m0(Ey — E;)(0lag ag, (—iHint) (m> (=iHin)al, al, [0). (6.3.16)

Let us now evaluate the matrix element eq. (6.3.16). To do this, we can divide the calculation up
into pieces, depending on how many a and a' operators are contained in each factor of Hiy. First, let
us consider the contribution when the right Hi, contains afaa terms acting on the initial state, and the
left Hin contains afafa terms. Taking these pieces from eq. (6.3.2), the contribution from eq. (6.3.16)
is:

ouT(k1, k2|Pa, Pb)ouT

(aTaTa)(aTaa) part

{—ig(zw)?’ 227r5(Ef — E) / dry / di / drs / ddy / dds / dis

SO + 7% — 73) 08T — @ — @)

(Olag, a 0;10;2%3 <Ef—27EX> agl%aqsa aﬂ ,10). (6.3.17)
The factor involving Ex is left inserted within the matrix element to remind us that E'x should be
replaced by the eigenvalue of the free Hamiltonian Hj acting on the state to its right.

The last line in eq. (6.3.17) can be calculated using the following general strategy. We commute
a’s to the right and a'’s to the left, using eqgs. (5.2.20) and (5.2.21). In doing so, we will get a non-zero
contribution with a delta function whenever the 3-momentum of an a equals that of an a! with which
it is commuted, removing that a,a pair. In the end, every a must “contract” with some a' in this way
(and vice versa), because an a acting on |0) or an a acting on (0| vanishes.

This allows us to identify what Ex is. The ag and ag operators must be contracted with a;;a
and at if a non-zero result is to be obtained. There are two ways to do this: either pair up [a,jz,at ]

Pa

and [aq3,a;gb], or pair up [aqg,a;b} and [a qs,a;; ]. In both cases, the result can be non-zero only if

>+ @3 = P + Pp. The delta-function 5 (q1 — ¢» — q3) then insures that there will be a non-zero

contribution only when

G =P+ = Q. (6.3.18)
So the energy eigenvalue of the state aj}l ag, Qg a;;aa;;bm) must be replaced by

Ex :EQI \/|ﬁa —|—ﬁb|2—|—m2 (6.3.19)

whenever there is a non-zero contribution.

Evaluating the quantity

(Olag, a al. al, aT3aT al. al. |0) (6.3.20)

kz T q1af12a‘13 Da Db
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now yields four distinct non-zero terms, corresponding to the following ways of contracting a’s and

ab’s:
[aE1 ’ a;[“l] [aﬂg ’ a:%] [atfz ) a;’a] [atf?,a a;;b] [a”Fs ) a;rjl]a or (6.3.21)
[al;l ) a;l;Z] [aEQ ) a:ILl] [a(TQ ? a;‘a] [a§37 a/;b] [(177‘3, ajl;l ]7 or (6322)
[aE1 ’ a;r:'l] [CLEQ ’ av];z] [a’ﬁ ) a;;‘b] [aé'3’ a;f?a] [aﬁm a}i]a or (6.3.23)
lag, ok lag,,al] [ag,.al] lag,,al] [ar,al]. (6.3.24)

For the first of these contributions to eq. (6.3.20), we get:

(2m)32Ex 63 (7 — k1) (27)32E5,00) (7 — ko) (27)°2E36®) (G2 — Fa)

(2m)°2E4,6®) (@ — py)  (27)*2Bx, 6™ (75 — ¢1). (6.3.25)
Now, the various factors of (27)22E just cancel the factors in the denominators of the definition of dg;

and dr;. One can do the q1, ¢, @3, 71, T2, and 73 integrations trivially, using the 3-momentum delta

functions, resulting in the following contribution to eq. (6.3.17):

2 .
_'E ¢ 1 4 s (L 7T s o
< l2> (Ef —EQ) 2EQ(27T) 6(Ey — Ei)0™ (ky + k2 — Pa — Pb)- (6.3.26)

The two delta functions can be combined into 6™ (ky + ko — ps — py). Now, the other three sets of
contractions listed in eqgs. (6.3.22)-(6.3.24) are exactly the same, after a relabeling of momenta. This
gives a factor of 4, so (replacing £y — Ej; in the denominator, as allowed by the delta function) we
have:

= (i) g
(atwelanmn (B — Bg)(2Eg)

out (k1 k2|Ba, By)our ‘ 2m)46@ (ky + ko — pa — py). (6.3.27)

One can draw a simple picture illustrating what has happened in the preceding formulas:

ataa  dfala
initial state final state

The initial state contains two particles, denoted by the lines on the left. Acting with the first factor
of Hine (on the right in the formula, and represented by the vertex on the left in the figure) destroys
the two particles and creates a virtual particle in their place. The second factor of H;y destroys the
virtual particle and creates the two final state particles, represented by the lines on the right. The
three-momentum carried by the intermediate virtual particle is Q = Pu+Pp = k1 + Eg, SO momentum
is conserved at the two vertices.

However, there are other contributions that must be included. Another one occurs if the Hj, on
the right in eq. (6.3.16) contains atatal operators, and the other H;,; contains aaa operators. The

corresponding picture is this:
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atalal
initial state final state

aaq

Here the Hiy carrying afa’al (the rightmost one in the formula) is represented by the upper left vertex
in the figure, and the one carrying aaa is represented by the lower right vertex. The explicit formula

corresponding to this picture is:

out(k1, k2|Pa, Db)ouT anyalataly pare —

{—i%@ﬂ)?’ 227r5(Ef ~E) / dFy / diy / drs / diy / ddo / dgs

(7 + 7 +73) 0@ + &+ @)

(Olag af, am ama (ﬁ) a}la%al}sa;aa;bm). (6.3.28)
As before, we can calculate this by commuting a’s to the right and a'’s to the left. In the end, non-zero
contributions arise only when each a is contracted with some a'. In doing so, we should ignore any
terms that arise whenever a final state state aj is contracted with an initial state a;;. That would
correspond to a situation with no scattering, since the initial state particle and the final state particle
would be exactly the same.

The result contains 36 distinct contributions, corresponding to the 6 ways of contracting ag, and
ar, with any two of a:rﬁ, a:rﬁ, and ajﬁ, times the 6 ways of contracting a}a and a}}b with any two of
ar,, G, ar,. However, all 36 of these contributions are identical under relabeling of momentum, so we
can just calculate one of them and multiply the answer by 36. This will neatly convert the factor of
(—iu/6)? to (—ip)2. We also note that Ex must be replaced by the free Hamiltonian energy eigenvalue

ot ot T

of the state a’. al. al. al a

q1 G243 Pa ﬁb|0>’ namely:

Ex = Eg + Eg, + Eg, + Ej, + Ep,. (6.3.29)

For example consider the term obtained from the following contractions of a’s and a'’s:

lag, . al] lag,.al] [ar,al] [ar,,al] [am,al]. (6.3.30)

This leads to factors of (27)32E and momentum delta functions just as before. So we can do the 3-
momentum ¢; 2 and 7 2 3 integrals using the delta functions, in the process setting ¢; = El and ¢ = /Zg
and 7 = P, and 75 = py and 73 = @3. Finally, we can do the ¢3 integral using one of the delta functions
already present in eq. (6.3.28), resulting in ¢5 = —p, — pp = —k1 — ko = —Q, with Q the same as was
defined in eq. (6.3.18). This allows us to identify in this case:

Ex = Ey, + Ep, + B, + By, + Eg = 2E; + Eg. (6.3.31)
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The end result is:
—1

(Ei + Eg)(2Eg)

= (—ip)? 2m)46@ (ky + ko — pa — pp). (6.3.32)

our(k1, k2[Pa, Pb)our
(aaa)(aTaTaT) part

It is now profitable to combine the two contributions we have found. One hint that this is a good
idea is the fact that the two cartoon figures we have drawn for them are topologically the same; the
second one just has a line that moves backwards. So if we just ignore the distinction between internal
lines that move backwards and those that move forwards, we can draw a single Feynman diagram to

represent both results combined:

D k
\\\‘a 1/\5/
AN s

\\ Da + Db //
>t
Ve AN
Ve N
7/ AN
7 AN
//pb kj? N

The initial state is on the left, and the final state is on the right, and the flow of 4-momentum is
indicated by the arrows, with 4-momentum conserved at each vertex.

The result of combining these two contributions is called the s-channel contribution, to distinguish
it from still more contributions that we will get to soon. Using a common denominator for (E; — EQ)

and (E; + E5), we get:

out (k1, k2| P, By)ouT Lichannel = (—ip)’ WE%(%)%M)(M + ko — pa — Do) (6.3.33)
If we now consider the four-vector
P5+Mf=(VWH”+m2+V%m2+nﬂ,ﬁf+m)=(EMQL (6.3.34)
then we recognize that
(pa +m)* = E} —|Q)° = B} — E5 +m?. (6.3.35)

[Note that p# + pj is not equal to (Eg; @).] So we can rewrite the term
1 7

_ , 6.3.36
TF—EZ  (utp — (6:3:50)

The final result is that the s-channel contribution to the matrix element is:

= (—in)’

s—channel

@m) 0D (ky + ks — pa — ). (6.3.37)

our k1, ka|Ba, By ouT ‘
k1, k[P, 1) ot o7 2

Note that one could just as well have put (ki + k2)? in place of (p, + pp)? in this expression, because
of the delta function.

Now one can go through the same whole process with contributions that come from the rightmost
Hiy (acting first on the initial state) consisting of atala terms, and the leftmost Hiye containing afaa

terms. One can draw Feynman diagrams that represent these terms, which look like:
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N /
AN s ~ /
\\ // p>\\ //kl
/

4 A
[ N/
I \/
pa—tr || Pa—Fkal| )
A Ao
s N Po 4 N\ ko
Pha - s A \
Y N s \

These are referred to as the t-channel and u-channel contributions respectively. Here we have combined
all topologically-identical diagrams. This is a standard procedure that is always followed; the diagrams
we have drawn with dashed lines for the scalar field are the Feynman diagrams for the process. [The
solid-line diagrams appearing between eqs. (6.3.27) and (6.3.28) above are sometimes known as “old-
fashioned Feynman diagrams”, but it is very rare to see them in the modern literature.]

After much juggling of factors of (27)3 and doing 3-momentum integrals using delta functions, but
using no new concepts, the contributions of the ¢-channel and u-channel Feynman diagrams can be

found to be simply:

OUT<E;17 EQ ’ﬁmﬁb)OUT ‘t—channelz (72‘/1)2 (277)45(4) (kl + ko — Pa — pb)7 (6338)

)
(Pa — k1)* —m?

and

= (—ip)? @m) 6D (ky + ko — pa —pp). (6.3.39)

u—channel

-5 o 1
Fu, Balfas B our |
our(ki, k2|Pa, Pb)our (pa — k2)? —m?

The reduced matrix element can now be obtained by just stripping off the factors of (2#)45(4) (k14 ko —
Pa — Db), as demanded by the definition eq. (6.2.12). So the total reduced matrix element, suitable for

plugging into the formula for the cross-section, is:

Mgo—gp = M+ M; + M, (6.3.40)
where:

M, = (—ip)? o +p5)2 — (6.3.41)

My = (—ip)® s kf)g —, (6.3.42)

My = (—ip)? ! (6.3.43)

(Pa — k2)? —m?
The reason for the terminology s, t, and u is because of the standard kinematic variables for 2—2

scattering known as Mandelstam variables:

s = (pa+m)’ = (k1+ k), (6.3.44)
t = (pa—h)’ = (k2 —m)? (6.3.45)
u = (pa—k2)* = (k1 —pp)?. (6.3.46)
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(You will work out some of the properties of these kinematic variables for homework.) The s-, ¢-, and

u-channel diagrams are simple functions of the corresponding Mandelstam variables:

1

M, = (—w)Qs_W, (6.3.47)

M, = (—w)Qtme, (6.3.43)
, i

M, = (_’“)Qu,mz- (6.3.49)

Typically, if one instead scatters fermions or vector particles or some combination of them, the s- ¢- and
u- channel diagrams will have a similar form, with m always the mass of the particle on the internal

line, but with more junk in the numerators coming from the appropriate reduced matrix elements.

6.4 Feynman rules

It is now possible to abstract what we have found, to obtain the general Feynman rules for calculating
reduced matrix elements in a scalar field theory. Evidently, the reduced matrix element M is the sum
of contributions from each topologically distinct Feynman diagram, with external lines corresponding

to each initial state or final state particle. For each term in the interaction Lagrangian

__Yn
Ling = —m¢ ) (6.4.1)

with coupling y, one can draw a vertex at which n lines meet. At each vertex, 4-momentum must be
conserved. Then:
e For each vertex appearing in a diagram, we should put a factor of —iy. For the examples we have

done with y = A and y = u, the Feynman rules are just:

- — —iu

Note that the conventional factor of 1/n! in the Lagrangian eq. (6.4.1) makes the corresponding Feyn-
man rule simple in each case.
e For each internal scalar field line carrying 4-momentum p*, we should put a factor of

i/(p? — m? +ie):

This factor associated with internal scalar field lines is called the Feynman propagator. Here we
have added an imaginary infinitesimal term ie, with the understanding that ¢ — 0 at the end of

the calculation; this turns out to be necessary for cases in which p? become very close to m?. This
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corresponds to the particle on the internal line being nearly “on-shell”, because p?> = m? is the equation
satisfied by a free particle in empty space. Typically, the ie only makes a difference for propagators
involved in closed loops (discussed below).

e For each external line, we just have a factor of 1:

____CD or ()_——— — 1

This is a rather trivial rule, but it is useful to mention it because in the cases of fermions and vector
fields, external lines will turn out to carry non-trivial factors not equal to 1. (Here the gray blobs
represent the rest of the Feynman diagram.)

Those are all the rules one needs to calculate reduced matrix elements for Feynman diagrams
without closed loops, also known as tree diagrams. The result is said to be a tree-level calculation.
There are also Feynman rules that apply to diagrams with closed loops (loop diagrams) which have not
arisen explicitly in the preceding discussion, but could be inferred from more complicated calculations.
For them, one needs the following additional rules:

e For each closed loop in a Feynman diagram, there is an undetermined 4-momentum ¢*. These

loop momenta should be integrated over according to:

/é%l (6.4.2)

Loop diagrams quite often diverge because of the integration over all ¥, because of the contribution
from very large |¢2|. This can be fixed by introducing a cutoff [¢2| ., in the integral, or by other slimy
tricks, which can make the integrals finite. The techniques of getting physically meaningful answers
out of this are known as regularization (making the integrals finite) and renormalization (redefining
coupling constants and masses so that the physical observables don’t depend explicitly on the unknown
cutoff).

e If a Feynman diagram with one or more closed loops can be transformed into an exact copy of
itself by interchanging any number of internal lines through a smooth deformation, without moving the
external lines, then there is an additional factor of 1/N, where N is the number of distinct permutations
of that type. (This is known as the “symmetry factor” for the loop diagram.)

Some examples might be useful. In the ¢? theory, there are quite a few Feynman diagrams that

will describe the scattering of 2 particles to 3 particles. One of them is shown below:

k
LA
7

s
Ve
ki1 + k =
N L PN
AN 7 AN
h Da + Po // \\
- - - kg XN
s AN
s N
s AN
Ve AN
//Z)b ]{73 N
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For this diagram, according to the rules, the contribution to the reduced matrix element is just

M = (—ip)? o +pZ)2 _ m2] {(kl - k:j)? —|. (6.4.3)

Imagine having to calculate this starting from scratch with creation and annihilation operators, and
tremble with fear! Feynman rules are good.

An example of a Feynman diagram with a closed loop in the ¢3 theory is:

k
\\\fa _E» 1/1//
N ~ T~ 7/
\\ Dat+Db 7 \ Pa T+ Db //
)—————‘l *—————‘(
v \ N
s \ / N
7/ ~ _ - AN
v -« N
" C—pa — po ko AN

There is a symmetry factor of 1/2 for this diagram, because one can smoothly interchange the two
lines carrying 4-momenta ¢# and ¢# — p# — pl' to get back to the original diagram, without moving the

external lines. So the reduced matrix element for this diagram is:

2 4 ; ;

M= %(71'#)4 (Pa er:)2 - mQ] / (gﬂf”‘ [(ﬁ — Pa — pr)Q —m?+ @'J {62 - niQ + 736} - (644)
Again, deriving this result starting from the creation and annihilation operators is possible, but ex-
traordinarily unpleasant! In the future, we will simply guess the Feynman rules for any theory from
staring at the Lagrangian density. The general procedure for doing this is rather simple (although the
proof is not), and is outlined below.

A Feynman diagram is a precise representation of a contribution to the reduced matrix element M

for a given physical process. The diagrams are built out of three types of building blocks:

vertices +«— interactions
internal lines «— free virtual particle propagation

external lines «—— initial, final states.

The Feynman rules specify a mathematical expression for each of these objects. They follow from the
Lagrangian density, which defines a particular theory.

To generalize what we have found for scalar fields, let us consider a set of generic fields ®;, which
can include both commuting bosons and anticommuting fermions. They might include real or complex
scalars, Dirac or Weyl fermions, and vector fields of various types. The index i runs over a list of all
the fields, and over their spinor or vector indices. Now, it is always possible to obtain the Feynman
rules by writing an interaction Hamiltonian and computing matrix elements. Alternatively, one can

use powerful path integral techniques that are beyond the scope of this course to derive the Feynman

It is tempting to suggest that the Feynman rules themselves should be taken as the definition of the theory. However,
this would only be sufficient to describe phenomena that occur in a perturbative weak-coupling expansion.
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rules. However, in the end the rules can be summarized very simply in a way that could be guessed
from the examples of real scalar field theory that we have already worked out. In these notes, we will
follow the technique of guessing; more rigorous derivations can be found in field theory textbooks.
For interactions, we have now found in two cases that the Feynman rule for n scalar lines to meet
at a vertex is equal to —i times the coupling of n scalar fields in the Lagrangian with a factor of 1/n!.
More generally, consider an interaction Lagrangian term:
X

‘Cint frd _%¢11 ¢i2 o e @iN, (645)

where P is the product of n! for each set of n identical fields in the list ®;,, ®;,,..., @iy, and Xj 4, iy

ino
is the coupling constant that determines the strength of the interaction. The corresponding Feynman
rule attaches NV lines together at a vertex. Then the mathematical expression assigned to this vertex
is —iXi,4y..iny- The lines for distinguishable fields among %1, 42,...,4x should be labeled as such, or
otherwise distinguished by drawing them differently from each other.

For example, consider a theory with two real scalar fields ¢ and p. If the interaction Lagrangian
includes terms, say,

Moo b

L = —76°0" = Edf”p, (6.4.6)
then there are Feynman rules:
N L,
N L
): —> —’L)\l
VAR
/ S
\ /
N
X —  —iX
VAR
/ S

Here the longer-dashed lines correspond to the field ¢, and the shorter-dashed lines to the field p.
As another example, consider a theory in which a real scalar field ¢ couples to a Dirac fermion ¥

according to:
Ling = —yopWU. (6.4.7)

In this case, we must distinguish between lines for all three fields, because ¥ = ¥i4Y is independent
of W. For Dirac fermions, one draws solid lines with an arrow coming in to a vertex representing ¥ in

Hiyt, and an arrow coming out representing W. So the Feynman rule for this interaction is:

_ _iyéab
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Note that this Feynman rule is proportional to a 4 x 4 identity matrix in Dirac spinor space. This is
because the interaction Lagrangian can be written —yd,’¢®“ ¥, where a is the Dirac spinor index for
W and b for U. Often, one just suppresses the spinor indices, and writes simply —iy for the Feynman
rule, with the identity matrix implicit.

The interaction Lagrangian eq. (6.4.7) is called a Yukawa coupling. This theory has a real-world
physical application: it is precisely the type of interaction that applies between the Standard Model
Higgs boson ¢ = h and each Dirac fermion W, with the coupling y proportional to the mass of that
fermion. We will return to this interaction when we discuss the decays of the Higgs boson into fermion-
antifermion pairs.

Let us turn next to the topic of internal lines in Feynman diagrams. These are determined by the
free (quadratic) part of the Lagrangian density. Recall that for a scalar field, we can write the free

Lagrangian after integrating by parts as:
1
Lo= §¢(—a#aﬂ —m?)¢. (6.4.8)

This corresponded to a Feynman propagator rule for internal scalar lines i/ (p? —m? + i€). So, up to
the ie factor, the propagator is just proportional to ¢ divided by the inverse of the coefficient of the

quadratic piece of the Lagrangian density, with the replacement
Oy — —ipy. (6.4.9)

The free Lagrangian density for generic fields ®; can always be put into either the form

1
Lo =35> ®iP;;, (6.4.10)
2%
for real fields, or the form
Lo =Y (o), P;0;, (6.4.11)
2

for complex fields (including, for example, Dirac spinors). To accomplish this, one may need to integrate
the action by parts, throwing away a total derivative in £y which will not contribute to S = [ dz L.
Here P;; is a matrix that involves spacetime derivatives and masses. Then it turns out that the Feynman
propagator can be found by making the replacement eq. (6.4.9) and taking i times the inverse of the

matrix Pj;:
i(P71)5. (6.4.12)

This corresponds to an internal line in the Feynman diagram labeled by ¢ at one end and j at the other.
As an example, consider the free Lagrangian for a Dirac spinor ¥, as given by eq. (5.1.26). According
to the prescription of egs. (6.4.11) and (6.4.12), the Feynman propagator connecting vertices with spinor

indices a and b should be:
. _ b
ip—m)1, . (6.4.13)
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In order to make sense of the inverse matrix, we can write it as a fraction, then multiply numerator

and denominator by (p 4+ m), and use the fact that pp = p? from eq. (3.2.54):

i ip+m) iptm)
p-—m  (P-m)p+m)  pr-m?+ic

(6.4.14)

In the last line we have put in the ie factor needed for loop diagrams as a prescription for handling the

possible singularity at p> = m?2. So the Feynman rule for a Dirac fermion internal line is:

b P a i([pla” +md,?)

p2 —m?2 + ie

Here the arrow direction on the fermion line distinguishes the direction of particle flow, with particles
(anti-particles) moving with (against) the arrow. For electrons and positrons, this means that the
arrow on the propagator points in the direction of the flow of negative charge. As indicated, the 4-
momentum p* appearing in the propagator is also assigned to be in the direction of the arrow on the
internal fermion line.

Next we turn to the question of Feynman rules for external particle and anti-particle lines. At a

fixed time ¢ = 0, a generic field ® is written as an expansion of the form:
O(7) = Z/dﬁ [z(ﬁ, n)eP%az, + f(Fn) e_iﬁ'fb;;n} , (6.4.15)

where ag,, and b;;ln are annihilation and creation operators (which may or may not be Hermitian
conjugates of each other); n is an index running over spins and perhaps other labels for different
particle types; and i(p,n) and f(p,n) are expansion coefficients. In general, we build an interaction
Hamiltonian out of the fields ®. When acting on an initial state a}%,m|0> on the right, Hiy, will therefore
produce a factor of i(k,m) after commuting (or anticommuting, for fermions) the a;,, operator in ® to
the right, removing the a%m. Likewise, when acting on a final state <0|bE,m on the left, the interaction
Hamiltonian will produceya factor of f (E, m). Therefore, initial and final state lines just correspond
to the appropriate coefficient of annihilation and creation operators in the Fourier mode expansion for
that field.

For example, comparing eq. (6.4.15) to eq. (5.2.30) in the scalar case, we find that i(p,n) and f(p,n)
are both just equal to 1.

For Dirac fermions, we see from eq. (5.3.1) that the coefficient for an initial state particle (electron)
carrying 4-momentum p* and spin state s is u(p, )4, where a is a spinor index. Similarly, the coefficient
for a final state antiparticle (positron) is v(p, s),. So the Feynman rules for these types of external

particle lines are:

p —
initial state electron: r>—© —  u(p,s)q
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p —
final state positron: 0_47 —  v(p,9)a
a

Here the blobs represent the rest of the Feynman diagram in each case. Similarly, considering the
expansion of the field ¥ in eq. (5.3.2), we see that the coefficient for an initial state antiparticle
(positron) is T(p, s)* and that for a final state particle (electron) is @(p, s)*. So the Feynman rules for

these external states are:

- . a p—

initial state positron: ﬂ —  o(p,s)”
P— a I

final state electron: % —  (p,s)

Note that in these rules, the p* label ofan external state is always the physical 4-momentum of
that particle or anti-particle; this means that with the standard convention of initial state on the left
and final state on the right, the p* associated with each of u(p, s), v(p, s), u(p, s) and T(p, s) is always
taken to be pointing to the right. For v(p, s) and ©(p, s), this is in the opposite direction to the arrow

on the fermion line itself.
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7 Quantum Electro-Dynamics (QED)
7.1 QED Lagrangian and Feynman rules

Let us now see how all of these general rules apply in the case of Quantum Electrodynamics. This is
the quantum field theory governing photons (quantized electromagnetic waves) and charged fermions
and antifermions. The fermions in the theory are represented by Dirac spinor fields W carrying electric
charge QQe, where e is the magnitude of the charge of the electron. Thus Q = —1 for electrons and
positrons, +2/3 for up, charm and top quarks and their anti-quarks, and —1/3 for down, strange and
bottom quarks and their antiquarks. (Recall that a single Dirac field, assigned a single value of @Q, is

used to describe both particles and their anti-particles.) The free Lagrangian for the theory is:

1 _
Ly = —ZF“ Fu + Y (v 0, —m)W. (7.1.1)

—

Now, in section 4 we found that the electromagnetic field A* couples to the 4-current density J* = (p, J )
by a term in the Lagrangian —eJ"A, [see eq. (5.1.39)]. Since J* must be a four-vector built out of

the charged fermion fields ¥ and ¥, we can guess that:
JH = QUAMD. (7.1.2)
The interaction Lagrangian density for a fermion with charge Qe and electromagnetic fields is therefore:
Lint = —eQ@'y“\IIAH. (7.1.3)

The value of e is determined by experiment. However, it is a running coupling constant, which means
that its value has a logarithmic dependence on the characteristic energy of the process. For very low
energy experiments, the numerical value is e &~ 0.3028, corresponding to the experimental result for
the fine structure constant:
o2
o= yy

~ 1/137.036. (7.1.4)

For experiments done at energies near 100 GeV, the appropriate value is a little larger, more like
e ~ (0.313.
Let us take a small detour to check that eq. (7.1.2) really has the correct form and normalization

to be the electromagnetic current density. Consider the total charge operator:
0= /d3f (&) = /d%’ JO(&) = Q/di”f%% - Q/d%? wh, (7.1.5)

Plugging in egs. (5.3.1) and (5.3.2), and doing the Z integration, and one of the momentum integrations

using the resulting delta function, one finds:

2 2
Q=0> % / dp 2,154 [u (p, $)bL , + 0T (D, 8) o] [(p, )by + v(p, )l ] (7.1.6)
p

s=1r=1
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This can be simplified using some spinor identities:

UT(p’ s)u(p,r) = UT(pa 8)1)(}),1”) = 2Eﬁ53r§ (7-1-7)
ul(p, s)v(p,r) = v’ (p, s)u(p,r) = 0. (7.1.8)

Taking into account that the operators d,d’ satisfy the anticommutation relation egs. (5.3.20), the

result is:
R 2
Q=Q) / dp [bfzsbﬁ,s - d},sdﬁ,s] : (7.1.9)
s=1

Here we have dropped an infinite contribution, much like we had to do in getting to egs. (5.2.42)
and egs. (5.3.21). This represents a uniform and constant (and therefore unobservable) infinite charge

density throughout all space. The result is that the total charge eigenvalue of the vacuum vanishes:

Qo) = 0. (7.1.10)
One can now check that
A pt _ T
(@b ] = Qb , (7.1.11)
Q.d. ] = -Qd. . (7.1.12)
Therefore,
2 _ T
QbE,r|0> = Q bE7r|O) (7.1.13)
for single-particle states, and
Qd. o) = -Qd. |0) (7.1.14)

for single anti-particle states. More generally, the eigenvalue of Q acting on a state with N particles
and N antiparticles is (N — N)Q. From eq. (7.1.5), this verifies that the charge density p is indeed the
time-like component of the four-vector QW~*¥, which must therefore be equal to JH.

The full QED Lagrangian is invariant under gauge transformations:

Ay(z) — Au(x)—%(?lﬂ(x), (7.1.15)
U(z) — e (x), (7.1.16)
U(z) — e Q0W(x), (7.1.17)

where (z) is an arbitrary function of spacetime [equal to —eA(z) in eq. (4.16)]. A nice way to see this

invariance is to define the covariant derivative:

DU = (8, +iQeA,) V. (7.1.18)
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Here the term “covariant” refers to the gauge transformation symmetry, not the Lorentz transformation
symmetry as it did when we introduced covariant four-vectors. Note that the covariant derivative
actually depends on the charge of the field it acts on. Now one can write the full Lagrangian density

as
1 — —
L=Ly+ Lint = _ZFWF’W + iUy D, U — mUW. (7.1.19)
The ordinary derivative of the spinor transforms under the gauge transformation with an “extra” term:
DT —  9,(e9) = 99, +iQVa,0. (7.1.20)

The point of the covariant derivative is that it transforms under the gauge transformation the same

way ¥ does, by acquiring a phase:
DY — 9D, (7.1.21)

Here the contribution from the transformation of A, in D), cancels the extra term in eq. (7.1.20). Using
egs. (7.1.15)-(7.1.17) and (7.1.21), it is easy to see that £ is invariant under the gauge transformation,
since the multiplicative phase factors just cancel.

Returning to the interaction term eq. (7.1.3), we can now identify the Feynman rule for QED

interactions, by following the general prescription outlined with eq. (6.4.5):

a

A _iQe(fy’u)ab

b
This one interaction vertex governs all physical processes in QED.
To find the Feynman rules for initial and final state photons, consider the Fourier expansion of the

vector field at a fixed time:
3 . — - . —
Ay = Z /dﬁ [eu(p, NeP ag\ + €,(p, )\)e_lp‘za;:/\} . (7.1.22)
A=0

Here €,(p, ) is a basis of four polarization four-vectors labeled by A = 0,1,2,3. They satisfy the
orthonormality condition:
-1 forA=XN=1,20r3

(p, Ve (p,N) = ¢ +1 for A=XN =0 (7.1.23)
0 for A\ £ N

The operators a;%’ y and a; y act on the vacuum state by creating and destroying photons with momentum
p and polarization vector €,(p, \).
However, not all of the four degrees of freedom labeled by A can be physical. From classical

electromagnetism, we know that electromagnetic waves are transversely polarized. This means that
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the electric and magnetic fields are perpendicular to the 3-momentum direction of propagation. In
terms of the potentials, it means that one can always choose a gauge in which A° = 0 and the Lorenz
gauge condition 9, A" = 0 is satisfied. Therefore, physical electromagnetic wave quanta corresponding

to the classical solutions to Maxwell’s equations A* = efe™ " with p?> = 0 can be taken to obey:

et

(0,8), (7.1.24)
0 (7.1.25)

pue“

(or, equivalent to the last condition, € p'= 0). After imposing these two conditions, only two of the
four A’s will survive as valid initial or final states for any given p*.
For example, suppose that a state contains a photon with 3-momentum 7 = pZ, so p* = (p, 0,0, p).

Then we can choose a basis of transverse linearly-polarized vectors with A = 1,2:

e'(p,1) = (0,1,0,0) x-polarized, (7.1.26)
(p,2) = (0,0,1,0) y-polarized. (7.1.27)
However, in high-energy physics it is usually more useful to instead use a basis of left- and right-handed

circular polarizations that carry definite helicities A = R, L:

1

“(p,R) = 7 (0,1,4,0) right-handed, (7.1.28)
1
et(p,L) = E(O, 1,—1i,0) left-handed. (7.1.29)

In general, incoming photon lines have a Feynman rule €,(p,A\) and outgoing photon lines have a
Feynman rule €, (p, A), where A = 1,2 in some convenient basis of choice. Often, we will sum or average
over the polarization labels A, so the €,(p, A) will not need to be listed explicitly for a given momentum.
Let us next construct the Feynman propagator for photon lines. The free Lagrangian density given
in eq. (5.1.34): can be rewritten as:
1
Lo = §A“ (90,0” — 0,,0,) A", (7.1.30)
where we have dropped a total derivative. (The action, obtained by integrating L, does not depend on
total derivative terms.) Therefore, following the prescription of eq. (6.4.12), it appears that we ought
to find the propagator by finding the inverse of the 4 x 4 matrix

P = _pQ.g,ul/ + PupPv- (7.1.31)

Unfortunately, however, this matrix is not invertible. The reason for this can be traced to the gauge
invariance of the theory; not all of the physical states we are attempting to propagate are really physical.
This problem can be avoided using a trick, due to Fermi, called “gauge fixing”. As long as we

agree to stick to Lorenz gauge, d,A" = 0, we can add a term to the Lagrangian density proportional
to (9,41)%:

£ = 1y — 2—15(6“14“)2. (7.1.32)
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In Lorenz gauge, not only does the extra term vanish, but also its contribution to the equations of
motion vanishes. Here £ is an arbitrary new gauge-fixing parameter; it can be picked at will. Physical
results should not depend on the choice of £&. The new term in the modified free Lagrangian £é§) is
called the gauge-fixing term. Now the matrix to be inverted is:

1
P = —p%gu + (1 _ E) e (7.1.33)

To find the inverse, one notices that as a tensor, (P~!)"” can only be a linear combination of terms

proportional to ¢”” and to p”p”. So, making a guess:

(P = C1g”" + Cop”p” (7.1.34)
and requiring that
P (PTH" =6, (7.1.35)
one finds the solution
1 1-¢
Cl = —?; CQ = (p2)2. (7136)

It follows that the desired Feynman propagator for a photon with momentum p* is:

i Pubv
- |- 1—
e G + (1 =8) e

(7.1.37)

(Here we have put in the ie factor in the denominator as usual.) In a Feynman diagram, this propagator
corresponds to an internal wavy line, labeled by p and v at opposite ends, and carrying 4-momentum p.
The gauge-fixing parameter £ can be chosen at the convenience or whim of the person computing the
Feynman diagram. The most popular choice for simple calculations is & = 1, called Feynman gauge.
Then the Feynman propagator for photons is simply:
y (Feynman gauge). (7.1.38)
p°+ 1€
Another common choice is £ = 0, known as Landau gauge, for which the Feynman propagator is:
])2_7—:% [gm, - %] (Landau gauge). (7.1.39)
[Comparing to eq. (7.1.32), we see that this is really obtained as a formal limit £ — 0.] The Landau
gauge photon propagator has the nice property that it vanishes when contracted with either p* or p¥,
which can make some calculations simpler (especially certain loop diagram calculations). Sometimes it
is useful to just leave & unspecified. Even though this means having to calculate more terms, the payoff
is that in the end one can demand that the final answer for the reduced matrix element is independent
of &, providing a consistency check.
We have now encountered most of the Feynman rules for QED. There are some additional rules

having to do with minus signs because of Fermi-Dirac statistics; these can be understood by carefully
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considering the effects of anticommutation relations for fermionic operators. In practice, one usually
does not write out the spinor indices explicitly. All the rules are summarized in the following two pages
in a cookbook form. Of course, the best way to understand how the rules work is to do some examples.

That will be the subject of the next few subsections.
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FEYNMAN RULES FOR QED

To find the contributions to the reduced matrix element M for a physical process involving charged

Dirac fermions and photons:

1. Draw all topologically distinct Feynman diagrams, with wavy lines representing photons, and solid
lines with arrows representing fermions, using the rules below for external lines, internal lines, and
interaction vertices. The arrow direction is preserved when following each fermion line. Enforce four-

momentum conservation at each vertex.
2. For external lines, write (with 4-momentum p# always to the right, and spin polarization s or X as
appropriate):
initial-state fermion:
initial-state antifermion: —  T(p,s)
final-state fermion: «—  u(p,s)

final-state antifermion:

initial-state photon:

EEW&

final-state photon:

3. For internal fermion lines, write Feynman propagators:

i(p +m)

p2 —m?2 + ie

with 4-momentum p* along the arrow direction, and m the mass of the fermion. For internal photon

lines, write:

H 4 { Pubv
AVAVAVAVAVAVAVA — |- 1—
i G + (1 =€) pe

with 4-momentum p* along either direction in the wavy line. (Use & = 1 for Feynman gauge and £ = 0

for Landau gauge.)

4. For interaction vertices, write:
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— —iQey"

The vector index p is to be contracted with the corresponding index on the photon line to which it is

*

J» OL on an internal photon line

connected. This will be either an external photon line factor of ¢, or €

propagator index.

5. For each loop momentum ¢* that is undetermined by four-momentum conservation with fixed

external-state momenta, perform an integration

/ d*e
(2m)*t
Getting a finite answer from these loop integrations often requires that they be regularized by intro-

ducing a cutoff or some other trick.
6. Put a factor of (—1) for each closed fermion loop.

7. To take into account suppressed spinor indices on fermion lines, write terms involving spinors as
follows. For fermion lines that go all the way through the diagram, start at the end of each fermion
line (as defined by the arrow direction) with a factor @ or ¥, and write down factors of ¥ or (p + m)
consecutively, following the line backwards until a u or v spinor is reached. For closed fermion loops,
start at an arbitrary vertex on the loop, and follow the fermion line backwards until the original point

is reached; take a trace over the gamma matrices in the closed loop.

8. If a Feynman diagram with one or more closed loops can be transformed into an exact copy of
itself by interchanging any number of internal lines through a smooth deformation without moving the
external lines, then there is an additional symmetry factor of 1/N, where N is the number of distinct

permutations of that type.

9. After writing down the contributions from each diagram to the reduced matrix element M ac-
cording to the preceding rules, assign an additional relative minus sign between different diagram
contributions whenever the written ordering of external state spinor wavefunctions u, v, @, v differs by

an odd permutation.
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7.2 e et —puput

In the next few subsections we will study some of the basic scattering processes in QED, using the
Feynman rules found in the previous section and the general discussion of cross-sections given in section
6.2. These calculations will involve several thematic tricks that are common to many Feynman diagram
evaluations.

We begin with electron-positron annihilation into a muon-antimuon pair:
e et — ,uf,qu.

We will calculate the differential and total cross-sections for this process in the center-of-momentum
frame, to leading order in the coupling e. Since the mass of the muon (and the anti-muon) is about
my, = 105.66 MeV, this process requires a center-of-momentum energy of at least /s = 211.3 MeV. By
contrast, the mass of the electron is only about m, = 0.511 MeV, which we can therefore safely neglect.
The error made in doing so is far less than the error made by not including higher-order corrections.
A good first step is to label the momentum and spin data for the initial state electron and positron

and the final state muon and anti-muon:

Particle Momentum Spin Spinor
e Pa Sa u(pcu Sa)
et Db Sp U(py, Sp) (7.2.1)
no k1 S1 ﬂ(kl , S1 )
ut ko sa v(ks,s2)

At order €2, there is only one Feynman diagram for this process. Here it is:

\fa kl/

/(pb ]{52\

Applying the rules for QED to turn this picture into a formula for the reduced matrix element, we find:

M = [O(ps, sp) (ier”) u(pa, Sqa)] {ﬁ] [k, s1) (iev”) v(ke, s2)] . (7.2.2)

The ©(py, sp) (ier") u(pq, sa) part is obtained by starting at the end of the electron-positron line
with the positron external state spinor, and following it back to its beginning. The interaction
vertex is —iQevy* = iey*, since the charge of the electron and muon is Q = —1. Likewise, the
u(ky,s1) (iev”) v(ke, s2) part is obtained by starting at the end of the muon-antimuon line with the
muon external state spinor, and following it backwards. The photon propagator is written in Feyn-
man gauge, for simplicity, and carries indices p and v that connect to the two fermion lines at their

respective interaction vertices.
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We can write this result more compactly by using abbreviations v(py, sp) = Tp and w(pa, Sq¢) = Ua,
etc. Writing the denominator of the photon propagator as the Mandelstam variable s = (pg + pp)? =
(k1 + k)2, and using the metric in the photon propagator to lower the index on one of the gamma
matrices, we get:

2
M = i%(vmua)(mwvz). (7.2.3)

The differential cross-section involves the complex square of M:

4
e *(— U *
M| = S—g(ﬁbwua)(ﬂwuvz)(@%Ua) (@17 v2)*. (7.2.4)

Evaluating the complex conjugated terms in parentheses can be done systematically by taking the
Hermitian conjugate of the Dirac spinors and matrices they are made of, taking care to write them in

the reverse order. So, for example,

T rta)* = (037 ua)* = ulyiy v = ul v = Tayve. (7.2.5)

The third equality follows from the identity (B.4), which implies 7/7° = 4%,. Similarly,
(ﬂw”vz)* = ﬁgvyul. (726)
[Following the same strategy, one can show that in general,

@Yy - Y) =TVp - NV (7.2.7)

where x and y are any u and v spinors.] Therefore we have:

64

(MI* = =5 (B rtta) (Tayovn) (T17"02) (27 1), (7.2.8)
At this point, we could work out explicit forms for the external state spinors and plug eq. (7.2.8)
into eq. (6.2.48) to find the differential cross-section for any particular set of spins. However, this is not
very convenient, and fortunately it is not necessary either. In a real experiment, the final state spins
of the muon and anti-muon are typically not measured. Therefore, to find the total cross-section for
all possible final states, we should sum over s; and so. Also, if the initial-state electron spin states are
unknown, we should average over s, and s;. (One must average, not sum, over the initial-state spins,
because s, and s, cannot simultaneously take on both spin-up and spin-down values; there is only one
initial state, even if it is unknown.) These spin sums and averages will allow us to exploit the identities
(3.2.50) and (3.2.51) [also listed in Appendix B as (B.28) and (B.29)], so that the explicit forms for
the spinors are never needed.
After doing the spin sum and average, the differential cross-section must be symmetric under
rotations about the collision axis. This is because the only special directions in the problem are the

momenta of the particles, so that the cross-section can only depend on the angle 6 between the collision
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axis determined by the two initial-state particles and the scattering axis determined by the two final-

state particles. So, we can apply eq. (6.2.49) to obtain:

IS SNV,

Sa Sp  S1 82

Rl
327rs|p |

2.
cosH (7.2.9)

in the center-of-momentum frame, with the effects of initial state spin averaging and final state spin
summing now included.

We can now use egs. (B.28) and (B.29), which in the present situation imply

D udlla = P, +me, (7.2.10)
Sa
> vty = fy—my. (7.2.11)

Neglecting m. as promised earlier, we obtain:

64
B} Z DD IMP = 12 DO @yup, o) @y (ko — mpuly ua). (7.2.12)

sy 51 52 sy s1
Now we apply another trick. A dot product of two vectors is equal to the trace of the vectors multiplied
in the opposite order to form a matrix:

by by bia1 bias biag biay
boar boas boag boay

b3a1 b3a2 b3a3 b3a4
b4 b4 b4a1 b4a2 b4a3 b4a4

(a1 ag a3z aq) by :Tr{ bs (a1 a2 as a4)}ETr (7.2.13)

Applying this to each expression in parentheses in eq. (7.2.12), we move the barred spinor (thought of

as a row vector) to the end and take the trace over the resulting 4 x 4 Dirac spinor matrix. So:

Eb’yupalyuvb = Tr['yupafﬁvbvb}; (7.2.14)
ﬂl'Y”[kQ - mu]'yyul = Tr[')/u(kz - mﬂ)'}’yulﬂl]a (7.2.15)
so that
- Z M = 4 — ZZTr Vup v 0bTs) Try H(fy — my )y u). (7.2.16)
splns Sy S1

The reason this trick of rearranging into a trace is useful is that now we can once again exploit the

spin-sum identities (B.28) and (B.29), this time in the form:

Z VpUp = pb — M, (7.2.17)
sb
Z}ulﬂl = kl + my. (7218)
The result, again neglecting m,, is:
LS IME = T ) T (ks — ) (s + ) (7.219)

splns
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Next we must evaluate the traces. First,

Trlyp,wpy) = Papy e var 1) (7.2.20)
= P2} (49ua9v8 — 494w 9as + 49u59va) (7.2.21)
4PapPby — 4GuwPa - Db + 4PbyuPavs (7.2.22)

where we have used the general result for the trace of four gamma matrices found in the homework,
and listed in eq. (B.9). Similarly, making use of the fact that the trace of an odd number of gamma

matrices is zero:

Te[y" (Ky — mp)y” (kB +mp)] = Ty ky"Fy) — mp Te[y#"] (7.2.23)

= AKEKY — 49" ky - ko + AKVKY — 4g"'m?, (7.2.24)

where egs. (B.7)-(B.9) have been used. Taking the product of the two traces, one finds that the answer

reduces to simply:

o
i > IMP= 28 [(Pa ko) (po - k1) + (pa - k1)(po - k2) + (pa 'pb)mﬂ - (7.2.25)

spins

Our next task is to work out the kinematic quantities appearing in eq. (7.2.25). Let us call P and
K the magnitudes of the 3-momenta of the electron and the muon, respectively. We assume that the
electron is initially moving in the +z direction, and the muon makes an angle 6 with respect to the

positive z axis, within the yz plane. The on-shell conditions for the particles are:

P =pi=m?=~0, (7.2.26)
ki =ks =m.
Then we have:
pa = (P, 0,0, P),
Py = (P7 Oa 0) _P)a
(
(

( )
( )
ki = (KZ4+m2, 0, Ksin, K cos9), (7.2.30)
( )

VE2+m2, 0, —Ksinf, —K cos?).

Since (pg + pp)? = (k1 + k2)? = s, it follows that

P = \/g, (7.2.32)

K = />—m? (7.2.33)

ky =

and

Pa"Pb = 2P? = %7 (7234)
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4m?
1—cosfy/1— —L], (7.2.35)
S

Pa-k1=pp-ka = P\/KQ—i—m/%—PKcos@:S
s [ 4m?
Pa-ke=py-k1 = P,/K?+m§+PKcos9:Z 14 cosfy/1— S“ : (7.2.36)

Putting these results into eq. (7.2.25), we get:

4m212  sm?
_Z|M|2 - %{(— 1+cos€ 1—— - 1—00301/1—7"} +T"}

spins

4m? 4m?
|4y (1 - ﬂ) cos? 0} . (7.2.37)
S S

Finally we can plug this into eq. (7.2.9):

do
- = 7.2.38
d(cos 0) Z M 327r3P ( )
SleS
4 4m2 4m2 4m?
= 326 1— ll +—£+ ( — —*%cos?0|, (7.2.39)
s S S
or, rewriting in terms of the fine structure constant a = e? /AT,
do - ome? i Ami A (A e 7.2.40
d(cos) — 25 | s AP i e (7:240)

Doing the integral over cos@ using [', d(cos) = 2 and [, cos?6 d(cos#) = 2/3, we find the total

cross-section:

4ra? 4m?2 2m?
o=—2 1 “<1+ “ (7.2.41)

It is a useful check that the cross-section has units of area; recall that when ¢ = 2 = 1, then s = E%M
has units of mass? or length—2.

Equations (7.2.40) and (7.2.41) have been tested in many experiments, and correctly predict the
rate of production of muon-antimuon pairs at electron-positron colliders. Let us examine some special

limiting cases. Near the energy threshold for u™p~ production, one may expand in the quantity
AE = /s — 2m,,. (7.2.42)
To leading order in small AF, eq. (7.2.41) becomes

AE
o (7.2.43)
2m2 my,

The cross-section therefore rises like the square root of the energy excess over the threshold. However,

going to increasing energy, o quickly levels off because of the 1/s factors in eq. (7.2.41). Maximizing with
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respect to s, one finds that the largest cross-section in eq. (7.2.41) is reached for /s = \/1+v21m, ~

2.36m,,, and is about
Tmax = 0.540% /m? = 1000 nb. (7.2.44)

In the high energy limit /s > m,,, the cross-section decreases proportional to 1/s:

dra?
3s

However, this formula is not good for arbitrarily high values of the center-of-momentum energy, because

(7.2.45)

there is another diagram in which the photon is replaced by a Z° boson. This effect becomes important
when /s is not small compared to mz = 91.1876 GeV.

7.3 e et — ff.

In the last subsection, we calculated the cross-section for producing a muon-antimuon pair in e~ e™
collisions. We can easily generalize this to the case of production of any charged fermion f and anti-
fermion f. The Feynman diagram for this process is obtained by simply replacing the muon-antimuon

line by an f-f line:

et f

The reduced matrix element for this process has exactly the same form as for e"e™ — ff, except that

the photon-p~-put vertex is replaced by a photon-f-f vertex, with:
iey” — —iQrey”, (7.3.1)

where @ is the charge of the fermion f. In the case of quarks, there are three indistinguishable
colors for each flavor (up, down, strange, charm, bottom, top). The photon-quark-antiquark vertex is
diagonal in color, so the three colors are simply summed over in order to find the total cross-section
for a given flavor. In general, if we call ny the number of colors (or perhaps other non-spin degrees of

freedom) of the fermion f, then we have:
|Me*e+~>f?|2 = an?”|Me*e+—>,uf,u+|2a (732)

where it is understood that m, should be replaced by my everywhere in [M___, f7|2' It follows that
the differential and total cross-sections for e"e™ — ff are obtained from eqgs. (7.2.40) and (7.2.41) by

just multiplying by n foc and replacing m, — my:

Ao 4Am?2 2m?2
2 f f
O€*e+~>f? = anfS—S 1 _ 1 + T . (733)
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In the high-energy limit /s > my, we have:

4o
O-e_e+—>f? = NfQiy (734)
The following graph compares the total cross-section for ete™ — ff (solid line) as given by eq. (7.3.3)

to the asymptotic approximation (dashed line) given by eq. (7.3.4).
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We see that the true cross-section is always less than the asymptotic approximation, but the two
already agree fairly well when /s 2 2.5my. This means that when several fermions contribute, the
total cross-section well above threshold is just equal to the sum of n foc for the available states times
a factor 4ma?/3s. For example, the up quark has charge Q, = 4+2/3, and there are three colors, so the
prefactor indicated above is 3(2/3)? = 4/3. The prefactors for all the fundamental charged fermion

types with masses less than my are:

up, charm quarks: Q= 2/3, ng=3 — an% =4/3
down, strange, bottom quarks: Q= —1/3, ng=3 — an?c =1/3 (7.3.5)
muon, tau leptons: Q= —1, ng=1 — an% = 1.

However, free quarks are not seen in nature because the QCD color force confines them within
color-singlet hadrons. This means that the quark-antiquark production process e"e™ — QQ cross-
section cannot easily be interpreted in terms of specific particles in the final state. Instead, one should
view the quark production as a microscopic process, occurring at a distance scale much smaller than
a typical hadron. Before we “see” them in macroscopic-sized detectors, the produced quarks then
undergo further strong interactions that end up producing hadronic jets of particles with momenta
close to those of the original quarks. This always involves at least the further production of a quark-
antiquark pair in order to make the final state hadrons color singlets. A Feynman-diagram cartoon of

the situation might looks as follows:
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hadronic jet

hadronic jet

Because the hadronic interactions are most important at the strong-interaction energy scale of a few
hundred MeV, the calculation of the cross-section can only be trusted for energies that are significantly

higher than this. When /s > 1 GeV, one can make the approximation:

* — hadrons) ~ E:U(efeJr — qq). (7.3.6)

q

ole”e

The final state can be quite complicated, so to test QED production of quarks, one can just measure the
total cross-section for producing hadrons. The traditional measure of the total hadronic cross-section

is the variable Ry aqrons, defined as the ratio:

o(e”e™ — hadrons)

Rhadrons = (737)

olemet — p—pt)
When the approximation is valid, one can always produce up, down and strange quarks, which all have
masses < 1 GeV. The threshold to produce charm-anticharm quarks occurs roughly when /s > 2m,. ~ 3
GeV, and that to produce bottom-antibottom quarks is at roughly /s > 2m; ~ 10 GeV. As each
of these thresholds is passed, one gets a contribution to Rpadrons that is approximately a constant

proportional to an?e. So, for /s < 3 GeV, one has

4 1 1
Rpadrons = 3tz tz=2 (u,d, s quarks) (7.3.8)

For 3 GeV< /s < 10 GeV, the charm quark contributes, and the ratio is
4 1 1 4 10
Rhadrons = 3 + 3 + 3 + 3= 3 (u,d, s, c quarks) (7.3.9)
Finally, for /s > 10 GeV, we get
1 1 4 1 11

4
Rhadrons = g + g + g + § + § = ? (u7d7 S,C,b quarkS). (7310)
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Besides these “continuum” contributions to Rpadrons, there are resonant contributions that come from
e~ et — hadronic bound states. These bound states tend to have very large, but narrow, production
cross-sections when /s is in just the right energy range to produce them. For example, when the bound
state consists of a charm and anticharm quark, one gets the J/1 particle resonance at /s = 3.096916
GeV, with a width of 0.00093 GeV. These resonances contribute very sharp peaks to the measured
Rpadrons- Experimentally, Rp.drons 1S quite hard to measure, being plagued by systematic detector
effects. Many of the older experiments at lower energy tended to underestimate the systematic un-
certainties. Here are some plots of the data as of August 2007, from the online Review of Particle
Properties, obtained from the COMPAS (Protvino) and HEPDATA (Durham) Groups, with correc-
tions by P. Janot and M. Schmitt. The approximate agreement with the predictions for Rpadrons i
egs. (7.3.8)-(7.3.10) provides a crucial test of the quark model of hadrons, including the charges of the

quarks and the number of colors.
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7.4 Helicities in e"e™ — ppu*

Up to now, we have computed the cross-section by averaging over the unknown spins of the initial state
electron and positron. However, some e~ e™ colliders can control the initial spin states, using polarized
beams. This means that the beams are arranged to have an excess of either L-handed or R-handed
helicity electrons and positrons. Practical realities make it impossible to achieve 100%-pure polarized
beams, of course. At a proposed future Linear Collider, it is a very important part of the experimental
program to be able to run with at least the electron beam polarized. Present estimates are that one
might be able to get 90% or 95% pure polarization for the electron beam (either L or R), with perhaps
60% polarization for the positron beam. This terminology means that when the beam is operating in

R mode, then a polarization of X% implies that

Pr—Pr=X% (7.4.1)
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where Pr and Pr are the probabilities of measuring the spin pointing along and against the 3-
momentum direction, respectively. This experimental capability shows that one needs to be able
to calculate cross-sections without assuming that the initial spin state is random and averaged over.
We could redo the calculation of the previous subsections with particular spinors u(p, s) and T(p, s)
for the desired specific spin states s of initial state particles. However, then we would lose our precious
trick of evaluating > vw and >, v?. A nicer way is to keep the sum over spins, but eliminate the
“wrong” polarization from the sum using a projection matrix from eq. (3.2.30). So, for example, we

caln use

Pru(p, s) — L initial-state particle (7.4.2)

Pru(p, s) — R initial-state particle (7.4.3)

in place of the usual Feynman rules for an initial state particle. Summing over the spin s will not
change the fact that the projection matrix allows only L- or R-handed electrons to contribute to the
cross-section. Now our traces over gamma matrices will involve 75, because of the explicit expressions
for P, and Pg [see eq. (3.2.30)].

To get the equivalent rules for an initial state antiparticle, we must remember that the spin operator
acting on v(p, s) spinors is the opposite of the spin operator acting on u(p,s) spinors. Therefore, P,
acting on a v(p, s) spinor projects onto a R-handed antiparticle. So if we form the object T(p,s)Pr =
vl (p, $)7Pr = vi(p, s)PrAY, the result must describe a R-handed positron; in this case, the bar on the
spinor for an antiparticle “corrects” the handedness. So, for an initial state antiparticle with either L

or R polarization, we can use:

o(p,s)Pr, — L initial-state anti-particle (7.4.4)

v(p, s)Pr — R initial-state anti-particle. (7.4.5)

In some cases, one can also measure the polarizations of outgoing particles, for example by observing

their decays. Tau leptons and anti-taus sometimes decay by the weak interaction processes:

T = v (7.4.6)

= (T, (7.4.7)

where ¢ is e or p, with the angular distributions of the final state directions depending on the spin of
the 7, which may be one of the final state fermions in a scattering or decay process of interest. If the

polarization of a final-state fermion is fixed by measurement, then we need to use:

u(p, s)Pr — L final-state particle, (7.4.8)
u(p, s)Pr, — R final-state particle, (7.4.9)
Pru(p, s) — L final-state anti-particle, (7.4.10)
Pru(p,s) — R final-state anti-particle, (7.4.11)
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in order to be able to calculate cross-sections to final states with specific L or R spin polarization states.
(As a result of the barred spinor notation, the general rule is that the projection matrix in an initial
state has the same handedness as the incoming particle or antiparticle, while the projection matrix in
a final state has the opposite handedness of the particle being produced.)

As an example, let us consider the process:
epeh — 1 pT, (7.4.12)

where the helicities of the initial state particles are now assumed to be known perfectly. The reduced
matrix element for this process, following from the same Feynman diagram as before, is:

2
.e” _
M = i (Tp PrRY" PRUG) (W2yuv1)- (7.4.13)

As you should have discovered in a homework problem, a projection matrix can be moved through a

gamma matrix by changing L < R:

Ppy* = A*Pp, (7.4.14)
PL’)/M = ’)/MPR. (7415)

This follows from the fact that v5 anticommutes with ~v*:

1 1-
Pyt = <——;’Y5> A =M ( 275> =~"Py. (7.4.16)

Therefore, eq. (7.4.13) simply vanishes, because

PR’}/MPR = ’)/MPLPR =0. (7417)

Therefore, the process epef; — p~u' does not occur in QED. Similarly, e;ef — p~pt does not

occur in QED. By the same type of argument, p~ and p* in the final state must have opposite L,R
polarizations from each other in QED.

To study a non-vanishing reduced matrix element, let us therefore consider the process:
eref — U pk, (7.4.18)

in which we have now assumed that all helicities are perfectly known. To simplify matters, we will
assume the high energy limit /s > m,. The reduced matrix element can be simply obtained from
eq. (7.2.3) by just putting in the appropriate L and R projection matrices acting on each external state
spinor:
e?
M = ’L;(@bPR'VMPLUa)(ﬂlpR’Yp,PL'UQ)- (7419)
This can be simplified slightly by using the properties of the projections matrices:
Py P, = ~A*PLPp, = A*Pp, (7.4.20)
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so that

2

.e” _
M = z;(vbfy“PLua)(ulfyﬂPng),
and so
2 64 — — — v * (— *
IMT = 5 (@ Prua) @y, Pro2) (0py” Prua)” (@ Proz)”.
To evaluate this, we compute:
(T Prua)* = (0j7"7" Prua)* = ul(Pr)T (4") 17 v,
= u};PLvowl’vb
= ufy"Pry vy
= U PrY"vp.

(7.4.21)

(7.4.22)

Here we have used the facts that (Pr)f = Pz, and (77)17° = 499", and Pr+° = 1°Pg, and u}+° = 7,.

In a similar way,
(ﬂl’}/VPLUQ)* = WQPR’Y,,U,L

Therefore,

4
e
M| = S—g(ﬁbv“PLua)(ﬂaPRVVUb)(%WPLUQ><?2PR7VU1)-

(7.4.27)

(7.4.28)

Because the spin projection matrices will only allow the specified set of spins to contribute anyway, we

are free to sum over the spin labels s,, s, s1, and so, without changing anything. Let us do so, since

it will allow us to apply the tricks

Zuaﬁa = pa+me’
Sa
20252 = kQ_m/l,'
s2

Neglecting the masses because of the high-energy limit, we therefore have

MP= D0 3D IMP

Sa Sp S1  S2

4
e N .
= = DY @ Pup, Pry" o) (W Prko Proysur).

81 Sp

This can be simplified by eliminating excess projection matrices, using;:

Prp Pr = p PrPr = p Pr,
PrkyPr = KyPrPR = KyPr,
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(7.4.30)

(7.4.31)

(7.4.32)

(7.4.33)
(7.4.34)



to get

4
M = 2—2 Z Z (ﬁb'y“paPR'y’jvb) (@ Yk Pryvur). (7.4.35)

S1 Sp

Again using the trick of putting the barred spinor at the end and taking the trace [see the discussion

around eq. (7.2.13)] for each quantity in parentheses, this becomes:

4
€ _ _
IM? = = > > Tr[y"p, PRy vss] Tr[yuko Pryvuitia). (7.4.36)

S1 Sp

Doing the sums over sy and s; using the usual trick gives:

4
M = 2—2 Tr[y"p, Pry"p,) Tr[vuko PRy k). (7.4.37)

Now it is time to evaluate the traces. We have

Te[y'p Pry'p,] = Tr[yv'p, (#) VP, (7.4.38)
= ST+ 5T, ) (7.4.39)

where we have used the fact that «5 anticommutes with any gamma matrix to rearrange the order in

the last term. The first of these traces was evaluated in section 7.2. The trace involving ~s is, from
eq. (B.18):

TP V' P5] = DaapPss Ty 7 7775 (7.4.40)

= Paapes(4ieP). (7.4.41)

where P is the totally antisymmetric Levi-Civita tensor defined in eq. (2.65). Putting things
together:

Ty, Py By = 2 [Phvt — 9" (ba - o) + P4} + iPaappe™™”] . (7.4.42)

In exactly the same way, we get

Tr[yu ko Pryuk] = 2 [kapkiy — g (k2 - k1) 4 kakoy + ik5kT €ppuo] - (7.4.43)

Finally, we have to multiply these two traces together, contracting the indices u and v. Note that the
cross-terms containing only one e tensor vanish, because the epsilon tensors are antisymmetric under
i < v, while the other terms are symmetric. The term involving two epsilon tensors can be evaluated

using the useful identity
B e e = —20008 + 26360, (7.4.44)
which you can verify by brute force substitution of indices. The result is simply:

Te[y"p, Pry"p,) Trlvka Pryky] = 16(pa - ko) (py - 1), (7.4.45)
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so that

16e*
82

IM|* = ——(pa - k2)(py - k). (7.4.46)

This result should be plugged in to the formula for the differential cross-section:
DO ehonguf — M [kal (7.4.47)
d(cos ) 327 |Pa
Note that one does not average over initial-state spins in this case, because they have already been
fixed. The kinematics is of course not affected by the fact that we have fixed the helicities, and so can

be taken from the discussion in 7.2 with m, replaced by 0. It follows that:

dO’e— + -+ 4
LeRHLFR € 2
= 1 5 0 7.4.48
d(cos ) 32773( + cos ) ( )
2
= g&(ucose)?. (7.4.49)
s

The angular dependence of this result can be understood from considering the conservation of angular

momentum in the event. Drawing a short arrow to represent the direction of the spin:

i,
/
ey \ 0 e;%
P —
-
M
This shows that the total spin angular momentum of the initial state is S; = —1 (taking the electron
to be moving in the +z direction). The total spin angular momentum of the final state is S; = —1,
where 7 is the direction of the p~. This explains why the cross-section vanishes if cos = —1; that

corresponds to a final state with the total spin angular momentum in the opposite direction from
the initial state. The quantum mechanical overlap for two states with measured angular momenta in
exactly opposite directions must vanish. If we describe the initial and final states as eigenstates of

angular momentum with J = 1:

Initial state:

J: = —1); (7.4.50)
Ja = —1), (7.4.51)

Final state:

then the reduced matrix element squared is proportional to:

1 0)?
(Jy = —11J: = =1)* = %. (7.4.52)
Similarly, one can compute:
d0—87€+—> —ut 7TCY2
;(CLOS g;“L = 5 (1+cos 0)?, (7.4.53)

corresponding to the picture:
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with all helicities reversed compared to the previous case. If we compute the cross-sections for the final

state muon to have the opposite helicity from the initial state electron, we get

do - +_, - + do,— +_, - + 2
ej(i:}f)sgfuL - eclz%(ifoslotiﬂR = FQO; (1 - cos)?, (7.4.54)
corresponding to the pictures: B i
P HR Y Hr,
e, 0 ef e 0 o
- —>
wy -7 i -

These are 4 of the possible 24 = 16 possible helicity configurations for e~e™ — p~ut. However, as we
have already seen, the other 12 possible helicity combinations all vanish, because they contain either
e~ and e’ with the same helicity, or 4~ and p™ with the same helicity. If we take the average of the

initial state helicities, and the sum of the possible final state helicities, we get:

dUEL Ch—HL iR dge}zei—w}’z#i daeieﬁ—wfwf dUeReL —hplR +12-0
4 d(cos 0) d(cos ) d(cos @) d(cos )
1
= ( ) 14 cos6)* +2(1 — cos 9)2} (7.4.55)
T
= (1 + cos0), (7.4.56)

2s
in agreement with the /s > m,, limit of eq. (7.2.40).

The vanishing of the cross-sections for eZeJLr and e}_%e;g in the above process can be generalized
beyond this example and even beyond QED. Consider any field theory in which interactions are given
by a fermion-antifermion-vector vertex with a Feynman rule proportional to a gamma matrix v*. If an
initial state fermion and antifermion merge into a vector, or a vector splits into a final state fermion

and antifermion:

or
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then by exactly the same argument as before, the fermion and antifermion must have opposite helicities,
because of vPpy" Pru = UPry* Pru = 0 and uPry* Prv = wPry"Prv = 0 and the rules of egs. (7.4.2)-
(7.4.5) and (7.4.8)-(7.4.11).

Moreover, if an initial state fermion (or anti-fermion) interacts with a vector and emerges as a final

state fermion (or anti-fermion):

then the fermions (or anti-fermions) must have the same helicity, because of the identities wPrv* Pru
= uPry"Pru = 0 and "PYy* Prv = UPry* Prv = 0. This is true even if the interaction with the vector
changes the fermion from one type to another.

These rules embody the concept of helicity conservation in high energy scattering. They are obvi-
ously useful when the helicities of the particles are controlled or measured by the experimenter. They
are also useful because, as we will see, the weak interactions only affect fermions with L helicity and
antifermions with R helicity. The conservation of angular momentum together with helicity conserva-
tion often allows one to know in which direction a particle is most likely to emerge in a scattering or

decay experiment, and in what cases one may expect the cross-section to vanish or be enhanced.

7.5 Bhabha scattering (e et — e"e™)
In this subsection we consider the process of Bhabha scattering:

T —eet. (7.5.1)

e e
For simplicity we will only consider the case of high-energy scattering, with /s = FEcy > me, and
we will consider all spins to be unknown (averaged over in the initial state, summed over in the final

state).

Label the momentum and spin data as follows:

Particle Momentum Spin Spinor
e Pa Sa u(pm Sa)
et Db sb U(pps Sp) (7.5.2)
e kq S1 ﬂ(k‘l, 81)
6+ k‘z S9 U(k‘z, 82)

At order €2, there are two Feynman diagram for this process:
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and

The first of these is called the s-channel diagram; it is exactly the same as the one we drew for
e~et — p~pt. The second one is called the t-channel diagram. Using the QED Feynman rules listed
at the end of subsection 7.1, the corresponding contributions to the reduced matrix element for the

process are:

M, = mlier"Jua) {ﬁ} (1 (ie7” Yua] (753)
and
Mp = (1) [m (iev" )ua) [ﬁ} [Dier”Yvs) (7.5.4)

The additional (—1) factor in M; is due to Rule 9 in the QED Feynman rules at the end of section 7.1.
It arises because the order of spinors in the written expression for My is b,a, 1,2, but that in M, is
1,a,b,2, and these differ from each other by an odd permutation. We could have just as well assigned
the minus sign to M instead; only the relative phases of terms in the matrix element are significant.

Therefore the full reduced matrix element for Bhabha scattering, written in terms of the Mandelstam

variables s = (p, + pp)? and t = (p, — k1)?, is:
) 1, _ 1, _
M = M,+ M, = ie? {g(vb’yuua)(uyy”vg) — E(uwuua)(vb’y“vz)} . (7.5.5)

Taking the complex conjugate of this gives:

M = M4+ M; (7.5.6)
. 1 *(— U * 1 — *(— U *
= _—je? {g(vb%ua) (v vg)* — ;(ulfy,,ua) (Upy"v2) } (7.5.7)
1 1
= —ie? {g(ﬂa%vb)(ﬁgyl’ul) - g(ﬂa%ul)(ﬁg’y”vb)} . (7.5.8)

The complex square of the reduced matrix element, |M|? = M*M, contains a pure s-channel piece
proportional to 1/s2, a pure t-channel piece proportional to 1/¢2, and an interference piece proportional

to 1/st. For organizational purposes, it is useful to calculate these pieces separately.
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The pure s-channel contribution calculation is exactly the same as what we did before for e~ et —
p~pt, except that now we can substitute m, — m. — 0. Therefore, plagiarizing the result of
eq. (7.2.25), we have:

oA
i Z |/\/ls|2 = 85—2 [(Pa - k2)(py - k1) + (Pa - K1) (py - k2)] - (7.5.9)

spins

The pure t-channel contribution can be calculated in a very similar way. We have:

264

|M|* = ﬁ(ﬁgyuvb)(ﬁb'yuvg)(Hl'y“ua)(ﬂaq/”ul). (7.5.10)

Taking the average of initial state spins and the sum over final state spins allows us to use the identities

D s, Ualla = P and 3=, vplp = P, (neglecting me). The result is:

1 et B B ,
4 > M = 42 > @y vv2) @y P, ur) (7.5.11)
spins $1,82
et _ o
T2 > Tl ruvev) ey p 7 ], (7.5.12)
51,52

in which we have turned the quantity into a trace by moving the % to the end. Now performing the

sSuIs over Si, So giVGSZ

64

EZIMH2 = 2 Py ke T g 0 (7.5.13)
64

= Tk g, T p 7 ). (7.5.14)

In the second line, the first trace has been rearranged using the cyclic property of traces. The point
of doing so is that now these traces have exactly the same form that we encountered in eq. (7.2.19),
2

but with p, < k2 and m, — 0. Therefore we can obtain iZspins |M¢|* by simply making the same

replacements p, < ky and m, — 0 in eq. (7.2.25):
1 9 et
1 Z M|* = = [(Pa - k2)(py - k1) + (k2 - k1) (o - pa)] - (7.5.15)
spins
Next, consider the interference term:
1 N et _ _ _ _
1 Z MM, = ~ st Z (TyYptta) (Tey wr ) (Wi v2) (T2 vp)- (7.5.16)
spins s spins

We chose to write the factors parentheses in that order, so that now we can immediately use the tricks

250 Ualla = P, and X5, urTy = ki, and Y, v2Ts = Fo, to obtain:

1 . et —,_ ”
1 Z MM, = ~ s Z(Ub’m,?a’y Fiv  koyvon), (7.5.17)
Sp

spins
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which can now be converted into a trace by the usual trick of moving the 7, to the end:

1 N et » _
1 > MM, = ~ 2t 2= g 7 B B s (7.5.18)
spins Sb
et y
= _ETY[’YH]%'Y %17”62%]%}- (7.5.19)

Now we are faced with the task of computing the trace of 8 gamma matrices. In principle, the trace
of any number of gamma matrices can be performed with the algorithm of eq. (B.10). The procedure
is to replace the trace over 2n gamma matrices by a sum over traces of 2n — 2 gamma matrices, and
repeat until all traces are short enough to evaluate using eqgs. (B.7)-(B.10) and (B.14)-(B.18). However,
in many cases including the present one it is easier to simplify the contents of the trace first, using

egs. (B.19)-(B.22). To evaluate the trace in eq. (7.5.19), we first use eq. (B.22) to write:

Yup Y EY = —2k0"p,, (7.5.20)

which implies that

Trlyp, v ki ko vwp,) = —2Tx (k7P Konp, - (7.5.21)

This can be further simplified by now using eq. (B.21) to write:

VP Kov = 4pa - ko, (7.5.22)

so that:
Tr[yup, v Eiv" Eovwp,) = —8(pa - k2)Tr[kyp,] (7.5.23)
= —32(pa - k2)(k1 - pv), (7.5.24)

in which the trace has finally been performed using eq. (B.8). So, from eq. (7.5.19)

Qe
g(pa “k2)(py - k). (7.5.25)

1

spins

Taking the complex conjugate of both sides, we also have:

1 N 8e?
1 > MM, —t(pa ko) (py - k1). (7.5.26)
spins §
This completes the contributions to the total
1 1
1 MP=13 M2+ M+ MEM, + MM, (7.5.27)

spins spins

It remains to identify the dot products of momenta appearing in the above formulas. This can be
done by carrying over the kinematic analysis for the case e"e™ — p~ ™ as worked out in egs. (7.2.26)-

(7.2.36), with m,, m¢ — 0. Letting § be the angle between the 3-momenta directions of the initial

110



state electron and the final state electron, we have:

Pa-pp = ki-ka = s/2, (7.5.28)
Pa-k1 =pp-ke = —1/2 (7.5.29)
Pa-ka=pp-k1 = —u/2, (7.5.30)
with
t = —3(1 — cos ), (7.5.31)
u = —%(1—}—(:039). (7.5.32)
It follows from eqs. (7.5.9), (7.5.15), (7.5.25), and (7.5.26) that:
1 2¢*
7 M= ?(uZ +1?) (7.5.33)
spins
1 2¢*
T IMP = t%(zﬁ + 52) (7.5.34)
spins
1 * * 464 2
1 Z (MEMs + MM,) = PR (7.5.35)
spins
Putting this into eq. (6.2.50), since |7,| = |k1|, we obtain the spin-averaged differential cross-section
for Bhabha scattering:
do et (w2 w4 s 2
d(cosf) 167s ( 52 + 12 + st (7.5.36)
ma? [ 3+ cos? 0 2
= . 7.5.37
2s ( 1—cosf ( )

This result actually diverges for cos) — 1, because of the t’s in the denominator. This is not an
integrable singularity, because the differential cross-section blows up quadratically near cosf = 1, so
1

o= /_1 %d(cos 0) — oo. (7.5.38)
The infinite total cross-section corresponds to the infinite range of the Coulomb potential between two
charged particles. It arises entirely from the ¢-channel diagram, in which the electron and positron
scatter off of each other in the forward direction (6 ~ 0). It simply reflects that an infinite-range
interaction will always produce some deflection, although it may be extremely small. This result is the
relativistic generalization of the non-relativistic, classical Rutherford scattering problem, in which an
electron or alpha particle (or some other light charged particle) scatters off of the classical electric field
of a heavy nucleus. As worked out in many textbooks on classical physics (for example, H. Goldstein’s
Classical Mechanics, J.D. Jackson’s Classical Electrodynamics), the differential cross-section for a non-
relativistic light particle with charge @ 4 and a heavy particle with charge @) 5, with center-of-momentum

energy Ecnm to scatter through their Coulomb interaction is:

doRutherford _ WQ?KXQ%O[Q (7 ) 39)
d(cos ) 2E2(1 — cos0)? N
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(Here one must be careful in comparing results, because the charge e used by Goldstein and Jackson
differs from the one used here by a factor of v/4r.) Comparing the non-relativistic Rutherford result
to the relativistic Bhabha result, we see that in both cases the small-angle behavior scales like 1/ 64,
and does not depend on the signs of the charges of the particles.

In a real experiment, there is always some minimum scattering angle that can be resolved. In a
colliding-beam experiment, this is usually dictated by the fact that detectors cannot be placed within
or too close to the beamline. In other experiments, one is limited by the angular resolution of detectors.
Therefore, the true observable quantity is typically something more like:

/ e Ao cos ) (7.5.40)
Oexperiment = . 0.
P ' — cos Oeur d(cOS 0)

Of course, in the Real World, the minimum resolvable angle is just one of many practical factors that
have to be included.

In terms of the Feynman diagram interpretation, the divergence for small 6 corresponds to the
photon propagator going on-shell; in other words, the situation where the square of the t-channel
virtual photon’s 4-momentum is nearly equal to 0, the classical value for a real massless photon. For

any scattering angle 6 > 0, one has
(Pa— k1) =t = 2(1 —cos) >0, (7.5.41)

so that the virtual photon is said to be off-shell. In general, any time that a virtual (internal line)
particle can go on-shell, there will be a divergence in the cross-section due to the denominator of the
Feynman propagator blowing up. Sometimes this is a real divergence with a physical interpretation,
as in the case of Bhabha scattering. In other cases, the divergence is removed by higher-order effects,
such as the finite life-time of the virtual particle, which will give an imaginary part to its squared mass,

removing the singularity in the Feynman propagator.

7.6 Crossing symmetry

Consider the two completely different processes:
e"et — upt (7.6.1)
eut — e put. (7.6.2)

The relevant Feynman diagrams for these two processes are very similar:

112



and

In fact, by stretching and twisting, one can turn the first process into the second by the transformation:

initial et — final e~ (7.6.3)
final 4~ — initial p*, (7.6.4)
Two processes related to each other by exchanging some initial state particles with their antiparticles

in the final state are said to be related by crossing. Not surprisingly, the reduced matrix elements for

these processes are also quite similar. For example, in the high-energy limit /s > m,,

1 2 4 u2 + t2

Z Sp'%s ‘M87€+—>#*u+ ’ = 2e < 32 y (765)

1 u? + 52

1 Z M=yt et = 2¢* ( = ) . (7.6.6)
spins

This similarity is generalized and made more precise by the following theorem.

Crossing Symmetry Theorem: Suppose two Feynman diagrams with reduced matrix
elements M and M’ are related by the exchange (“crossing”) of some initial state particles
and antiparticles for the corresponding final state antiparticles and particles. If the crossed

particles have 4-momenta P!', ... P! in M, then > spins | M2 can be obtained by substituting

P" = —P! into the mathematical expression for ;. |[M'[?, as follows:
F
STIM(PE, . PE P = (D) Y IMI(PE PP . (7.6.7)
spins spins P;H*) —PF

with the other (uncrossed) particle 4-momenta unaffected. Here F' is the number of fermion

lines that were crossed.

If p* = (E,p) is a valid physical 4-momentum, then p’* = (—E, —p) is never a physical 4-momentum,
since it has negative energy. So the relation between the two diagrams is a formal one rather than
a relation between physical reduced matrix elements that would actually be measured; when one of
the matrix elements involves the 4-momenta appropriate for a physical process, the other one does

not. However, it is still perfectly valid as a mathematical relation, and therefore extremely useful. In
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general, if one has calculated the cross-section or reduced matrix element for one process, one can obtain
the results for several “crossed” processes by merely substituting momenta, with no additional labor.
Equation (7.6.7) might look dubious at first, since it may look like the right-hand side is negative for
odd F. However, the point is that when the expression for | M’|? is analytically continued to unphysical

momenta, it always flips sign for odd F'. We will see this in some examples later.
77 eput—eptand e puT — ey

Let us apply crossing symmetry to the example of eqs. (7.6.1) and (7.6.2) by assigning primed momenta

to the Feynman diagram for e~ et — pu~pu™:

— /

initial state { © n p ¢
et Py

— /

final state { "' i - k,l
Iy k5.

Label the momenta in the crossed Feynman diagram (for e~y — e~ put) without primes:

initial state { © i Pa
w = Db

e — Kk

final state { oo k.

Then the Crossing Symmetry Theorem tells us that we can get the reduced matrix element for the
process e~ put — e~ puT as a function of physical momenta pg,py, k1, k2 by substituting unphysical

momenta
Py =pa;  Dy=—ki; kil =-py;  ky=k, (7.7.1)

into the formula for the reduced matrix element for the process e"e™ — p~p*. This means that we

can identify:

s'= (P + )" = (pa — k1)* =1, (7.7.2)
t' = (pl, —k1)* = (pa +m)* = s, (7.7.3)
u' = (py = k5)* = (pa — ka)? = u. (7.7.4)

In other words, crossing symmetry tells us that the formulas for the reduced matrix elements for these
two processes are just related by the exchange of s and ¢, as illustrated in the high-energy limit in
egs. (7.6.5) and (7.6.6). Since we had already derived the result for the first process in section 7.2, the
second result has been obtained for free. Note that we could have obtained the particular result (7.6.6)
even more easily just by noting that the calculation for the reduced matrix element of e~y — e~ pu™ is
exactly the same as for Bhabha scattering, except that only the ¢-channel diagram exists in the former
case. So one only keeps the term with ¢ (not s or u) in the denominator, since that corresponds to the

t-channel diagram.
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We can carry this further by considering another process also related by crossing to the two just
studied:

e —e u, (7.7.5)
with physical momenta:

initial state { ¢ 7 Pe
1% < Db

final state{ e__ ok
poo o ke

This time, the Crossing Symmetry Theorem tells us that we can identify the matrix element by again

starting with the reduced matrix element for e“e™ — p~u™ and replacing:

Po=rPa;  Ph=—ki;  kyi=ks  ky=—ps, (7.7.6)
so that
s' = (pl, +15)° = (pa — k1)* = 1, (7.7.7)
t'=(p, — k1) = (pa — k2)* = u, (7.7.8)
u' = (py, — k5)* = (pa +pp)* = s. (7.7.9)

Here the primed Mandelstam variable are the unphysical ones for the e"e™ — p~u™ process, and the

unprimed ones are for the desired process ey~ — e~ p~. We can therefore infer, from eq. (7.6.5), that

1 2 4 u?
Z Z |Me—,u——>e_u—|2 = 264 ( 2 ) ) (7710)

spins

by doing the substitutions indicated by egs. (7.7.7)-(7.7.9).

By comparing eq. (7.6.6) to eq. (7.7.10), one sees that the spin averaged and summed squared
matrix elements for the two processes are actually the same; the charge of the muon does not matter
at leading order. Because we are neglecting the muon mass, the kinematics relating ¢ and u to the
scattering angle 6 between the initial-state electron and the final state electron in these two cases is

just the same as in Bhabha scattering:
s s
t:—i(l—cosﬁ); u:—§(1—|—cosﬁ). (7.7.11)

Therefore, putting eq. (7.7.10) into eq. (6.2.50) with |f,| = |k1| and using 2 = 47, we obtain the

differential cross-section for e~ p® — e~ p*:

2 (2 1 o2
do _ T (u +s> (7.7.12)

d(cos 0) s 2

725+ 2cosf + cos? 6
= . 7.1
2s (1 —cosf)? (7.7.13)

Note that this again diverges for forward scattering cosf — 1.
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7.8 Mpgller scattering (e7 e — e ¢7)

As another example, let us consider the case of Mgller scattering;:
e e —ee. (7.8.1)

There are two Feynman diagrams for this process:

and

Now, nobody can stop us from getting the result for this process by applying the Feynman rules
to get the reduced matrix element, taking the complex square, summing and averaging over spins, and
computing the Dirac traces. However, an easier way is to note that this is a crossed version of Bhabha

scattering, which we studied earlier. Making a table of the momenta:

Bhabha Mgller

e = e g
et ey e < pp
e~ kK e —k
et — K e < ko,

we see that crossing symmetry allows us to compute the Mgller scattering by identifying the (initial
state positron, final state positron) in Bhabha scattering with the (final state electron, initial state

electron) in Mgller scattering, so that:
Po=pPa Dy=-k K=k = ky=-pp (7.8.2)

So, the Mgller scattering reduced matrix element is obtained by putting

s' = Py + )" = (pa — k2)* = u (7.8.3)
t' = (ph, — K1)* = (pa — k1)* = t (7.8.4)
u' = (p, — k5)* = (pa +pp)* =5 (7.8.5)
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into the corresponding result for Bhabha scattering. Using the results of eq. (7.5.33)-(7.5.35), we

therefore get:

u2 t2 ut

1 2 t2 2 2 ) 2
12 Meemee | = 262<S A ) (7.8.6)

spins
Again, if we keep only the ¢-channel part (that is, the part with ¢ in the denominator), we recover the
result for e~ ™ — e~ p® in the previous section.

Applying eq. (6.2.50), we find the differential cross-section:

do’e‘e‘%e‘e— 1 1 2
—_— = —— | = Mo e 7.8.7
d(cos ) 327ms \ 4 Z Me—e—ee-| ( )
spins
ma? (2 +12  s24u? 28
= — — 7.8.8
s u? + 2w ( )
2
2ra® (3 20
i asLEa (7.8.9)
s 1 —cos?6
Just as in the cases in the previous sections, ¢ = —s(1 — cosf)/2 and u = —2(1 + cos 6)/2 where 6 is

the angle between the initial-state and final-state electrons. However, in this case there is a special
feature, because the two electrons in the final state are indistinguishable particles. This means that
the final state with an electron coming out at angles (6, ¢) is actually the same quantum state as the
one with an electron coming out at angles (7 — 6, —¢). (As a check, note that eq. (7.8.9) is invariant
under cos§ — — cos . We have already integrated over the angle ¢.) Therefore, to avoid overcounting
we must only integrate over half the range of 8, or equivalently divide the total cross-section by 2. So,
we have a tricky and crucial factor of 1/2 in the total cross-section:
1 feosbens do, o
G e = /_ o e d(cos ), (7.8.10)

To obtain a finite value for the total cross-section, we had to also impose a cut on the minimum

scattering angle 6.,¢ that we require in order to say that a scattering event should be counted.

7.9 Gauge invariance in Feynman diagrams

Let us now turn to the issue of gauge invariance as it is manifested in QED Feynman diagrams. Recall
that when we found the Feynman propagator for a photon, it contained a term that depended on
an arbitrary parameter . We have been working with & = 1 (Feynman gauge). Consider what the
matrix element for the process e"et — p~pt would be if instead we let € remain unfixed. Instead of

eq. (7.2.2), we would have

ie? (Pa + Do) u(Pa + Po)v

et | M7 =4 (pa + 1b)?

If the answer is to be independent of £, then it must be true that the new term proportional to (1 — &)

M = (TpyyHug) (W vy v2) (7.9.1)

gives no contribution. This can be easily proved by observing that it contains the factor
(T tta)(Pa + Do)y = Tpp, Ua + Ty e = MTpUq — MTplg = 0. (7.9.2)
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Here we have applied the Dirac equation, as embodied in egs. (B.23) and (B.24), to write p_uq, = mu,
and Dpp, = —mp,. For any photon propagator connected (at either end) to an external fermion line, the
proof is similar. And, in general, one can show that the 1 — ¢ term will always cancel when one includes
all Feynman diagrams contributing to a particular process. So we can choose the most convenient value
of £, which is usually & = 1.

Another aspect of gauge invariance involves a feature that we have not explored in an example so
far: external state photons. Recall that the Feynman rules associate factors of €*(p, A\) and €**(p, \)
to initial or final state photons, respectively. Now, making a gauge transformation on the photon field

results in:
AF — AF + OFA (7.9.3)

where A is any function. In momentum space, the derivative 0" is proportional to p¥. So, in terms of

the polarization vector for the electromagnetic field, a gauge transformation is
(p,A) — €(p, ) + ap” (7.9.4)

where a is any quantity. The polarization vector and momentum for a physical photon satisfy €2 = —1
and € -p = 0 and p? = 0. As a consistency check, note that if these relations are satisfied, then they
will also be obeyed after the gauge transformation (7.9.4).

Gauge invariance implies that the reduced matrix element should also be unchanged after the
substitution in eq. (7.9.4). The reduced matrix element for a process with an external state photon

with momentum p* and polarization label A can always be written in the form:
M = M, (p, M), (7.9.5)

which defines M,,. Since M must be invariant under a gauge transformation, it follows from eq. (7.9.4)
that

M, p" = 0. (7.9.6)

This relation is known as the Ward identity for QED. It says that if we replace the polarization vector
for any photon by the momentum of that photon, then the reduced matrix element should become 0.
This is a nice consistency check on calculations.

Another nice consequence of the Ward identity is that it provides for a simplified way to sum or
average over unmeasured photon polarization states. Consider a photon with momentum taken to
be along the positive z axis, with p* = (P,0,0, P). Summing over the two polarization vectors in
egs. (7.1.26)-(7.1.27), we have:

2 2
D AIMP =S MMt (p, Ne™ (p,A) = [My* + [ Mo, (7.9.7)
A=1 A=1
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where M, = (Mg, M1, My, M3). The Ward identity implies that p*M, = PMy+ PM3 = 0, so
|Mo|? = | M3|?. Therefore, we can write S 3_; |M|?> = —|Mo|? + |[M1|? + |[Ma|? + M3, or

2
STIMP = =g MM (7.9.8)
A=1

The last equation is written in a Lorentz invariant form, so it is true for any photon momentum
direction, not just momenta oriented along the z direction. Gauge invariance, as expressed by the
Ward identity, therefore implies that we can always sum over a photon’s polarization states by the

rule:

2
Z e'(p,\) € (p,A) = —g" + (irrelevant)*”, (7.9.9)
A=1

as long as we are taking the sum of the complex square of a reduced matrix element. Although the

(irrelevant )" part is non-zero, it must vanish when contracted with M, M, according to eq. (7.9.8).

7.10 Compton scattering (ye~ — ~ve™)
As our first example of a process with external-state photons, consider Compton scattering:
ye© — ye . (7.10.1)

First let us assign the following labels to the external states:

initial 7 € (Pas Aa)

initial e~ w(py, )
final ~ e*(k1, A1)
final e~ U(ka, s2).

There are two Feynman diagrams for this process:

and

which are s-channel and u-channel, respectively. Applying the QED Feynman rules, we obtain:

_ i g m) | .
My = Tg(ier”) [(pf-i—pf)bz — mQ] (iev")up €], €ap (7.10.2)
2
- _is 2 {UZ’YV@G +p, m)'y“ub} €1y €an (7.10.3)
and
, - kitm) |
M, = Ta(iey") [(pfjb_ k1)12 g (ter” )up €], €an (7.10.4)
2
= —z’u — [Ug’y“(pb —F + m)’y”ub} €1, €ap- (7.10.5)
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Before squaring the total reduced matrix element, it is useful to simplify. So we note that:

(P, +m)up = {p,, V" Ju — ¥ (P, — M) (7.10.6)
poo {77 7" bup + 0 (7.10.7)

= 2o g™ up, (7.10.8)

= 2phuy, (7.10.9)

where we have used eq. (B.23). So the reduced matrix element is:

v v 1 v 14
(vp " +2mfy") + o (R 2pw“)] up. (7.10.10)

. 2 % —
M = —ie“€] €qy Uo
lvtap s — m2

Taking the complex conjugate of eq. (7.10.10) gives:

ap

M* =ictei e W 5
s—m

1
(PP +2057°) + 5 (=T F1y + 2p§7”)} us.  (7.10.11)

Now we multiply together eqgs. (7.10.10) and (7.10.11), and average over the initial photon polarization

Aq and sum over the final photon polarization \;, using

1 1
5 Z €ap€op = —§gup—|—irrelevant, (7.10.12)
Xa=1
2
Z €],€10 = —Guo + irrelevant, (7.10.13)
A1=1
to obtain:
L3 = S m [ e i) + b+ )] )
= =—1u — u
2 & 5 %2 |5 =2 P Dy Y e ) St 0] Dby b

_ 1 1
{“b L —s (W w + 2o0) + s (ki Zpbm)} UQ} . (7.10.14)

Next we can average over s, and sum over sz, using the usual tricks:

%gubab _ %(pﬁm), (7.10.15)
dwy..oug = Tl (Ky +m)]. (7.10.16)

The result is a single spinor trace:

1 e 1 ” Y 1 Y ”
3 3 IMPE = S [{ )+ e+ ) |, + )

spins

{S _1m2 OV + 2Py ) + _1m2 (= kv + 2pbz/7u)} (o + m)} .(7.10.17)

Doing this trace requires a little patience and organization. The end result can be written compactly

in terms of

PaDp = , (7.10.18)

Pk = : (7.10.19)



After some calculation, one finds:

1 Da Db Db k1 2 1 1 4 1 1 \?
= IMPP =2t |2+ +2m — +m — . (7.10.20
4 M Dy k1 Pa- Db Pa Do Db k1 Pa-Pb Db k1 ( )

spins

Equation (7.10.20) is a Lorentz scalar. We can now find the differential cross-section after choosing

a reference frame. We will do this first in the center-of-momentum frame, and then redo it in the “lab”
frame in which the initial electron is at rest.

In the center-of-momentum frame, the kinematics is just like in the case ey — ep studied in a

homework problem. Call the magnitude of the 3-momentum of the photon in the initial state P.

Then using four-momentum conservation and the on-shell conditions p2 = k¥ = 0 and p} = k3 = m?,

and taking the initial state photon momentum to be in the +z direction and the final state photon

momentum to make an angle 6 with the z-axis, we have:

ph = (P,0,0, P) 7.10.21
pg = (VP2+m2 0,0, —P)

k' = (P, 0, Psinf, Pcosf)
Ky = (VP?2+4+m?2 0, —Psinf, —Pcos).

7.10.22
7.10.23

/_\AA/_\
~—  ~— ~— —

7.10.24

The initial and final state photons have the same energy, as do the initial and final state electrons, so
define:

15
Il
N

(7.10.25)

E. = VP2+m? (7.10.26)

Then we have:

s = (E.+E,)?, (7.10.27)
pa-py = Ey(Ee+ E,), (7.10.28)
po-ki = E,(E.+ E,cosf), (7.10.29)

k
t—” = 1L (7.10.30)
|Pal

So, applying eq. (6.2.49) to eq. (7.10.20), we obtain:

do a2 E.+ E, E.+ E, cost 9 cosf —1
d(cos ) s |Ec+ E,cosf E.+E, (

- Ee+ E)(E. + E- cos 0)
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2
4 cosf —1
. .10.31
m ((E6+E7)(E6+E7c059))] (7.1031)

In a typical Compton scattering situation, the energies in the center-of-momentum frame are much
larger than the electron’s mass. So, consider the high-energy limit £, > m. Naively, we can set
E, = E, and m = 0 in that limit. However, this requires some care for cosf ~ —1, since then
the denominator factor E. + E, cosf can become large. This is most important for the first term in
eq. (7.10.31). In fact, this term gives the dominant contribution to the total cross-section, coming from

the cosf ~ —1 (back-scattering) region. Integrating with respect to cos 6, we find:

I E,+E, E.+E, (E.+E
e TP leosg) = Ze T [ Ze T o) 7.10.32
/_1 Fo + B cosg 2(c5Y) E, H<E6E7> ( )

Now, expanding in the small mass of the electron,

2 2
E.~E, = E,J1+m?/E2-E,=E, <1+%+...—1):%+O(m4), (7.10.33)

2
E.+E, = 2E,+0(m?). (7.10.34)
Therefore,
/ VBt By ost) = 2(E2m?) + O(m?) = 2In(s/m?) + O(m?),  (7.10.35)
1 E.+ E,cosf v ’

with the dominant contribution coming from cos near —1, where the denominator of the integrand

becomes small. Integrating the second term in eq. (7.10.31), one finds:

2F,

/1 E.+ E, cost
E.+ E,

B+ B, d(cos ) =

=1+0(m?). (7.10.36)

The remaining two terms vanish as m?/s — 0. So, for s > m? we have:

2

o= /_ 11 ﬁd(cose) =% [2m(s/m?) + 1] (7.10.37)

plus terms that vanish like (m?/s%)In(s/m?) as m?/s — 0. The cross-section falls at high energy
like 1/s, but with a logarithmic enhancement coming from back-scattered photons with angles 6 ~ 7.
The origin of this enhancement can be traced to the u-channel propagator, which becomes large when
u—m?=2p, -k = 2E,(E, + E, cos ) becomes small. This corresponds to the virtual electron in the

2 can never become small when

u-channel Feynman diagram going nearly on-shell. (Notice that s —m
s> m?)

Just for fun, let us redo the analysis of Compton scattering, starting from eq. (7.10.20), but now
working in the lab frame in which the initial state electron is at rest. Let us call the energy of the
initial state photon w and that of the final state photon w’. (Recall that & = 1 in our units, so the

energy of a photon is equal to its angular frequency.)
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Then, in terms of the lab photon scattering angle #, the 4-momenta are:

Pa = (w,0,0,w) (7.10.38)
p = (m, 0,0,0) (7.10.39)
ki = (&,0,w'sind, w' cosh) (7.10.40)
ky = (w+m—u', 0, —w'sinf, w—w' cosb). (7.10.41)

Here we have used four-momentum conservation and the on-shell conditions p2 = k? = 0 and p? = m?.

Applying the last on-shell condition k3 = m? now leads to:
2m(w — ') + 2ww'(cos @ — 1) = 0. (7.10.42)

This can be used to solve for w’ in terms of cos @, or vice versa:

’ w

o= I (1= cos 9); (7.10.43)
cosh = 1- M (7.10.44)
ww
In terms of lab-frame variables, one has:
Pa Po = wWmy (7.10.45)
pp-k1 = wm, (7.10.46)

so that, from eq. (7.10.20)

1
Z Z |./\/l|2 = 264

spins

w W 1 1
—,+—+2m - = — +
w w w o w

This can be simplified slightly by using

m? (1 _ %)Q] _ (7.10.47)

m <l — %) =cosf — 1, (7.10.48)

woow
which follows from eq. (7.10.42), so that
1 2 gfw W
72 M =2t | =4 = —sin®0]. (7.10.49)
Wwoow

spins
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Now to find the differential cross-section, we must apply eq. (6.2.33):

1

do=—
7T UB Byt — )

GMAQ) d®, (7.10.50)

where d®; is the two-body Lorentz-invariant phase space, as defined in eq. (6.2.34), for the final state

particles in the lab frame. Evaluating the prefactors for the case at hand:

E, = w, (7.10.51)
E, = m, (7.10.52)
G, — B = 1-0 = 1. (7.10.53)

(Recall that the speed of the photon is ¢ = 1.) The two-body phase space in the lab frame is:

3k 3k

OV Ty 4+ B — w?) 8(o ki
= (ki +kr—w2)d(w +Er—w—m) 670 B d’ka, (7.10.55)
2

where o' is now defined to be equal to Ey = |k1| and E, is defined to be \/|ks|? + m2. Performing the

ks integral using the 3-momentum delta function just sets ko = w? — El, resulting in:

&k
d®y = §(W' + By —w — .10.
2 (W + Ey —w—m) 6720/ By (7.10.56)
where now
Ey = Vw? — 2w’ cos 0 + w? + m?2. (7.10.57)

The phase space for the final state photon can be simplified by writing it in terms of angular coordinates

and doing the integral [d¢ = 27
k1 = d¢ d(cos ) w? do’ = 2md(cosf) W dw'. (7.10.58)

Therefore,

d(cos 0) w'dw’

Py = "+ By —w —
d®, 5(w + P9 —w m) St

(7.10.59)

In order to do the w' integral, it is simplest, as usual, to make a change of integration variables to the

argument of the delta function. So, defining

K=uw+E —w-m, (7.10.60)
we have

dK_1+w’—wcos«9 (7.10.61)

do' Es ’ o
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Therefore,
Wdd WdK
Ey  Ey+w —wcosh’
Performing the dK integration sets K = 0, so Fs = w +m — w’. Using eq. (7.10.62) in eq.(7.10.59)

(7.10.62)

gives

! 2
APy — w d(cos ) w

= = .10.
m+w(l —cosf) 8m 8mmw d(cos 6), (7.10.63)

where eq. (7.10.43) has been used to simplify the denominator. Finally using this in eq. (7.10.50) yields:

1 5 wl?
spins
so that, putting in eq. (7.10.49),
do ma? (N [W  w 9
_—=— | — — 4+ — —sin“ 0| . 7.10.65
d(cosf)  m? <w> [w +w’ sl } ( )

This result is the Klein-Nishina formula.

As in the center-of-momentum frame, the largest differential cross-section is found for back-scattered
photons with cos = —1, which corresponds to the smallest possible final-state photon energy w'.
Notice that, according to eq. (7.10.43), when w > m, one gets very low energies w’ when the photon
is back-scattered. One can now integrate the lab-frame differential cross-section f_ll d(cos ) to get the
total cross-section, using the dependence of w’ on cos @ as given in eq. (7.10.43). The result is:

a:mQ[(i—%—Q—”;> In <1+2—w>+i2+m}. (7.10.66)
wm  w w m w2  m(m+ 2w)?
In the high-energy (small m) limit, this becomes:
1

2 1
o =ma? [—ln (_w) + —+.. } . (7.10.67)
wm m 2wm

We can re-express this in terms of the Mandelstam variable s = (w 4+ m)? — w? = 2wm + m? ~ 2wm,

7'['0[2
g =

— [2n(s/m?) +1+...]. (7.10.68)
Equation (7.10.68) is the same result that we found in the center-of-momentum frame, eq. (7.10.37).
This is an example of a general fact: the total cross-section does not depend on the choice of reference
frame as long as one boosts along a direction parallel to the collision axis. To see why, one need only
look at the definition of the total cross-section given in eq. (6.2.2). The numbers of particles Ng, N,
and N, can be simply counted, and so certainly do not depend on any choice of inertial reference frame,
while the area A is invariant under Lorentz boosts along the collision axis.

The low-energy Thomson scattering limit is also interesting. In the lab frame, w < m implies

W' Jw =1, so that

do a2 9
(cos ) = W(l + cos” 0), (7.10.69)
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which is independent of energy. The total cross-section in this limit is then

8o’
o= .
3m2

Unlike the case of high-energy Compton scattering, Thomson scattering is symmetric under § — 7 — 0,

(7.10.70)

with a factor of 2 enhancement in the forward (# = 0) and backward (f = 7) directions compared to

right-angle (0 = 7/2) scattering.

7.11 efte” — yy

As our final example of a QED process let us consider ete™ — ~v in the high-energy limit. We
could always compute the reduced matrix element starting from the Feynman rules. However, since
we have already done Compton scattering, it is easier to use crossing. Labeling the physical momenta

for Compton scattering now with primes, we can make the following comparison table:

+

Compton e'e —yy
V=P, et < pa
e = e < pp
vk v = ki
e« kb v« ko.

For convenience, we have chosen et to be labeled by “a”, so that the initial-state e~ can have the
same label “b” in both processes. Then according to the Crossing Symmetry Theorem, we can obtain

> epins |[Me+e-—y|? by making the replacements

Po=—ka;  py=pp; ki=k;  ky=-—p, (7.11.1)

in the Compton scattering result (for small m):

/ / / !

Do Dy . Dy Ky

d Mo e P =86t [ 2 22—
My el Py K Pl

spins

(7.11.2)

obtained from eq. (7.10.20). Because the crossing involves one fermion (a final state electron changes

into an initial state positron), there is also a factor of (—1)! = —1, according to eq. (7.6.7). So, the
result is:
—ko - k
S Mete 2 = (—1)864< 2 kpb v p]’; L ) (7.11.3)
opins Po-k1 ko pe
ka-py | po-Fy
8e? ( + ) : 7.11.4
ook k2 py ( )

The situation here is 2 — 2 massless particle scattering, so we can steal the kinematics information

directly from eqgs. (7.5.28)-(7.5.32). The relevant facts for the present case are:

py- k1 = 5= Z(l—kcosﬁ), (7.11.5)
t s
ky = ——=—(1-— . 1.
Dy - ko 5 4( cos ) (7.11.6)



Therefore,

1 9 4t u 4 [ 1+cos?6
Z Z |M6+e_—>’y'y| = 2e (; + ?) =4e W . (7117)
spins

It is a useful check, and a vindication of the (—1)f factor in the Crossing Symmetry Theorem, that
this is positive! Now plugging this into the formula eq. (6.2.50) for the differential cross-section, we

get:

= —; (7.11.8)

do 2ma? (14 cos?0
d cos(0) s )

This cross-section is symmetric as § — w —#. That was inevitable, since the two final state photons are
identical; the final state in which a photon is observed coming out at a (6, ¢) is actually the same as a
state in which a photon is observed at an angle (7 — 6, —¢). When we find the total cross-section, we
should therefore divide by 2 (or just integrate over half of the range for cos#) to avoid overcounting.
This is the same overcounting issue for identical final state particles that arose for Mgller scattering at
the end of section 7.8.

The integrand in eq. (7.11.8) diverges for sin@ = 0. This is because we have set m = 0 in the
kinematics, which is not valid for scattering very close to the collision axis. If you put back non-zero
m, you will find that instead of diverging, the total cross-section features a logarithmic enhancement
In(s/m?) coming from small sinf. In a real e”e* — 7 experiment, however, photons very close to
the electron and positron beams will not be seen by any detector. The observable cross-section in one

of these colliding beam experiments is something more like

1 oS Ocut do
cu = = —d 0 7.11.9
Feut 2 J— cos e d(cos ) (cos ) ( )
2ma’? 1 9
= T [m (M) — cos ecut} . (7.11.10)
s 1 — cos Oyt

(You can easily check that this is a positive and increasing function of cosfeyt.) On the other hand,
if you are interested in the total cross-section for electron-positron annihilation with no cuts applied
on the angle, then you must take into account the non-zero electron mass. Redoing everything with
m < /s but non-zero, you can show:

5o 2 {m (%) - 1} . (7.11.11)

s m?2

The logarithmic enhancement at large s in this formula comes entirely from the sin 8 ~ 0 region. Note

that this formula is just what you would have gotten by plugging in
08 Oy = 1 — 4m?/s (7.11.12)

into eq. (7.11.10), for small m. In this sense, the finite mass of the electron “cuts off” the would-be

logarithmic divergence of the cross-section for small sin 6.
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8 Decay processes
8.1 Decay rates and partial widths

So far, we have studied only 2 — 2 scattering processes. This is because in QED as a stand-alone
theory, the fundamental particles are stable. Photons cannot decay into anything else (in any theory),
because they are massless. The electron is the lightest particle that carries charge, so it cannot decay
because of charge conservation. The photon interaction vertex with a fermion line does not change the
type of fermion. So if there is only a muon in the initial state, you can easily convince yourself that
there must be at least one muon in the final state. Going to the rest frame of the initial muon, the
total energy of the process is simply m,,, but the energy of the final state would have to be larger than
this, so if only QED interactions are allowed, the muon must also be stable. The weak interactions get
around this by allowing interaction vertices that change the fermion type. Moreover, bound states can
decay even in QED.

For any type of unstable particle, the probability that a decay will occur in a very short interval
of time At should be proportional to At. So we can define the decay rate I' [also known as the decay

width; it is equal to the resonance width in eq. (1.1)] as the constant of proportionality:
(Probability of decay in time At) = TI'At. (8.1.1)

Suppose we observe the decays of a large sample of particles of this type, all at rest. If the number of

particle at time ¢ is denoted N(t), then the number of particles remaining a short time later is therefore:
N(t+ At) = (1 —TAt) N(t). (8.1.2)

It follows that

ANy NEHAY =N
dt At—0 At

(8.1.3)
so that
N(t) = e T'N(0). (8.1.4)

When one has computed or measured I" for some particle, it is traditional and sensible to quote the
result as measured in the rest frame of the particle. If the particle is moving with velocity 3, then
because of relativistic time dilation, the survival probability for a particular particle as a function of

the laboratory time ¢ is:
(Probability of particle survival) = e T?V1=5%, (8.1.5)
The quantity

r=1/T (8.1.6)
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is also known as the mean lifetime of the particle at rest. [Putting in the units recovers eq. (1.2); see
eq. (A.6).] There is often more than one final state available for a decaying particle. One can then
compute or measure the decay rates into particular final states. The rate I' for a particular final state
or class of final states is called a partial width. The sum of all exclusive partial widths should add up
to the total decay rate, of course.

Consider a process in which a particle at rest with 4-momentum
# = (M,0,0,0) (8.1.7)

decays to several particles with 4-momenta k; and masses m;. Given the reduced matrix element M for
this process, one can show by arguments similar to those in 6.2 for cross-sections that the differential

decay rate is:
1
dl' = —|M|*d®,, 8.1.8
M (8.1.8)

where

dd, = (2m)*6W (p Zk ﬁ( o= 32E> (8.1.9)

is the n-body Lorentz-invariant phase space. [Compare this to eq. (6.2.34); you will see that the only
difference is that the p, + pp in the 4-momentum delta function for a scattering process has been
replaced by p for a decay process.] To find the contribution to the decay rate for final-state particles
with 3-momenta restricted to be in some ranges, we should integrate dI' over those ranges. To find
the total decay rate I', we should integrate the 3-momenta over all available l;:; The energies in this

formula are defined by

= /K2 +m2. (8.1.10)

8.2 Two-body decays

Most of the decay processes that one encounters in high-energy physics are two-particle or three-particle
final states. As the number of particles in the final state increases, the decay rate for that final state
tends to decrease, so a particle will typically decay into few-particle states if it can. If a two-particle
final state is available, it is usually a very good bet that three-particle final states will lose.

Let us simplify the formula eq. (8.1.8) for the case of two-particle final states with arbitrary masses.
The evaluation of the two-particle final-state phase space is exactly the same as in eqs. (6.2.37)-(6.2.46),

with the simple replacement Ecy — M. Therefore,

K
d(I)g 167 2M d¢1 d(COS 91) (821)
and
K 2
dl’ = 397 2M2 |M| d¢1 d(COb 91) (8.2.2)
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It remains to solve for K. Energy conservation requires that

By + By = \JK2 +m? + /K2 + m} = M. (8.2.3)
One can solve this by writing it as

By — M = /E} —m? +m3 (8.2.4)

and squaring both sides. The solution is:

M? +m? —m}

P = ——= 2.
1 M ) (8 5)
M? +m2 —m?
P = —— 2.
2 oM ) (8 6)
\A(M2Z,m2, m3)
K = 2.
2M ’ (8:2.7)
where
Mz, y,2) = 22 + y? + 2% — 20y — 222 — 2y2. (8.2.8)

is known as the triangle function.t It is useful to tabulate results for some common special cases:

o If the final-state masses are equal, mi; = mgy = m, then the final state particles share the energy

equally in the rest frame:

Ey=E, = M)/2, (8.2.9)
M
K = S/1—dm?/M2, (8.2.10)

and

M2
dl’ = YRy, 1 —4m?2/M? d¢y d(cos 07). (8.2.11)

e If one of the final-state particle is massless, mo = 0, then:

M2—|-m%
B, = — L 2.12
1 TR (8 )
M2_m2
=K = ——1L 2.1
2 oM (8.2.13)

This illustrates the general feature that since the final state particles have equal 3-momentum
magnitudes, the heavier particle gets more energy. In this case,
M
64mw2 M

1t is so-named because, if each of VZ,\/y, /% is less than the sum of the other two, then A(z,y,z) is —16 times the
square of the area of a triangle with sides \/z, \/y, /z. However, in the present context M, m1, m2 never form a triangle;
if M < mi1 + ma, then the decay is forbidden.

(1 - m%/M2) d¢ d(cos 07). (8.2.14)
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e If the decaying particle has spin 0, or if its spin is not measured, then there can be no special
direction in the decay, so the final state particles must be distributed isotropically in the center-

of-momentum frame. One then obtains the total decay rate from
d¢y d(cos 1) — 4, (8.2.15)

provided that the two final state particles are distinguishable. There is an extra factor of 1/2
if they are identical, to avoid counting each final state twice [see the discussions at the end of

sections 7.8 and 7.11].

8.3 Scalar decays to fermion-antifermion pairs; Higgs decay

Let us now consider a simple and very important decay process, namely a scalar particle ¢ decaying to
a fermion-antifermion pair. As a model, let us consider the Lagrangian already mentioned in section
6.4:

Ling = —yoUU. (8.3.1)

This type of interaction is called a Yukawa interaction, and y is a Yukawa coupling. The corresponding
Feynman rule was argued to be equal to —iy times an identity matrix in Dirac spinor space, as shown
in the picture immediately after eq. (6.4.7). Consider an initial state containing a single ¢ particle of
mass M and 4-momentum p, and a final state containing a fermion and antifermion each with mass m
and with 4-momenta and spins ki1,s1 and ks, so respectively. Then the matrix element will be of the

form
out(k1, s1; k2, sa|p)our = —iM(27) 6@ (k1 + ko — p). (8.3.2)

The Feynman rules for fermion external states don’t depend on the choice of interaction vertex, so they
are the same as for QED. Therefore we can draw the Feynman diagram:

1

and immediately write down the reduced matrix element for the decay:
M = —y ﬂ(kl, 81) ’U(k‘g, 82). (833)

To turn M into a physically observable decay rate, we need to compute the squared reduced matrix

element summed over final state spins. From eq. (8.3.3),

M* = iyﬁgul, (834)
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SO

IMP = (W) (Taw). (8.3.5)
Summing over sy, we have:

SMP = gy — m)u (8.3.6)
N = Y’Tr[(Fy — m)uiT). (8.3.7)

Now summing over s; gives:
812;2 IM[P =y Te[(ky — m)(Fy +m)] (8.3.8)
| =y (Tr[%zkl] - mZTT[ll) (8.3.9)
= 4y (ky - ky —m?), (8.3.10)

where we have used the fact that the trace of an odd number of gamma matrices vanishes, and eqgs. (B.7)

and (B.8). The fermion and antifermion have the same mass m, so

M? = (ky + k2)? = k2 + k3 +2k1 - ko =m? +m? + 2k - ky (8.3.11)
implies that
M2
ki -ky—m? = - - 2m?. (8.3.12)
Therefore,
2 2772 4m*
> IMP =2t (1 o ) (8.3.13)
spins

and, using eq. (8.2.11),

ar

_ y> M 4m?
3272 M2

3/2
) d¢q d(cos 0y). (8.3.14)

Doing the (trivial) angular integrals finally gives the total decay rate:

2M 4 2 3/2
r:y&T (1—%) . (8.3.15)

In the Standard Model, the Higgs boson A plays the role of ¢, and couples to each fermion f with

a Lagrangian that is exactly of the form given above:

Ling=— Y yrh¥ Uy (8.3.16)
f
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The Yukawa coupling for each fermion is approximately proportional to its mass:

my

~ 3.1
Y5 = 171 Gev (8.3.17)

However, the M appearing in this formula is not quite equal to the mass, because of higher-order
corrections. For quarks, these corrections are quite large, and m; tends to come out considerably
smaller than the masses of the quarks quoted in Table 3.

At the Fermilab Tevatron Run II and the LHC, one of the major goals is to look for a Higgs boson
through its decay modes. Suppose for example that the mass of the Higgs is not too much larger than
the current experimental limit of about 114 GeV. Then, since the top quark has a mass of about 173
GeV, the decay h — tt is clearly forbidden. The next-lightest fermions in the Standard Model are the
bottom quark, charm quark, and tau lepton, so we expect decays h — bb and h — 7~ 7% and h — cc.
For quarks, the sum in eq. (8.3.16) includes a summation over 3 colors, leading to an extra factor of
ny = 3 in the decay rate. Since the kinematic factor (1 — 4mfv JM2)3/? is close to 1 for all allowed
fermion-antifermion final states, the decay rate to a particular fermion is approximately:

n fy}%]\/[h

L(h— ff) = = o nsmy. (8.3.18)

Estimates of the m; from present experimental data are:

m, ~ 3.0GeV — oy &~ 0017, (8.3.19)
m, ~ L77GeV  —  y, ~ 0.0102, (8.3.20)
me ~ 0.7 GeV = e ~ 0.004, (8.3.21)

for a Higgs with mass of order Mj; = 115 GeV. (Notice that even though the charm quark is heavier
than the tau lepton, it turns out that m, > m. because of the large higher-order corrections for the

charm quark.) Therefore, the prediction is that bb final states win:

T(h—bb) :T(h— 7 77):T(h— @) = 3(m)?: (M,)?: 3(7.)? (8.3.22)
1:0.12 : 0.05, (8.3.23)

and the partial width of the Higgs boson into bb can be estimated numerically as

I(h—bb) = 2MeV <115 GeV) : (8.3.24)

This is an extremely narrow width for such a heavy particle; the reason is the very small Yukawa
coupling y, ~ 0.017.
One can define the branching ratio to be the partial decay rate into a particular final state, divided

by the total decay rate, so

I'(h — bg)

BR(h — b5) = —
total

(8.3.25)
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Then, if no other decays contributed significantly, we would estimate

BR(h — bb) ~ 0.85, (8.3.26)
BR(h — 77 77) =~ 0.10, (8.3.27)
BR(h — c¢) ~ 0.05. (8.3.28)

However, this is not accurate for two reasons. First, higher-order corrections are important, and
increase the partial widths into quarks by roughly 10%. Second, there are other final states that can
appear in h decays, notably gluon-gluon (gg) and v+, which both occur due to Feynman diagrams with
loops, and W*W = and Z°Z°. Naively, the last two are not kinematically allowed unless M > 160.8
and 182.4 GeV respectively, but they can still contribute if one or both of the weak vector bosons
is off-shell (virtual). Normally, such decays would be negligible, but they are competitive since the
squared Yukawa coupling yg ~ 0.0003 is so small. We will return to the subject of the Higgs boson
branching ratios in section 13.5.

Finally, consider the helicities for the process h — ff. If we demanded that the final states have
particular helicities, then we would have obtained for the matrix element, using Pgr, Pr, projection

matrices:

R-fermion, R-antifermion: M = —iyus P Prvy = —iyusPrvy # 0 (8.3.29)
L-fermion, L-antifermion: M = —iyUus PRPrv1 = —iyus Prvi # 0 (8.3.30)
R-fermion, L-antifermion: M = —iyus P, Prvi =0 (8.3.31)
L-fermion, R-antifermion: M = —iyusPrPrv; =0 (8.3.32)

[Recall, from eqs. (7.4.8)-(7.4.11), that to get a L fermion or antifermion in the final state, one puts in
a Pr next to the spinor, while to get a R fermion or antifermion in the final state, one puts in a Pr,.]
So, the rule here is that helicity is always violated by the scalar-fermion-antifermion vertex, since the
scalar must decay to a state with equal helicities.

One may understand this result from angular momentum conservation. The initial state had no
spin and no orbital angular momentum. In the final state, the spins of the outgoing particles must
therefore have opposite directions. Since they have momentum in opposite directions, this means they
must also have the same helicity. Drawing a short arrow to represent the spin, the allowed cases of RR
helicities and LL helicities look like:

- —>
< [ J »
R fermion h R anti-fermion
—> -
< ® >
L fermion h L anti-fermion
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The helicities of tau leptons can be (statistically) measured from the angular distributions of their
decay products, so this effect may eventually be measured when a sample of h — 7~ 71 decay events

is obtained.

8.4 Three-body decays

Let us consider a generic three-body decay process in which a particle of mass M decays to three lighter
particles with masses m1, ms, and mgz. We will work in the rest frame of the decaying particle, so
its four-vector is p* = (M,0,0,0), and the four-vectors of the remaining particles are ki, k2, and ks
respectively:

mi, k1

M

ms, k3 /

ma, k2

In general, the formula for a three-body differential decay rate is
1
dl' = — | M[*d® 4.1
S M, (3.4.1)

where

3k 3k d3ks
(27)32E, (27)32E, (27)32F5

d®s = (2m)10W (p — k1 — ko — k3) (8.4.2)

is the Lorentz-invariant phase space. Since there are 9 integrals to do, and 4 delta functions, the result
for dI' is a differential with respect to 5 remaining variables. The best choice of 5 variables depends
on the problem at hand, so there are several ways to present the result. Two of the 5 variables can
be chosen to be the energies F; and E5 of two of the final-state particles; then the energy of the
third particle F3 = M — E; — FE5 is also known from energy conservation. In the rest frame of the
decaying particle, the three final-state particle 3-momenta must lie in a plane, because of momentum
conservation. Specifying ;1 and Es also uniquely fixes the angles between the three particle momenta
within this decay plane. The remaining 3 variables just correspond to the orientation of the decay
plane with respect to some fixed coordinate axis. If we think of the three 3-momenta within the decay
plane as describing a rigid body, then the relative orientation can be described using three Euler angles.
These can be chosen to be the spherical coordinate angles ¢; and 6y for particle 1, and an angle as
that measures the rotation of the 3-momentum direction of particle 2 as measured about the axis of

the momentum vector of particle 1. Then one can show:

1
d‘i’g = W dE1 dE2 d¢1 d(COS 91) dOéQ. (843)
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The choice of which particles to label as 1 and 2 is arbitrary, and should be made to maximize conve-
nience.

If the initial state particle spin is averaged over, or if it is spinless, then there is no special direction
to measure the orientation of the final state decay plane with respect to. In that case, for particular
FE4 and F», the reduced matrix element cannot depend on the angles ¢1, 1 or as, and one can do the

integrals

21 1 27
/ d / d(cos8y) [ das = (27)(2)(2m) = 872, (8.4.4)
0 -1 0
Then,
By = —_dEdE 4
A%; = ——dFdF, (8.4.5)

and so, for spinless or spin-averaged initial states,

1

F p—
d 64m3 M

IM|? dE; dE;. (8.4.6)

To do the remaining energy integrals, one must find the limits of integration. If one resolves to do the

E5 integral first, then by doing the kinematics one can show for any particular E; that

Emax,min _ 1
2

= gz, |(M = BU)(mis +mf —m) + (B2 = m3) Nmdy,m3, m3) |, (8.4.7)

where the triangle function \(z,y, z) was defined by eq. (8.2.8), and
m3s = (ko + k3)? = (p — k1)? = M? — 2B, M + m} (8.4.8)
is the invariant (mass)? of the combination of particles 2 and 3. Then the limits of integration for the

final F integral are:

M? +m? — (mg + mg)?

= (8.4.9)

m1 < B <

A good strategy is usually to choose the label “1” for the particle whose energy we care the most about.
Then after doing the dFE> integral, we will be left with an expression for dI'/dE;.

In the special case that all final state particles are massless (or small enough to neglect) m; = mg =
mg = 0, then these limits of integration simplify to:

M
——F < By <

5 : (8.4.10)

0 < By < (8.4.11)

SENE
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9 Fermi theory of weak interactions
9.1 Weak nuclear decays

In nuclear physics, the weak interactions are responsible for decays of long-lived isotopes. A nucleus
with Z protons and A — Z neutrons, so A nucleons in all, is denoted by Az 1If kinematically allowed,

one can observe decays:
A2 s AZ+1) +e v (9.1.1)

The existence of the antineutrino 7, was inferred by Pauli as a “desperate remedy” to save the principle
of energy conservation. The simplest example of this is the decay of the neutron into a proton, electron,

and antineutrino:
n—pte v, (9.1.2)
with a mean lifetime off
T = 885.7 £ 0.8 sec. (9.1.3)

Decays of heavier nuclei can be thought of as involving the subprocess:

) et

n’ — “pTe U, (9.1.4)

where the quotes indicated that the neutron and proton are really not separate entities, but part of

the nuclear bound states. So for example, tritium decays according to
SH — 3He + e 7, (T = 5.6 x 108 sec = 17.7 years), (9.1.5)
and carbon-14 decays according to
oo UN+e 7, (1 = 1.8 x 10* sec = 8280 years). (9.1.6)
Nuclear physicists usually quote the half life ¢/, rather than the mean lifetime 7. They are related by
t12 = 7In(2), (9.1.7)

so that ¢, = 5740 years for Carbon-14, making it ideal for dating dead organisms. In the upper
atmosphere, cosmic rays produce energetic neutrons, which in turn constantly convert N nuclei into
14C. Carbon-dioxide-breathing organisms, or those that eat them, maintain an equilibrium with the
carbon content of the atmosphere, at a level of roughly “C/'2C~ 107'2. However, complicating
matters is the fact that this ratio is not constant; it dropped in the early 20th century as more ordinary

12C entered the atmosphere because of the burning of fossil fuels containing the carbon of organisms

TThe lifetime of the neutron is an infamous example of an experimental measurement that has shifted dramatically
over time. As recently as the late 1960’s, it was thought that 7, = 1010 %+ 30 seconds.
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that have been dead for a very long time. The relative abundance *C/2C=a 10~!2 then doubled after
1954 because of nuclear weapons testing, reaching a peak in the mid 1960’s from which it has since
declined. In any case, dead organisms lose half of their 14C every 5740430 years, and certainly do not
regain it by breathing or eating. So, by measuring the rate of e~ beta rays consistent with 4C' decay
produced by a sample, and determining the historic atmospheric 4C/!2C ratio as a function of time
with control samples or by other means, one can date the death of a sample of organic matter.

One can also have decays that release a positron and neutrino:
A7 > ANZ=1)+etr.. (9.1.8)
These can be thought of as coming from the subprocess
“ptr s “prety,. (9.1.9)

In free space, the proton cannot decay, simply because m,, < m,,, but under the right circumstances it
is kinematically allowed when the proton and neutron are parts of nuclear bound states. An example

is
10 - "N +efy, (1 = 71 sec). (9.1.10)

The long lifetimes of such decays are what originally gave rise to the name “weak” interactions.

Charged pions also decay through the weak interactions, with a mean lifetime of
Tet = 2.2 x 1078 sec. (9.1.11)

This is till a very long lifetime by particle physics standards, and corresponds to a proper decay length
of et = 7.8 meters. The probability that a charged pion with velocity 3 will travel a distance L in

empty space before decaying is therefore

P = L/T8m)V1=52/5 (9.1.12)

This means that a relativistic charged pion will typically travel several meters before decaying, unless

it interacts (which it usually will in a collider detector). The main decay mode is
T = W Uy (9.1.13)

with a branching ratio of 0.99988. (This includes submodes in which an additional photon is radiated

away.) The only other significant decay mode is
T — e Ue. (9.1.14)

with a branching ratio 1.2 x 10~%. This presents a puzzle: since the electron is lighter, there is more
kinematic phase space available for the second decay, yet the first decay dominates by almost a factor

of 10*. We will calculate the reason for this later, in section 9.6.
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9.2 Muon decay
The muon decays according to
o= e ey, (1 =22 x 107 % sec). (9.2.1)
This corresponds to a decay width of
I'=3.0x107"GeV, (9.2.2)

implying a proper decay length of ¢ = 659 meters. Muons do not undergo hadronic interactions like
pions do, so that relativistic muons will usually penetrate at least the inner layers of particle detectors
with a very high probability.

The Feynman diagram for muon decay can be drawn as:

This involves a 4-fermion interaction vertex.! Because of the correspondence between interactions and
terms in the Lagrangian, we therefore expect that the Lagrangian should contain terms schematically

of the form

Ling = Tp...p)(€...ve) or Ty .ve)(E... 1), (9.2.3)

where the symbols y, v, e, v. mean the Dirac spinor fields for the muon, muon neutrino, electron, and
electron neutrino, and the ellipses mean matrices in Dirac spinor space. To be more precise about the
interaction Lagrangian, one needs clues from experiment.

One clue is the fact that there are three quantum numbers, called lepton numbers, that are addi-
tively conserved to a high accuracy in most experiments. (The only confirmed exceptions are neutrino

oscillation experiments.) They are assigned as:

+1 fore , v,
L. = -1 fore®, v, (9.2.4)
0  for all other particles
+1 forp,v,
L, = -1 forput,7, (9.2.5)

0  for all other particles

+1 for7v—,v,
L, = -1 for7tt,v, (9.2.6)
0  for all other particles

"We will later find out that this is not a true fundamental interaction of the theory, but rather an “effective” interaction
that is derived from the low-energy effects of the W™ boson.
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So, for example, in the nuclear decay examples above, one always has L. = 0 in the initial state, and
L. =1—1 =0 in the final state, with L, = L; = 0 trivially in each case. The muon decay mode
in eq. (9.2.1) has (L, L,) = (0,1) in both the initial and final states. If lepton numbers were not

conserved, then one might expect that decays like
poo—ey (9.2.7)

would be allowed. However, this decay has never been observed, and the most recent limit from the

LAMPF experiment at Los Alamos National Lab is
BR(u~ — e v) < 1.2 x 1071 (9.2.8)

This is a remarkably strong constraint, since this decay only has to compete with the already weak

mode in eq. (9.2.1). It implies that
L(p~ — e ) <3.6 x1073Y GeV. (9.2.9)

The BaBar and Belle experiments have put similar (but not as stringent) bounds on tau lepton number

non-conservation:

BR(1~ —ey) < 33x107®  BaBar, (9.2.10)
BR(r~ —pu7) < 44x10"®  BaBar, (9.2.11)
BR(7~ — e n’) < 80x107%  Belle. (9.2.12)

Since 1998, experimental results from neutrinos produced in the Sun, the atmosphere, by acceler-
ators, and in reactors have given strong evidence for oscillations of neutrinos that are caused by them
having small non-zero masses that violate the individual lepton numbers. (It is still an open question

whether they also violate the total lepton number
L=L.+L,+ Ly (9.2.13)

for more on this, see section 13.4.) However, these are very small effects for colliding beam experiments,
and can be ignored for almost all conceivable processes at Tevatron and LHC.

The (near) conservation of lepton numbers suggests that the interaction Lagrangian for the weak
interactions can always be written in terms of fermion bilinears involving one barred and one unbarred
Dirac spinor from each lepton family. So, we will write the weak interactions for leptons in terms of
building blocks with net L, = L, = L, = 0, for example, like the first term in eq. (9.2.3) but not the

second. More generally, we will want to use building blocks:

@...vy) o (Ty...0), (9.2.14)

where ¢ is any of e, u, 7. Now, since each Dirac spinor has 4 components, a basis for fermion bilinears

involving any two fields ¥; and Wy will have 4 x 4 = 16 elements. The can be classified by their
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transformation properties under the proper Lorentz group and the parity transformation ¥ — —Z, as

follows:

Term Number Parity (¥ — —Z) Type

W0y 1 +1 Scalar = S
5175\112 1 -1 Pseudo-scalar = P
WiyH Ty 4 (=1~ Vector =V
Wy yHys Uy 4 —(=1)* Axial-vector = A
LWy [y, 4] 0y 6 (—1)*(—1) Tensor =T

The entry under Parity indicates the multiplicative factor under which each of these terms transforms

when ¥ — —Z, with

+1 for p=0
1 —
(=D = { -1 for p=1,2,3. (9-2.15)

The weak interaction Lagrangian for leptons could be formed out of any product of such terms with
Wy, Wy = ¢, vp. Fermi originally proposed that the weak interaction fermion building blocks were of the

type V, so that muon decays would be described by

LY, = —G(@,7 1) ([@pve) + c.c. (9.2.16)

Y

Here “c.c.” means complex conjugate; this is necessary since the Dirac spinor fields are complex. Some

other possibilities could have been that the building blocks were of type A:

Lit = =G @7 y51) (@Yp757e) + c.c. (9.2.17)

or some combination of V' and A, or some combination of S and P, or perhaps even T'.

Fermi’s original proposal of V' for the weak interactions turned out to be wrong. The most impor-
tant clue for determining the correct answer for the proper Lorentz and parity structure of the weak
interaction building blocks came from an experiment on polarized ®°Co decay by Wu in 1957. The
60Co nucleus has spin J = 5, so that when cooled and placed in a magnetic field, the nuclear spins

align with B. Wu then measured the angular dependence of the electron spin from the decay
0Co — ONi + e 7,. (9.2.18)

The nucleus ®°Ni has spin J = 4, so the net angular momentum carried away by the electron and
antineutrino is 1. The observation was that the electron is emitted preferentially in the direction
opposite to the original spin of the ®°Co nucleus. This can be explained consistently with angular
momentum conservation if the electron produced in the decay is always polarized left-handed and the
antineutrino is always right-handed. Using short arrows to designate spin directions, the most favored

configuration is:
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J=5 J=4

— —
. - > ——»———
e Ve
60 Co 60Ni
Before After

The importance of this experiment and others was that right-handed electrons and left-handed an-
tineutrinos do not seem to participate in the weak interactions. This means that when writing the
interaction Lagrangian for weak interactions, we can always put a Pr, to the left of the electron’s Dirac
field, and a Pr to the right of a 7, field. This helped establish that the correct form for the fermion
bilinear is V' — A:

1
ePryv. = ey’ Prv, = §EPYP(1 - 75)7/6- (9219)

Since this is a complex quantity, and the Lagrangian density must be real, one must also have terms

involving the complex conjugate of eq. (9.2.19):
Ue.Pry’e = U AP Pre. (9.2.20)

The feature that was considered most surprising at the time was that right-handed Dirac fermion fields
Pre, Prr,., and left-handed Dirac barred fermion fields €Py,, and 7. Pr, never appear in any part of the
weak interaction Lagrangian.

For muon decay, the relevant four-fermion interaction Lagrangian is:
Lint = —2V2G F(Tu7" PLp) (@Y,PrLve) + c.c. (9.2.21)

Here G is a coupling constant with dimensions of [mass] =2, known as the Fermi constant. Its numerical
value is most precisely determined from muon decay. The factor of 24/2 is a historical convention. Using
the correspondence between terms in the Lagrangian and particle interactions, we therefore have two
Feynman rules:

m,a é,C

—  —i2v2GF (Y Pr)pa (VpPL)cd

N Ve, d
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— —i2\/§GF (’YpPL)ab (’YpPL>dc

Uy, b Ue,d

These are related by reversing of all arrows, corresponding to the complex conjugate in eq. (9.2.21). The
slightly separated dots in the Feynman rule picture are meant to indicate the Dirac spinor structure.
The Feynman rules for external state fermions and antifermions are exactly the same as in QED, with
neutrinos treated as fermions and antineutrinos as antifermions. This weak interaction Lagrangian for
muon decay violates parity maximally, since it treats left-handed fermions differently from right-handed
fermions. However, helicity is conserved by this interaction Lagrangian, just as in QED, because of the
presence of one gamma matrix in each fermion bilinear.

We can now derive the reduced matrix element for muon decay, and use it to compute the differential
decay rate of the muon. Comparing this to the experimentally measured result will allow us to find
the numerical value of Gp, and determine the energy spectrum of the final state electron. At lowest

order, the only Feynman diagram for u= — e 7.y, is:

Vu

using the first of the two Feynman rules above. Let us label the momenta and spins of the particles as

follows:
Particle Momentum Spin Spinor
W Pa Sa U(paa Sa) = Ugq
e kq S1 ﬂ(k‘l, 81) =u (9222)
Ve ko S9 ’U(k’g, 82) = V9
vy k3 s3 (ks s3) =3

The reduced matrix element is obtained by starting at the end of each fermion line with a barred spinor
and following it back (moving opposite the arrow direction) to the beginning. In this case, that means

starting with the muon neutrino and electron barred spinors. The result is:
M = —i2\/iGp(ﬂg’prLua)(ﬂl’prL’Uz). (9.2.23)

This illustrates a general feature; in the weak interactions, there should be a Pr, next to each unbarred

spinor in a matrix element, or equivalently a Pr next to each barred spinor. (The presence of the
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gamma matrix ensures the equivalence of these two statements, since P;, < Pr when moved through

a gamma matrix.) Taking the complex conjugate, we have:
M* = i2v2G (T PRy u3) (Ta Prysu1). (9.2.24)
Therefore,
IM[* = 8GE (Wsy” Prug) (W Pry”us) (W17, Prv2) (T2 Pryow ). (9.2.25)

In the following, we can neglect the mass of the electron me, since m./m, < 0.005. Now we can average

over the initial-state spin s, and sum over the final-state spins s1, so, s3 using the usual tricks:

1 _ 1
EZUGUG = i(pa +mﬂ)’ (9226)
Yowmu =k, (9.2.27)
S1
> vy = o, (9.2.28)
52
> ustiy = kg, (9.2.29)
83
to turn the result into a product of traces:
1
3 Z M| = 4G%Tr[’prL(pa + my) PrY k3] Tr[y, Prko Pryo K] (9.2.30)
spins
= 4G%Tr[7ppaPR’yak3]Tr[’yp}é2PR'ygkl] (9.2.31)

Fortunately, we have already seen a product of traces just like this one, in eq. (7.4.45), so that by

substituting in the appropriate 4-momenta, we immediately get:

5 3 LM = 64GH (po - ko) (ks - k). (92:32)
spins
Our next task is to turn this reduced matrix element into a differential decay rate.

Applying the results of subsection 8.4 to the example of muon decay, with M = m, and m; =
mg = m3 = 0. According to our result of eq. (9.2.32), we need to evaluate the dot products p, - k2 and
k1 - k3. Since these are Lorentz scalars, we can evaluate them in a frame where Eg is along the z-axis.
Then

pa = (mu70707 0)7 (9233)
ky = (Ep,,0,0,Ez,). (9.2.34)

Therefore,
Pa - ko =my Ly, . (9.2.35)
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AISO, kl . /fg = %[(k‘l + k3)2 - k‘% - k‘g] = %[(pa — kQ)Q —0-— 0] = %[pg + k‘% — 2pa . ]{:2], SO
1
k:l . ]{,‘3 = 5(7’7’13 - 2muEye).
Therefore, from eq. (9.2.32),

1
3 > IM]? = 32G%(m} Ep, — 2m>Ez).

spins

Plugging this into eq. (8.4.6) with M = m,,, and choosing E1 = E. and E, = Ey,, we get:
Gy, o 2
all = dEedEpe %(muEﬁe - 2mﬂE§e)'

Doing the dFy, integral using the limits of integration of eq. (8.4.10), we obtain:

mp 2 2 2 192 3
dal' = dFE. W;# B dEﬁe ﬁ(muEﬁe — 2mME;€) = dEeF T - Te .

We have obtained the differential decay rate for the energy of the final state electron:

dr _ Gimy 2 (1 AEe
dE. 43 ¢ 3my, |

The shape of this distribution is shown below as the solid line:

e,v
_ w
— — — ’Ve
// ~
/ \
// \
// \\
dr/dE / \
e /
/ \
/ \
/ \
/ \
// \
/ \\
/
/ \
oz | | | | \
0 0.1 02 03 04 05
Ee/mM

(9.2.36)

(9.2.37)

(9.2.38)

(9.2.39)

(9.2.40)

We see that the electron energy is peaked near its maximum value of m,/2. This corresponds to the

situation where the electron is recoiling directly against both the neutrino and antineutrino, which are

collinear; for example, ki = (m,/2,0,0, —m, /2), and kb = k§ = (m,/4,0,0,m, /4):
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The helicity of the initial state is undefined, since the muon is at rest. However, we know that the
final state e~, v,, and 7, have well-defined L, L, and R helicities respectively, as shown above, since
this is dictated by the weak interactions. In the case of maximum F, therefore, the spins of v, and
U, must be in opposite directions. The helicity of the electron is L, so its spin must be opposite to its
3-momentum direction. By momentum conservation, this tells us that the electron must move in the
opposite direction to the initial muon spin in the limit that E. is near the maximum.

The smallest possible electron energies are near 0, which occurs when the neutrino and antineutrino
move in nearly opposite directions, so that the 3-momentum of the electron recoiling against them is
very small.

We have done the most practically sensible thing by plotting the differential decay rate in terms of
the electron energy, since that is what is directly observable in an experiment. Just for fun, however,
let us pretend that we could directly measure the v, and 7. energies, and compute the distributions
for them. To find dI'/dE,,,, we can take Ey = Ey, and ) = E,, in egs. (8.4.6) and (8.4.10)-(8.4.11),
with the reduced matrix element from eq. (9.2.37). Then

G2
dI' = dE,, dE5, 2—7S(miEge —2m, E2 ), (9.2.41)

and the range of integration for Ey, is now:

T B, < B < 2 (9.2.42)
2 2
so that
My 2 9 2 12 3
_ 2 Ge, 2 2y _ Gy (muky,  muky
dI' = dEl/M /%_Euu dEye %(m‘uEge — QmHE;e) = dEe? 1 no_ 3 B (9243)

Therefore, the FE,, distribution of final states has the same shape as the E, distribution:

ar Ggmi, 4AE,
— = Ep (1-—2]. 9.2.44
dE,, 473 Tk 3my, ( )

Finally, we can find dI'/dEy,, by choosing Ey = E. and E; = Ey, in egs. (8.4.6) and (8.4.10)-(8.4.11)
with eq. (9.2.37). Then:

% G% 2 2 G% 2 12 3
U = Ay, |, B g E(miEy, —2mBL) = s 5k (m2E2 —2m,E3 ), (9.245)
2 Ve
so that
ar  Gim? 2F5
= E2 [1-=—). 9.2.46
dE, 23 Ve my ( )

146



This distribution is plotted as the dashed line in the previous graph. Unlike the distributions for F, and
E,, we see that dI'/dEy, vanishes when Ep, approaches its maximum value of % We can understand
this by noting that when Ep, is maximum, the 7, must be recoiling against both e and v, moving in
the opposite direction, so the L, L, R helicities of e, v, and 7, tell us that the total spin of the final
state is 3/2:

Since the initial-state muon only had spin 1/2, the quantum states have 0 overlap, and the rate must
vanish in that limit of maximal E, .

The total decay rate for the muon is found by integrating either eq. (9.2.40) with respect to E., or
eq. (9.2.44) with respect to E,,, or eq. (9.2.46) with respect to Fp,. In each case, we get:

mu/2 [ dT mu/2 (T mu/2 (dT
F — EE: El/ = E; .2.4
[ G ) ame= | (dEy)d =, (dE;)d . (0240)
G%m3
— K
TR (9.2.48)

It is a good check that the final result does not depend on the choice of the final energy integration
variable. It is also good to check units: G2 has units of [mass|~* or [time]*, while m, has units of
[mass]® or [time]~®, so I" indeed has units of [mass] or [time] .

Experiments tell us that
D(p~ — e v,Pe) = 2.99591(3) x 107 GeV, m,, = 0.1056584 GeV, (9.2.49)
so we obtain the numerical value of Fermi’s constant from eq. (9.2.48):
Gr = 1.166364(5) x 107> GeV 2. (9.2.50)

(This determination also includes some small and delicate corrections reviewed below in section 9.3.)
The 4-fermion weak interaction Lagrangian of eq. (9.2.21) describes several other processes besides
the decay u= — e~ 7.v, that we studied in subsection 9.2. As the simplest example, we can just replace

each particle in the process by its anti-particle:

pt—etv,, (9.2.51)
for which the Feynman diagram is just obtained by changing all of the arrow directions:
et
T Ve
Vp
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The evaluations of the reduced matrix element and the differential and total decay rates for this decay
are very similar to those for the =~ — e Tcv,. For future reference, let us label the 4-momenta for

this process as follows:

Particle Momentum Spinor
ut i Ta
et K} v (9.2.52)
Ve k/Q Uo
vy ké 3.

The reduced matrix element, following from the “4-c.c.” term in eq. (9.2.21), is then
M = —i2V2G (T Prvs) (Tay, Prvr). (9.2.53)
As one might expect, the result for the spin-summed squared matrix element,

S M2 = 128G (0 - ) (k- KS), (9:2.54)
spins
is exactly the same as obtained in eq. (9.2.32), with the obvious substitution of primed 4-momenta.
The differential and total decay rates that follow from this are, of course, exactly the same as for u~
decay.
This is actually a special case of a general symmetry relation between particles and anti-particles,
which holds true in any local quantum field theory, and is known as the CPT Theorem. The statement
of the theorem is that the laws of physics, as specified by the Lagrangian, are left unchanged after one

performs the combined operations of:
e charge conjugation (C): replacing each particle by its antiparticle,
e parity (P): replacing ¥ — —Z,
e time reversal (T): replacing t — —t.

It turns out to be impossible to write down any theory that fails to obey this rule, as long as the
Lagrangian is invariant under proper Lorentz transformations and contains a finite number of spacetime
derivatives and obeys some other technical assumptions. Among other things, the CPT Theorem
implies that the mass and the total decay rate of a particle must each be equal to the same quantities
for the corresponding anti-particle. (It does not say that the differential decay rate to a particular final
state configuration necessarily has to be equal to the anti-particle differential decay rate to the same
configuration of final-state anti-particles; that stronger result holds only if the theory is invariant under
T. The four-fermion Fermi interaction for leptons does respect invariance under T, but it is violated
by a tiny amount in the weak interactions of quarks.) We will study some other processes implied by

the Fermi weak interaction Lagrangians in subsections 9.4, 9.5, and 9.6 below.
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9.3 Corrections to muon decay

In the previous subsection, we derived the p~ decay rate in terms of Fermi’s four-fermion weak interac-
tion coupling constant Gr. Since this decay process is actually the one that is used to experimentally
determine Gy most accurately, it is worthwhile to note the leading corrections to it.

First, there is the dependence on m., which we neglected, but could have included at the cost of a
more complicated phase space integration. Taking this into account using correct kinematics for me # 0
and the limits of integration in eq. (8.4.7)-(8.4.9), one finds that the decay rate must be multiplied by

a correction factor Fyin(mZ/m?), where
Fiin(z) = 1 — 8z + 823 — 2t — 122%Inz. (9.3.1)

Numerically, Fign(m?2/m2) = 0.999813.
There are also corrections coming from two types of QED effects. First, there are loop diagrams

involving virtual photons:

Vu

Evaluating these diagrams is beyond the scope of this course. However, it should be clear that they
give contributions to the reduced matrix element proportional to e?Gf, since each contains two photon
interaction vertices. These contributions to the reduced matrix element actually involve divergent loop
integrals, which must be “regularized” by using a high-energy cutoff. There is then a logarithmic
dependence on the cutoff energy, which can then be absorbed into a redefinition of the mass and
coupling parameters of the model, by the systematic process of renormalization. The interference of
the loop diagrams with the original lowest-order diagram then gives a contribution to the decay rate
proportional to aG%. There are also QED contributions from diagrams with additional photons in the

final state:
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w Ve u- Ve
vy vy

The QED diagrams involving an additional photon contribute to a 4-body final state, with a reduced
matrix element proportional to eGpr. After squaring, summing over final spins, and averaging over the
initial spin, and integrating over the 4-body phase space, the contribution to the decay rate is again
proportional to aG%. Much of this contribution actually comes from very soft (low-energy) photons,
which are difficult or impossible to resolve experimentally. Therefore, one usually just combines the
two types of QED contributions into a total inclusive decay rate with one or more extra photons in
the final state. After a heroic calculation, one finds that the QED effect on the total decay rate is to

multiply by a correction factor

a (25 w2 m2 m a2
F, =14+ — = - — — €19+ 4722 + 241 € <—> Cy+ ... 9.3.2
qep(a) =1+ — <8 7 g0t n(muﬂ) +(=) Gt (9-3.2)

where the C5 contribution refers to even higher-order corrections from: the interference between Feyn-
man diagrams with two virtual photons and the original Feynman diagram; the interference between
Feynman diagrams with one virtual photons plus one final state photon and the original Feynman dia-
gram; the square of the reduced matrix element for a Feynman diagram involving one virtual photon;
and two photons in the final state. A complicated calculation shows that Cy ~ 6.68. Because of the
renormalization procedure, the QED coupling « actually is dependent on the energy scale, and should
be evaluated at the energy scale of interest for this problem, which is naturally m,. At that scale,

a ~ 1/135.9, so numerically
Foep(a) ~ 0.995802. (9.3.3)

Finally, there are corrections involving the fact that the point-like four-fermion interaction is actu-
ally due to the effect of a virtual W~ boson. This gives a correction factor

2

Fir = 14 2™ 1 000001 9.3.4
=1 S oo, (93.9)

using My = 80.4 GeV. The predicted decay rate defining G experimentally including all these higher-

order effects is
G%m5
I,- = —LFE.ForpFiv. 9.3.5
T R (9:3.5)

The dominant remaining uncertainty in Gr quoted in eq. (9.2.50) comes from the experimental input

of the muon lifetime.
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9.4 Inverse muon decay (e v, — Vi)
Consider the process of muon-neutrino scattering on an electron:
e Vy — Vel . (9.4.1)

The Feynman diagram for this process is:

€ ,Da V€7k1

VY, Pb ,ui,kg

in which we see that the following particles have been crossed from the previous diagram for u decay:

initial 4t — final p~ (9.4.2)
final e — initial e~ (9.4.3)
final 7, — initial v,. (9.4.4)

In fact, this scattering process is often known as inverse muon decay. To apply the Crossing Symme-
try Theorem stated in section 7.6, we can assign momentum labels p,, py, k1, k2 to €™, vy, ve, pu~

respectively, as shown in the figure, and then make the following comparison table:

pt —etver, e v, — vep”

Ty A ok
€+, k/l € ,Pa
Ve, kb Ve, k1
Uy, kY Vyus Db

Therefore, we obtain the spin-summed, squared matrix element for e”v, — v.u~ by making the

replacements
Po=—ky  Ki=-ps;  ky=ki;  ky=-p (9.4.5)
in eq. (9.2.54), and then multiplying by (—1)3 for three crossed fermions, resulting in:

Z |Me*1/u—>l/e,u* |2 = 128G%(k2 : kl)(pa ' pb)' (946)
spins
Let us evaluate this result in the limit of high-energy scattering, so that m, can be neglected, and in
the center-of-momentum frame. In that case, all four particles being treated as massless, we can take
the kinematics results from eqs. (7.5.28)-(7.5.32), so that p, - pp = k1 - k2 = s/2, and
> M-y |? = 32G35”. (9.4.7)

spins
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Including a factor of 1/2 for the average over the initial-state electron spin,’ and using eq. (6.2.50),

do G%s
d(cos®) 2w’ (9-48)

This differential cross-section is isotropic (independent of ), so it is trivial to integrate fil d(cosf) =2
to get the total cross-section:
G%s

Ue_up—weu_ - T . (949)

Numerically, we can evaluate this using eq. (9.2.50):

2
Oy = 16.91b ( G@) . (9.4.10)

In a typical experimental setup, the electrons will be contained in a target of ordinary material at rest
in the lab frame. The muon neutrinos might be produced from a beam of decaying p~, which are in
turn produced by decaying pions, as discussed later. If we call the v, energy in the lab frame F,,, then

the center-of-momentum energy is given by

V5 = Eou = /2By, me +m2 ~ V2B, me . (9.4.11)

Substituting this into eq. (9.4.10) gives:

E
Oerpop— = LT x 1072 b (G—e”@ . (9.4.12)

This is a very small cross-section for typical neutrino energies encountered in present experiments, but
it does grow with E,,.

The isotropy of e~ v, — v u~ scattering in the center-of-momentum frame can be understood from
considering what the helicities dictated by the weak interactions tell us about the angular momentum.
Since this is a weak interaction process involving only fermions and not anti-fermions, they are all L

helicity.

\
A

el

Ve

We therefore see that the initial and final states both have total spin 0, so that the process is s-wave,

and therefore necessarily isotropic.

'In the Standard Model with neutrino masses neglected, all neutrinos are left-handed, and all antineutrinos are right-
handed. Since there is only one possible v, helicity, namely L, it would be incorrect to average over the v, spin. This
is a general feature; one should never average over initial-state neutrino or antineutrino spins, as long as they are being
treated as massless.
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95 ev.—u v,

As another example, consider the process of antineutrino-electron scattering;:

€ Ve — |1 Uy (9.5.1)
This process can again be obtained by crossing ™ — e*v,.7, according to
initial u™ — final pu~ (9.5.2)
finale™ — initiale” (9.5.3)
final v, — initial 7, (9.5.4)

as can be seen from the Feynman diagram:

€ Pa Bk

Ve, Pb ﬁ,un k?

Therefore, we obtain the spin-summed squared matrix element for e”7. — p~7, by making the

substitutions
po=—ki;  kKi=-pas  ky=-py ky=ko (9.5.5)

in eq. (9.2.54), and multiplying again by (—1)® because of the three crossed fermions. The result this
time is:
Z |IM|? = 128G% (k1 - pp)(Da - ko) = 32G%u? = 8G%5*(1 + cos 0)?, (9.5.6)
spins
where eqs. (7.5.30) and (7.5.32) for 2—2 massless kinematics have been used. Here € is the angle
between the incoming e~ and the outgoing = 3-momenta.
Substituting this result into eq. (6.2.50), with a factor of 1/2 to account for averaging over the
initial e~ spin, we obtain:

do’e*ﬁe—nu*E# _ G%S
d(cos ) 8

(1 + cos ). (9.5.7)

Performing the d(cos #) integration gives a total cross-section of:

G%s
e Ve— U Vpy — I .

(9.5.8)

g,

This calculation shows that in the center-of-momentum frame, the u~ tends to keep going in the same

direction as the original e~. This can be understood from the helicity-spin-momentum diagram:
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Since the helicities of e, D¢, ™, 7, are respectively L, R, L, R, the total spin of the initial state must
be pointing in the direction opposite to the e~ 3-momentum, and the total spin of the final state must
be pointing opposite to the u~ direction. The overlap between these two states is therefore maximized
when the e~ and 4~ momenta are parallel, and vanishes when the = tries to come out in the opposite
direction to the e~. Of course, this reaction usually occurs in a laboratory frame in which the initial
e~ was at rest, so one must correct for this when interpreting the distribution in the lab frame.

The total cross-section for this reaction is 1/3 of that for the reaction e~ v, — p~v,. This is because
the former reaction is an isotropic s-wave (angular momentum 0), while the latter is a p-wave (angular
momentum 1), which can only use one of the three possible J = 1 final states, namely, the one with J

pointing along the 7,, direction.

9.6 Charged currents and 7+ decay

The interaction Lagrangian term responsible for muon decay and for the cross-sections discussed above
is just one term in the weak-interaction Lagrangian. More generally, we can write the Lagrangian as a

product of a weak-interaction charged current J, and its complex conjugate J, ;r :
Ling = —2V2GpJF 7P (9.6.1)

The weak-interaction charged current is obtained by adding together terms for pairs of fermions, with
the constraint that the total charge of the current is —1, and all Dirac fermion fields involved in the

current are left-handed, and all barred fields are right-handed:

Jy =VevpPre+ vy, Prp+ Uy, Pt + wy,Prd +¢vy,Prs +1vy,PLb. (9.6.2)

/. and b’ appearing

Notice that we have included contributions for the quarks. The quark fields d’, s
here are actually not quite mass eigenstates, because of mixing; this is the reason for the primes. The
complex conjugate of J, has charge +1, and is given by:

J;r = (Jp_)* =ev,Prve + iy, Prv, +7y,PLv- + EIVPPLU +8~yPPrc+ ElfprLt. (9.6.3)

Both J~7 and J'” transform under proper Lorentz transformations as four-vectors, and are V — A
fermion bilinears.

Unfortunately, there is an obstacle to a detailed, direct testing of the (V' — A)(V — A) form of the
weak interaction Lagrangian for quarks. This is because the quarks are bound into hadrons by strong

interactions, so that cross-sections and decays involving the weak interactions are subject to very large
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and very complicated corrections. However, one can still do a quantitative analysis of some aspects of
weak decays involving hadrons, by a method of parameterizing our ignorance.

To see how this works, consider the process of charged pion decay. A 7w~ consists of a bound state
made from a valence d quark and @ antiquark, together with many virtual gluons and quark-antiquark
pairs. A Feynman diagram for 7= — p~7,, decay following from the current-current Lagrangian might
therefore look like:

W ke

<l

ﬁpn k2

Unfortunately, the left-part of this Feynman diagram, involving the complications of the 7~ bound
state, is just a cartoon for the strong interactions, which are not amenable to perturbative calculation.
The w antiquark and d quark do not even have fixed momenta in this diagram, since they exchange
energy and momentum with each other and with the virtual gluons and quark-anti-quark pairs. In
principle, one can find some distribution for the @ and d momenta, and try to average over that
distribution, but the strong interactions are very complicated so this is not very easy to do from the
theoretical side. However, by considering what we do know about the current-current Lagrangian, we
can write down the general form of the reduced matrix element. First, we know that the external state
spinors for the fermions are:
Particle Momentum Spinor

n k1 U1 (964)
Iz ko V2

In terms of these spinors, we can write:
M = —iV2GF frp, (@17 Prvz). (9.6.5)

In this formula, the factor (u;v”Prvs) just reflects the fact that leptons are immune from the compli-
cations of the strong interactions. The factor frp, takes into account the part of the reduced matrix
element involving the 7~ ; here p” is the 4-momentum of the pion. The point is that whatever the pion
factor in the reduced matrix element is, we know that it is a four-vector in order to contract with the
lepton part, and it must be proportional to p?, since there is no other vector quantity in the problem
that it can depend on. (Recall that pions are spinless, so there is no spin dependence.) So we are
simply parameterizing all of our ignorance of the bound-state properties of the pion in terms of a single
constant f, called the pion decay constant. It is a quantity with dimensions of mass. In principle we
could compute it if we had perfect ability to calculate with the strong interactions. In practice, f is an

experimentally measured quantity, with its value following most accurately from the 7~ lifetime that
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we will compute below. The factor V2@ is another historical convention; it could have been absorbed
into the definition of f,. But it is useful to have the G appear explicitly as a sign that this is a weak
interaction; then f; is entirely a strong-interaction parameter.

Let us now compute the decay rate for 7~ — p~7,. Taking the complex square of the reduced

matrix element eq. (9.6.5), we have:
IM|? = 2G% f2p,po (W1Y" Prva) (D2 Pryuy). (9.6.6)
Now summing over final state spins in the usual way gives:

Y IMP = 2G5 f2popo Ty PLia Pry” (By +my)] = 2GEf2Te[phy Prpky). (9.6.7)
spins
Note that we do not neglect the mass of the muon, since m,/m,+ = 0.1056 GeV/0.1396 GeV = 0.756

is not a small number. However, the term in eq. (9.6.7) that explicitly involves m, does not contribute,

since the trace of 3 gamma matrices (with or without a Pgr) vanishes. Evaluating the trace, we have:

Tr[pho Prpfy] = 4(p-k1)(p- ka) — 2p° (k1 - ko). (9.6.8)

The decay kinematics tells us that:

o= mis kl=md kB =md =0 (9.6.9)
Pk = S k)R] = (2 (96.10)
p-ky = %[—(P—k2)2+p2+k§] = %(—m3+mii); (9.6.11)
bk = gl k) — K — K] = S(mle —m2) (9.6.12)

Therefore, Tr[pky Prpl,] = m2(m2. —m?), and

m2
X 1M = 263 e (1 ), 06.13)
s

spins

so that using eq. (8.2.14), we get:

G2, 2 2 2\ 2
gr = Grfams (1— m;) dé d(cos 0), (9.6.14)

327T2 mwi

where (0,¢) are the angles for the p~ three-momentum. Of course, since the pion is spinless, the

differential decay rate is isotropic, so the angular integration trivially gives d¢d(cos ) — 4w, and:

2
G%fﬁmﬂimi (1 B m? ) .

T(n~ — pu7,) = (9.6.15)

2
8w mi

The charged pion can also decay according to 7~ — e~ .. The calculation of this decay rate is

identical to the one just given, except that m, is substituted everywhere for m,. Therefore, we have:

2 2 2 2\ 2
1-‘(7_‘__ N 6_76) _ GFfﬂmﬂ'ime <1 o T)’;e > , (9616)

8 mi
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and the ratio of branching ratios is predicted to be:

2
BR('IT_ — €_Ee> _ F(ﬂ—_ — e_ﬁe) — (mz> (M) =12 x 1074 (9617)

BR(r~ — p7,) TD(n~ —p 7, m? ) \mZy —m2

The dependence on f, has canceled out of the ratio eq. (9.6.17), which is therefore a robust pre-
diction of the theory. Since there are no other kinematically-possible two-body decay channels open to
7, it should decay to p~7,, almost always, with a rare decay to e~ 7, occurring 0.012% of the time.
This has been confirmed experimentally. We can also use the measurement of the total lifetime of the

7~ to find fr numerically, using eq. (9.6.15). The result is:
£r = 0.128 GeV. (9.6.18)

It is not surprising that this value is of the same order-of-magnitude as the mass of the pion.

The most striking feature of the 7~ decay rate is that it is proportional to mi, with M proportional
to my,. This is what leads to the strong suppression of decays to e”7, (already mentioned at the end
of section 9.1). We found this result just by calculating. To understand it better, we can draw a
momentum-helicity-spin diagram, using the fact that the ¢~ and 7, produced in the weak interactions

are L and R respectively:

J=0
E— —
—_— [ B
e _ Ve
7

The 7~ has spin 0, but the final state predicted by the weak interaction helicities unambiguously
has spin 1. Therefore, if helicity were exactly conserved, the m~ could not decay at alll However,
helicity conservation only holds in the high-energy limit in which we can treat all fermions as massless.
This decay is said to be helicity-suppressed, since the only reason it can occur is because m, and m,
are non-zero. In the limit my — 0, we recover exact helicity conservation and the reduced matrix
element and the decay lifetime vanish. This explains why they should be proportional to m, and m?
respectively. The helicity suppression of this decay is therefore a good prediction of the rule that the
weak interactions affect only L fermions and R antifermions. In the final state, the charged lepton
@~ or e~ is said to undergo a helicity flip, meaning that the L-helicity fermion produced by the weak
interactions has an amplitude to appear in the final state as a R-fermion. In general, a helicity flip for
a fermion entails a suppression in the reduced matrix element proportional to the mass of the fermion
divided by its energy.

Having computed the decay rate following from eq. (9.6.5), let us find a Lagrangian that would
give rise to it involving a quantum field for the pion. Although the pion is a composite, bound-state
particle, we can still invent a quantum field for it, in an approximate, “effective” description. The

7~ corresponds to a charged spin-0 field. Previously, we studied spin-0 particles described by a real
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scalar field. However, the particle and antiparticle created by a real scalar field turned out to be the
same thing. Here we want something different; since the 7~ is charged, its antiparticle 7 is clearly a
different particle. This means that the 7~ particle should be described by a complex scalar field.

Let us therefore define 7~ () to be a complex scalar field, with its complex conjugate given by
at(z) = (7 (x))". (9.6.19)
We can construct a real free Lagrangian density from these complex fields as follows:
L=0,m 0" —miintr. (9.6.20)

[Compare to the Lagrangian density for a real scalar field, eq. (5.1.18).] This Lagrangian density
describes free pion fields with mass m,+. At any fixed time ¢ = 0, the 77 and 7~ fields can be

expanded in creation and annihilation operators as:

7 (F) = / dp (€7 ay_ + e~ PTal, ); (9.6.21)
(%) = /dﬁ (eiﬁ"?apr + e_iﬁ’fa,;_). (9.6.22)

Note that these fields are indeed complex conjugates of each other, and that they are each complex since
az— and ay 4 are taken to be independent. The operators a;_ and a;_ act on states by destroying

and creating a m~ particle with 3-momentum p. Likewise, the operators a; 4 and a; act on states by

+
destroying and creating a 7" particle with 3-momentum p. In particular, the single particle states are:

T _ -
ay _0) = |77:p), (9.6.23)
al 0) = |7":p). (9.6.24)

One can now carry through canonical quantization as usual. Given an interaction Lagrangian, one can
derive the corresponding Feynman rules for the propagator and interaction vertices. Since a 7~ moving
forward in time is a 77 moving backwards in time, and vice versa, there is only one propagator for 7+
fields. It differs from the propagator for an ordinary scalar in that it carries an arrow indicating the

direction of the flow of charge:

1

2 _ 02 ;
D m.. + e

—_—_ - — — —

The external state pion lines also carry an arrow direction telling us whether it is a 7~ or a 7" particle.
A pion line entering from the left with an arrow pointing to the right means a 7™ particle in the initial
state, while a line entering from the left with an arrow pointing back to the left means a 7~ particle in
the initial state. Similarly, if a pion line leaves the diagram to the right, it represents a final state pion,
with an arrow to the right meaning a 7+ and an arrow to the left meaning a 7~. We can summarize

this with the following mnemonic figures:
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initial state 7 7: - = -

initial state 7 : - - < —
final state 7: - - =
final state 7 : - - — —

In each case the Feynman rule factor associated with the initial- or final-state pion is just 1.
Returning to the reduced matrix element of eq. (9.6.5), we can interpret this as coming from a

pion-lepton-antineutrino interaction vertex. When we computed the decay matrix element, the pion

was on-shell, but in general this need not be the case. The pion decay constant f, must therefore be

generalized to a function f(p?), with

F@*) a2, = Ix (9.6.25)

when the pion is on-shell. The momentum-space factor f (p2)pp can be interpreted by identifying the

4-momentum as a differential operator acting on the pion field, using:
pP 0P (9.6.26)

Then reversing the usual procedure of inferring the Feynman rule from a term in the interaction

Lagrangian, we conclude that the effective interaction describing 7~ decay is:
'Cint,ﬂ’_ﬁyu = _ﬂGF(EWpPLVM) f(_82)ap7ri' (9627)

Here f(—0?) can in principle be defined in terms of its power-series expansion in the differential operator
—9? =V?— 8t2 acting on the pion field. In practice, one usually just works in momentum space where
it is f(p?). Since the Lagrangian must be real, we must also include the complex conjugate of this

term:
Lingnty, = —V2Gp@n Pru) f(—0%)8,m™. (9.6.28)

The Feynman rules for these effective interactions are:

i, a
e —  —iV2Gpf(P*)pp (VY PL)ab

Uy, b
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and

Uy, a
T - e - — — *i\/EGFf(pQ)pp (Y"PL)ab

p, b

In each Feynman diagram, the arrow on the pion line describes the direction of flow of charge, and the
4-momentum p” is taken to be flowing in to the vertex. When the pion is on-shell, one can replace
f(p?) by the pion decay constant f;.

Other charged mesons made out of a quark and antiquark, like the K=, D*, and D¥, have their

own decay constants fx, fp, and fp,, and their decays can be treated in a similar way.

9.7 Unitarity, renormalizability, and the W boson

An important feature of weak-interaction 2 — 2 cross-sections following from Fermi’s four-fermion
interaction is that they grow proportional to s for very large s; see egs. (9.4.9) and (9.5.8). This had to
be true on general grounds just from dimensional analysis. Any reduced matrix element that contains
one four-fermion interaction will be proportional to G, so the cross-section will have to be proportional
to G%. Since this has units of [mass|™, and cross-sections must have dimensions of [mass] =2, it must
be that the cross-section scales like the square of the characteristic energy of the process, s, in the high-
energy limit in which all other kinematic mass scales are comparatively unimportant. This behavior
of o x s is not acceptable for arbitrarily large s, since the cross-section is bounded by the fact that
the probability for any two particles to scatter cannot exceed 1. In quantum mechanical language, the
—iHt

constraint is on the unitarity of the time-evolution operator e . If the cross-section grows too large,

then our perturbative approximation e *#¢ = 1—iHt represented by the lowest-order Feynman diagram
must break down. The reduced matrix element found from just including this Feynman diagram will
have to be compensated somehow by higher-order diagrams, or by changing the physics of the weak
interactions at some higher energy scale.

Let us develop the dimensional analysis of fields and couplings further. We know that the La-
grangian must have the same units as energy. In the standard system in which ¢ = A = 1, this is equal

3

to units of [mass]. Since d37 has units of [length]?, or [mass]~3, and

L = / BiL, (9.7.1)

it must be that £ has units of [mass]*. This fact allows us to evaluate the units of all fields and couplings
in a theory. For example, a spacetime derivative has units of inverse length, or [mass|. Therefore, from
the kinetic terms for scalars, fermions, and vector fields found for example in egs. (5.1.18), (5.1.26),

3/2

and (5.1.34), we find that these types of fields must have dimensions of [mass|, [mass|*/“, and |[mass]
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respectively. This allows us to evaluate the units of various possible interaction couplings that appear

in the Lagrangian density. For example, a coupling of n scalar fields,
Ann
Lint = —ch (9.7.2)

implies that A, has units of [mass|*~". A vector-fermion-fermion coupling, like e in QED, is dimension-
less. The effective coupling f for on-shell pions has dimensions of [mass], because of the presence of a
spacetime derivative together with a scalar field and two fermion fields in the Lagrangian. Summarizing

this information for the known types of fields and couplings that we have encountered so far:

Object Dimension Role

L [mass]4 Lagrangian density
Oy [mass] derivative
o) [mass| scalar field
v [mass]g/ 2 fermion field
A¥ [mass| vector field
A3 [mass| scalar® coupling
A4 [mass]’ scalar? coupling
Yy [mass]’ scalar-fermion-fermion (Yukawa) coupling
[mass]’ photon-fermion-fermion coupling
Gr [mass] 2 fermion® coupling
fr [mass| fermion®-scalar-derivative coupling
U, v, U, T [mass]l/ 2 external-state spinors
MN, N, [mass]* NN reduced matrix element for N; — N; particles
o [mass] 2 cross-section
r [mass| decay rate.

It is a general fact that theories with couplings with negative mass dimension, like G, or A, for
n > 5, always suffer from a problem known as non-renormalizability.! In a renormalizable theory,
the divergences that occur in loop diagrams due to integrating over arbitrarily large 4-momenta for
virtual particles can be regularized by introducing a cutoff, and then the resulting dependence on
the unknown cutoff can be absorbed into a redefinition of the masses and coupling constants of the
theory. In contrast, in a non-renormalizable theory, one finds that this process requires introducing
an infinite number of different couplings, each of which must be redefined in order to absorb the
momentum-cutoff dependence. This dependence on an infinite number of different coupling constants
makes non-renormalizable theories non-predictive, although only in principle. We can always use

non-renormalizable theories as effective theories at low energies, as we have done in the case of the

fThe converse is not true; just because a theory has only couplings with positive or zero mass dimension does not
guarantee that it is renormalizable. It is a necessary, but not sufficient, condition.
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four-fermion theory of the weak interactions. However, when probed at sufficiently high energies, a non-
renormalizable theory will encounter related problems associated with the apparent failure of unitarity
(cross-sections that grow uncontrollably with energy) and non-renormalizability (an uncontrollable
dependence on more and more unknown couplings that become more and more important at higher
energies). For this reason, we are happier to describe physical phenomena using renormalizable theories
if we can.

An example of a useful non-renormalizable theory is gravity. The effective coupling constant for
Feynman diagrams involving gravitons is 1 /Mglanck, where Mplanek = 2.4 x 108 GeV is the “reduced
Planck mass”. Like G, this coupling has negative mass dimension, so tree-level cross-sections for
2 — 2 scattering involving gravitons grow with energy like s. This is not a problem as long as we stick
to scattering energies << Mpjanck, Which corresponds to all known experiments and directly measured
phenomena. However, we do not know how unitarity is restored in gravitational interactions at energies
comparable to Mpjanqc or higher. Unlike the case of the weak interactions, it is hard to conceive of an
experiment with present technologies that could test competing ideas.

To find a renormalizable “fix” for the weak interactions, we note that the (V — A)(V — A) current-
current structure of the four-fermion coupling could come about from the exchange of a heavy vector
particle. To do this, we imagine “pulling apart” the two currents, and replacing the short line segment

by the propagator for a virtual vector particle. For example, one of the current-current terms is:

oy a e c I, a e c

Z Ve,d Z Ve, d

Since the currents involved have electric charges —1 and +1, the vector boson must carry charge —1
to the right. This is the W~ vector boson. By analogy with the charged pion, W¥ are complex vector
fields, with an arrow on its propagator indicating the direction of flow of charge.

The Feynman rule for the propagator of a charged vector W+ boson carrying 4-momentum p turns

out to be:
P 4 i PpDo
AN RANNAN |
p2—m%v—|—le gp0+m%v

In the limit of low energies and momenta, |p,| < my, this propagator just becomes a constant:

i
2 _m2 1
P — myy, + i€

PoPo . 9po
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In order to complete the correspondence between the effective four-fermion interaction and the more
fundamental version involving the vector boson, we need W -fermion-antifermion vertex Feynman rules

of the form:

l,a
w, . g
“—> 7ZE(PYPPL)ab
Vg, b
Uy, Q
W, 9.,
’ — — = P
\/i(fy L)ab
b

Here g is a fundamental coupling of the weak interactions, and the 1/1/2 is a standard convention. These
are the Feynman rules involving W¥ interactions with leptons; there are similar rules for interactions
with the quarks in the charged currents Jf and J, given earlier in egs. (9.6.2) and (9.6.3). The
interaction Lagrangian for W bosons with standard model fermions corresponding to these Feynman
rules is:

=9 (wteg- —p J+
Lint = ﬂ(w Iy Wk, (9.7.4)

Comparing the four-fermion vertex to the reduced matrix element from W-boson exchange, we find

that we must have:

—i2V2GF = <_—\/Zg>2 (mZ—QW) , (9.7.5)

so that
g2
Gp = ————. 9.7.6
The W boson has been discovered, with a mass my = 80.4 GeV, so we conclude that
g =~ 0.65. (9.7.7)

Since this is a dimensionless coupling, there is at least a chance to make this into a renormalizable
theory that is unitary in perturbation theory. At very high energies, the W= propagator will behave like
1/p?, rather than the 1/m3, that is encoded in G in the four-fermion approximation. This “softens”

the weak interactions at high energies, leading to cross-sections that fall, rather than rise, at very high

.
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When a massive vector boson appears in a final state, it has a Feynman rule given by a polarization
vector €”(p, A), just like the photon did. The difference is that a massive vector particle V' has three

physical polarization states A = 1,2, 3, satisfying
p’ep(p,A) =0 (A=1,2,3). (9.7.8)

One can sum over these polarizations for an initial or final state in a squared reduced matrix element,

with the result:

3
* DD
Z Ep(p, )\)Ea(p, /\) = —Gpo + p_2o' (9.7.9)
A=1 my,

Summarizing the propagator and external state Feynman rules for a generic massive vector boson for

future reference:

£ g g PpPo
ANNANANN — | —gpo +
p? —mi +ic Jpe m,

7

initial state vector: \AA/\A/\Q —  eulp,N)
H *

final state vector: O/\M/\N — eu(p> A)

If the massive vector is charged, like the W bosons, then an arrow is added to each line to show the
direction of flow of charge.

The weak interactions and the strong interactions are invariant under non-Abelian gauge transfor-
mations, which involve a generalization of the type of gauge invariance we have already encountered in
the case of QED. This means that the gauge transformations not only multiply fields by phases, but
can mix the fields. In the next section we will begin to study the properties of field theories, known as
Yang-Mills theories, which have a non-Abelian gauge invariance. This will enable us to get a complete

theory of the weak interactions.
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10 Gauge theories
10.1 Groups and representations

In this section, we will seek to generalize the idea of gauge invariance. Recall that in QED the

Lagrangian is defined in terms of a covariant derivative

D, =, +iQeA, (10.1.1)
and a field strength
F,ul/ = a,uAu - az/Ap (1012)
as
1 — _
L= —ZFWFW + iU PV — mUV. (10.1.3)

This Lagrangian is invariant under the local gauge transformation

1
Ay = A=A =00, (10.1.4)

U — U=y (10.1.5)

where 6(z) is any function of spacetime, called a gauge parameter. Now, the result of doing one gauge
transformation #; followed by another gauge transformation 65 is always a third gauge transformation

parameterized by the function 61 + 65:

1 1 1
A/‘« — (AN - Ea;ﬂl) - gaMGQ = AN - gau(al + 02), (1016)
U — Q0210 y) = QOH02)y, (10.1.7)

Mathematically, these gauge transformations are an example of a group.

A group is a set of elements G = (g1, g2, - . .) and a rule for multiplying them, with the properties:
1) Closure: If g; and g; are elements of the group G, then the product g;g; is also an element of G.
2) Associativity: gi(g;9x) = (9i95)9k-
3) Ewxistence of an Identity: There is a unique element I = g; of the group, such that for all g; in G,
Ig; = gil = gi.
4) Inversion: For each g;, there is a unique inverse element (g;)~! satisfying (g;)"tg; = gi(g:) "t = I.

It may or may not be also true that the group also satisfies the commutativity property:

9i9; = 9;9i- (10.1.8)

If this is satisfied, then the group is commutative or Abelian. Otherwise it is non-commutative or

non-Abelian.
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In trying to generalize the QED Lagrangian, we will be interested in continuous Lie groups. A
continuous group has an uncountably infinite number of elements labeled by one or more continuously
varying parameters, which turn out to be nothing other than the generalizations of the gauge parameter
f in QED. A Lie group is a continuous group that also has the desirable property of being differentiable
with respect to the gauge parameters.

The action of group elements on physics states or fields can be represented by a set of complex
n X n matrices acting on n-dimensional complex vectors. This association of group elements with n xn
matrices and the states or fields that they act on is said to form a representation of the group. The
matrices obey the same rules as the group elements themselves.

For example, the group of QED gauge transformations is the Abelian Lie group U(1). According

to eq. (10.1.5), the group is represented on Dirac fermion fields by complex 1 x 1 matrices:
Ug(h) = ', (10.1.9)

Here 6 labels the group elements, and the charge @ labels the representation of the group. So we can
say that the electron, muon, and tau Dirac fields each live in a representation of the group U(1) with
charge Q = —1; the Dirac fields for up, charm, and top quarks each live in a representation with charge
@ = 2/3; and the Dirac fields for down, strange and bottom quarks each live in a representation with
@ = —1/3. We can read off the charge of any field if we know how it transforms under the gauge group.
A barred Dirac field transforms with the opposite phase from the original Dirac field of charge ), and
therefore has charge —(Q).

Objects that transform into themselves with no change are said to be in the singlet representation.
In general, the Lagrangian should be invariant under gauge transformations, and therefore must be in
the singlet representation. For example, each term of the QED Lagrangian carries no charge, and so is
a singlet of U(1). The photon field A, has charge 0, and is therefore usually said (by a slight abuse of
language) to transform as a singlet representation of U(1). [Technically, it does not really transform
under gauge transformations as any representation of the group U (1), because of the derivative term in
eq. (10.1.4), unless 6 is a constant function so that one is making the same transformation everywhere
in spacetime.|

Let us now generalize to non-Abelian groups, which always involve representations containing more
than one field or state. Let ¢; be a set of objects that together transform in some representation R
of the group G. The number of components of ¢; is called the dimension of the representation, dg, so

that ¢ = 1,...,dgr. Under a group transformation,
pi — @ = Ul p; (10.1.10)

where U;/ is a representation matrix. We are especially interested in transformations that are repre-
sented by unitary matrices, so that their action can be realized on the quantum Hilbert space by a

unitary operator. Consider the subset of group elements that are infinitesimally close to the identity
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element. We can write these in the form:
Ule)/ = (1 42T, (10.1.11)

Here the Tiaj are a basis for all the possible infinitesimal group transformations. The number of matrices
T is called the dimension of the group, dg, and there is an implicit sum over a = 1,...,dg. The €*
are a set of dg infinitesimal gauge parameters (analogous to 6 in QED) that tell us how much of each

is included in the transformation represented by U (e€). Since U (e) is unitary,
Ul =U(e)™t =1 —ie®T?, (10.1.12)

from which it follows that the matrices T* must be Hermitian.
Consider two group transformations g. and gs parameterized by €® and d*. By the closure property

we can then form a new group element

9959 95 - (10.1.13)

Working with some particular representation, this corresponds to

U UGU(e)TUG)™ = (14T (1 +id*T%)(1 — ie“T¢) (1 — i69T?) (10.1.14)
= 1—e°[T, T + ... (10.1.15)

The closure property requires that this is a representation of the group element in eq. (10.1.13), which

must also be close to the identity. It follows that
[T, T = ifebeTe (10.1.16)

for some set of numbers %€, called the structure constants of the group. In practice, one often picks a
particular representation of matrices T as the defining or fundamental representation. This determines
the structure constants f2¢ once and for all. The set of matrices T for all other representations are
then required to reproduce eq. (10.1.16), which fixes their overall normalization. Equation (10.1.16)
defines the Lie algebra corresponding to the Lie group, and the hermitian matrices T are said to be
generators of the Lie algebra for the corresponding representation. Physicists have a bad habit of using
the words “Lie group” and “Lie algebra” interchangeably, because we often only care about the subset
of gauge transformations that are close to the identity.

For any given representation R, one can always choose the generators so that:
Te(T8TS) = I(R)6. (10.1.17)

The number I(R) is called the index of the representation. A standard choice is that the index of the
fundamental representation is 1/2. (This can always be achieved by rescaling the 7', if necessary.)

From egs. (10.1.16) and (10.1.17), one obtains for any representation R:
il(R) fo%¢ = Tr([T&, TS]TE). (10.1.18)
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It follows, from the cyclic property of the trace, that f¢ is totally antisymmetric under interchange

of any two of a, b, c. By using the Jacobi identity,
[T, [T%, T°)] + [T°,[T¢, T%)] + [T¢,[T%,T"] = 0, (10.1.19)
which holds for any three matrices, one also finds the useful result:
jpade pbee  pede pabe  ehde peac _ () (10.1.20)

Two representations R and R’ are said to be equivalent if there exists some fixed matrix X such

that:
XTExX ' =Tg, (10.1.21)

for all a. Obviously, this requires that R and R’ have the same dimension. From a physical point of
view, equivalent representations are indistinguishable from each other.

A representation R of a Lie algebra is said to be reducible if it is equivalent to a representation in
block-diagonal form; in other words, if there is some matrix X that can be used to put all of the T3

simultaneously in a block-diagonal form:

T 0 ... 0
T ... 0

XTex~1 = ” for all a. (10.1.22)
0o 0 .. 1%

Here the T} are representation matrices for smaller representations r;. One calls this a direct sum, and

writes it as
R=r®r®...or,. (10.1.23)

A representation that is not equivalent to a direct sum of smaller representations in this way is said to
be irreducible. Heuristically, reducible representations are those that can be chopped up into smaller
pieces that can be treated individually.

With the above conventions on the Lie algebra generators, one can show that for each irreducible

representation R:
(T&T8) = C(R)S! (10.1.24)

(with an implicit sum over a = 1,...,dg), where C'(R) is another characteristic number of the repre-
sentation R, called the quadratic Casimir invariant. If we take the sum over a of eq. (10.1.17), it is
equal to the trace of eq. (10.1.24). It follows that for each irreducible representation R, the dimension,

the index, and the Casimir invariant are related to the dimension of the group by:
dgI(R) = drC(R). (10.1.25)
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The simplest irreducible representation of any Lie algebra is just:

T = 0. (10.1.26)

)

This is called the singlet representation.
Suppose that we have some representation with matrices Tiaj . Then one can show that the matrices
—(Tiaj )* also form a representation of the algebra eq. (10.1.16). This is called the complex conjugate

of the representation R, and is often denoted R:
TS = —T§. (10.1.27)
If T% is equivalent to T, so that there is some fixed matrix X such that

XTex ' =Tg, (10.1.28)

then the representation R is said to be a real representation,’ and otherwise R is said to be complex.
One can also form the tensor product of any two representations R, R’ of the Lie algebra to get

another representation:
(Thom),"" = (T8 + 1(T4),". (10.1.20)
The representation R ® R’ has dimension drdg/, and is typically reducible:
RR =R ®...®R, (10.1.30)
with
drer =drdr =dp, +... +dp, - (10.1.31)

This is a way to make larger representations (Rj ... R, out of smaller ones (R, R').

One can check from the identity eq. (10.1.20) that the matrices
(T%)," = —if™ (10.1.32)

form a representation, called the adjoint representation, with the same dimension as the group G. As
a matter of terminology, the quadratic Casimir invariant of the adjoint representation is also called the
Casimir invariant of the group, and given the symbol C(G). Note that, from eq. (10.1.25), the index

of the adjoint representation is equal to its quadratic Casimir invariant:
C(G) = C(adjoint) = I(adjoint). (10.1.33)

I now list, without proof, some further group theory facts regarding Lie algebra representations:

'Real representations can be divided into two sub-cases, “positive-real” and “pseudo-real”, depending on whether
the matrix X can or cannot be chosen to be symmetric. In a pseudo-real representation, the T cannot all be made
antisymmetric and imaginary; in a positive-real representation, they can.
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The number of inequivalent irreducible representations of a Lie group is always infinite.

Unlike group element multiplication, the tensor product multiplication of representations is both

associative and commutative:

(RL®Ry) ® R = R;® (Ry ® R3), (10.1.34)
Ri® Ry = Ry® R;. (10.1.35)

The tensor product of any representation with the singlet representation just gives the original

representation back:

19 R=R®1=R. (10.1.36)

The tensor product of two real representations Ry and R, is always a direct sum of representations
that are either real or appear in complex conjugate pairs.

The adjoint representation is always real.

The tensor product of two irreducible representations contains the singlet representation if and

only if they are complex conjugates of each other:

RI®Ry=1... — Ry = R;. (10.1.37)
It follows that if R is real, then R ® R contains a singlet.

The tensor product of a representation and its complex conjugate always contains both the singlet

and adjoint representations:

R® R=1® Adjoint & ... (10.1.38)

As a corollary of the preceding rules, the tensor product of the adjoint representation with itself

always contains both the singlet and the adjoint:
Adjoint ® Adjoint = 1g @ Adjoint4 @ .. .. (10.1.39)

Here the .S and A mean that the indices of the two adjoints on the left are combined symmetrically

and antisymmetrically respectively.

If the tensor product of two representations contains a third, then the tensor product of the first
representation with the conjugate of the third representation contains the conjugate of the second

representation:

Ri®Ry=R3®..., — RI®QR3=Ry ..., (10.1.40)
RI®R®@R3=10..., — RI®Ry=R3D.... (10.1.41)
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e f Ri® Ry =11 P ... P ry, then the indices satisfy the following rule:

n

I(R1)dp, + I(Ro)dp, =Y I(ry). (10.1.42)

i=1
Let us recall how Lie algebra representations work in the example of SU(2), the group of unitary
2 x 2 matrices (that’s the “U(2)” part of the name) with determinant 1 (that’s the “S”, for special,
part of the name). This group is familiar from the study of angular momentum in quantum mechanics,
and the defining or fundamental representation is the familiar spin-1/2 one with ¢; with ¢ = 1,2 or

up,down. The Lie algebra generators in the fundamental representation are:
O_CL
T = - (a=1,2,3), (10.1.43)

where the 0 are the three Pauli matrices [see, for example, eq. (3.1.23)]. One finds that the structure

constants are

+1 if a,b,c=1,2,30r2,3,10r3,1,2
fabe = eabe =0 1 if a,b,e=1,3,20r3,2,10r2,1,3 (10.1.44)
0 otherwise.

Irreducible representations exist for any “spin” j = n/2, where n is an integer, and have dimension

2j + 1. The representation matrices J* in the spin-j representation satisfy the SU(2) Lie algebra:
[J%, Jb) = ietbe e, (10.1.45)

These representation matrices can be chosen to act on states ¢, = |j, m), according to:

JPlj,m) = mlj,m), (10.1.46)
JUIj,m) = (i + 1], m), (10.1.47)
or, in matrix-vector notation:
To o = mpm, (10.1.48)
T e = 30+ Dpm. (10.1.49)

We therefore recognize from eq. (10.1.24) that the quadratic Casimir invariant of the spin-j repre-
sentation of SU(2) is C(R;) = j(j +1). It follows from eq. (10.1.25) that the index of the spin-j
representation is I(R;) = j(j + 1)(2j + 1)/3. The j = 1/2 representation is real, because

)X = — (10.1.50)
where

X = ( 0 é) (10.1.51)
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More generally, one can show that all representations of SU(2) are real. Making a table of the repre-
sentations of SU(2):

spin dimension I(R) C(R) real?
singlet 0 1 0 0 yes
fundamental 1/2 2 1/2 3/4 yes
adjoint 1 3 2 2 yes
3/2 4 5 15/4 yes

J 27+1 U+ +1)/3 j(G+1) yes
The tensor product of any two representations of SU(2) is reducible to a direct sum, as:
J1®@je = —gle(n—dl+)e...® 01+ ) (10.1.52)

in which j is used to represent the representation of spin j.

The group SU(2) has many applications in physics. First, it serves as the Lie algebra of angular
momentum operators. The strong force (but not the electromagnetic or weak forces, or mass terms) is
invariant under a different SU(2) isospin symmetry, under which the up and down quarks transform
as a j = 1/2 doublet. Isospin is a global symmetry, meaning that the same symmetry transformation

must be made simultaneously everywhere:

(;‘) —  exp(i0%6°/2) (Z) (10.1.53)

with a constant 0% that does not depend on position in spacetime. The weak interactions involve a still
different SU(2), known as weak isospin or SU(2)r. Weak isospin is a gauge symmetry that acts only
on left-handed fermion fields. The irreducible j = 1/2 representations of SU(2), are composed of the

pairs of fermions that couple to a W* boson, namely:
(”6L> : (””L> : <”TL) : (10.1.54)
eL ) ML ) TL )
ur, \ . cr\ . iy
<dlL> , (S,L> ; <b’L) : (10.1.55)

Here ey, means Pre, etc., and the primes mean that these are not quark mass eigenstates. When one
makes an SU(2)1, gauge transformation, the transformation can be different at each point in spacetime.
However, one must make the same transformation simultaneously on each of these representations. We
will come back to study the SU(2); symmetry in more detail later, and see more precisely how it ties
into the weak interactions and QED.

One can generalize the SU(2) group to non-Abelian groups SU(N) for any integer N > 2. The
Lie algebra generators of SU(N) in the fundamental representation are Hermitian traceless N x N
matrices. In general, a basis for the complex N x N matrices is 2N? dimensional, since each matrix
has N? entries with a real and imaginary part. The condition that the matrices are Hermitian removes
half of these, since each entry in the matrix is required to be the complex conjugate of another entry.

Finally, the single condition of tracelessness removes one from the basis. That leaves dgy(n) = N 21
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as the dimension of the group and of the adjoint representation. For all N > 3, the fundamental
representation is complex.

For example, Quantum Chromo-Dynamics (QCD), the theory of the strong interactions, is a gauge
theory based on the group SU(3), which has dimension dg = 8. In the fundamental representation,

the generators of the Lie algebra are given by:
1
T = 5)\“ (a=1,...,8), (10.1.56)

where the \® are known as the Gell-Mann matrices:

01 0 0 —i 0 1 0 0
)\1:(100>; )\2:(i 0 o); >\3:<0 -1 o);

00 0 0 0 0 0 0 0
0 0 1 00 —i 00 0
)\4:(0 0 o); )\5:<0 0 ); )\6:<O 0 1);
100 i 0 01 0

0

0

(0 0 0) . (1 0 0)

N=10 0 —il; M=—1|(01 o0 |. (10.1.57)
0 i 0 V3lo 0 —2

Note that each of these matrices is Hermitian and traceless, as required. They have also been engineered

to satisfy Tr(A?A?) = 259, so that
Te(T°T?) = %5“”, (10.1.58)
and therefore the index of the fundamental representation is
I(F) =1/2. (10.1.59)
One can also check that
(T°1%),) = %5{ : (10.1.60)
so that the quadratic Casimir invariant of the fundamental representation is
C(F) =4/3. (10.1.61)

By taking commutators of each pair of generators, one finds that the non-zero structure constants of

SU(3) are:

FUT = p156 _ p246 _ p257 _ 345 g36T _ o (10.1.63)
f458 — f678 — \/5/2 (10164)
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and those related to the above by permutations of indices, following from the condition that the f%° are
totally antisymmetric. From these one can find the adjoint representation matrices using eq. (10.1.32),

with, for example:

o o

1 o .
Tadjoint = ) (10.1.65)

OO OO O OO
OO O OO+ O
OO O O oo
—
OO O™~~~ O O O
[\
OO OO O OO

o O O O

0 0 O 0 0 0 0 0
etc. However, it is almost never necessary to actually use the explicit form of any matrix representation
larger than the fundamental. Instead, one relies on group-theoretic identities. For example, calculations
of Feynman diagrams often involve the index or Casimir invariant of the fundamental representation,
and the Casimir invariant of the group. One can easily compute the latter by using eq. (10.1.24) and

(10.1.32):
fabCfabd _ C(G)éCd, (10166)

with the result C'(G) = 3.

Following is a table of the smallest few irreducible representations of SU(3):

dimension I(R) C(R) real?
singlet 1 0 0 yes
fundamental 3 1/2  4/3  no
anti-fundamental 3 1/2  4/3  no
6 5/2 10/3 no
6 5/2 10/3  no
adjoint 8 3 3 yes
10 15/2 6 no
10 15/2 6 no

It is usual to refer to each representation by its dimension in boldface. In general, the representations
can be classified by two non-negative integers v and 3. The dimension of the representation labeled

by a, 3 is

dap = (a+1)(B+1)(a+3+2)/2. (10.1.67)
Some tensor products involving these representations are:
33 = 1®8 (10.1.68)
33 = 3,®6g (10.1.69)
3®3 = 34D6g (10.1.70)
333 = 1,08y ®8y @10y (10.1.71)
88 = 1g®81®85®104 @104 & 275. (10.1.72)
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Here, when we take the tensor product of two or more identical representations, the irreducible represen-
tations on the right side are labeled as A, S, or M depending on whether they involve an antisymmetric,
symmetric, or mixed symmetry combination of the indices of the original representations on the left
side.

In SU(N), one can build any representation out of objects that carry only indices transforming
under the fundamental N and anti-fundamental N representations. It is useful to employ lowered
indices for the fundamental, and raised indices for the antifundamental. Then an object carrying n

lowered and m raised indices:

@It dm (10.1.73)

11...0n

transforms under the tensor product representation

N@..9NON®...QN. (10.1.74)

n times m times

This is always reducible. To reduce it, one can decompose ¢ into parts that have different symmetry
and trace properties. So, for example, we can take an object that transforms under SU(3) as N x N,

and write it as:
I (o ik 4 (LT )
i = (i = 0ien) + (579 ¢k). (10.1.75)
The first term in parentheses transforms as an adjoint representation, and the second as a singlet,

under SU(N). For SU(3), this corresponds to the rule of eq. (10.1.68).

Similarly, an object that transforms under SU(N) as N x N can be decomposed as
1 1
vij = 5 (@i + i) + 5 (is — @), (10.1.76)

The two terms on the right-hand side correspond to an N(N + 1)/2-dimensional symmetric tensor,
and an N(N — 1)/2-dimensional antisymmetric tensor, irreducible representations. For N = 3, these
are the 6 and 3 representations, respectively, and this decomposition corresponds to eq. (10.1.69). By
using this process of taking symmetric and anti-symmetric parts and removing traces, one can find all

necessary tensor-product representation rules for any SU(N) group.

10.2 The Yang-Mills Lagrangian and Feynman rules

In this subsection, we will construct the Lagrangian and Feynman rules for a theory of Dirac fermions
and gauge bosons transforming under a non-Abelian gauge group, called a Yang-Mills theory.

Let the Dirac fermion fields be given by W,;, where 7 is an index in some representation of the gauge
group with generators Tiaj . Herei=1,...,dg and a = 1,...,dg. Under a gauge transformation, we

have:
U — U (10.2.1)
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where
U = exp(i0°T?). (10.2.2)
Specializing to the case of an infinitesimal gauge transformation 6% = €%, we have
Uy — (140770, (10.2.3)

Our goal is to build a Lagrangian that is invariant under this transformation.
First let us consider how barred spinors transform. Taking the Hermitian conjugate of eq. (10.2.3),
we find

Ul ol (1 — jeoT9)", (10.2.4)

where we have used the fact that 7% are Hermitian matrices. (Notice that taking the Hermitian
conjugate changes the heights of the representation indices, and in the case of matrices, reverses their
order. So the Dirac spinor carries a lowered representation index, while the Hermitian conjugate spinor
carries a raised index.) Now we can multiply on the right by 7. The Dirac gamma matrices are
completely separate from the gauge group representation indices, so we get the transformation rule for

the barred Dirac spinors:
T — T (1 - ie"T?);". (10.2.5)
We can rewrite this in a slightly different way by noting that
T = (T3 = (1)), (10.2.6)
so that
U — (14 e [-T™])" 0. (10.2.7)

Comparing with eq. (10.1.27), this establishes that T’ transforms in the complex conjugate of the
representation carried by ;.

Since ¥ and ¥, transform as complex conjugate representations of each other, their tensor product
must be a direct sum of representations that includes a singlet. The singlet is obtained by summing

over the index i:

)

;. (10.2.8)
As a check of this, under an infinitesimal gauge transformation, this term becomes:

T - U1 —iemT), (1+ i), Ty, (10.2.9)

= T'T, +0(), (10.2.10)
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where the terms linear in €* have indeed canceled. Therefore, we can include a fermion mass term in

the Lagrangian:
L = —mT ;. (10.2.11)

This shows that each component of the field ¥; must have the same mass.

Next we would like to include a derivative kinetic term for the fermions. Just as in QED, the term
iy, (10.2.12)

is not acceptable by itself, because 0, ¥; does not gauge transform in the same way that ¥; does. The

problem is that the derivative can act on the gauge-parameter function €%, giving an extra term:
8, 0; — (14 0€*T%)7 8,9, + (8, TV T, (10.2.13)

By analogy with QED, we can fix this by writing a covariant derivative involving vectors fields, which

will also transform in such a way as to cancel the last term in eq. (10.2.13):
D, W; = 0,V; + igALTH ;. (10.2.14)

The vector boson fields A are known as gauge fields. They carry an adjoint representation index a
in addition to their spacetime vector index u. The number of such fields is equal to the number of
generator matrices T%, which we recall is the dimension of the gauge group dg. The quantity g is a
coupling, known as a gauge coupling. It is dimensionless, and is the direct analog of the coupling e
in QED. The entries of the matrix Tiaj take the role played by the charges g in QED. Notice that the
definition of the covariant derivative depends on the representation matrices for the fermions, so there
is really a different covariant derivative depending on which fermion representation one is acting on.
Now one can check that the Lagrangian

Ltermions = ¥ 7" Dp¥i — m¥ ¥, (10.2.15)

is invariant under infinitesimal gauge transformations, provided that the gauge field is taken to trans-

form as:
1
A% — A% — gaue“ — foeeb AS, (10.2.16)

The term with a derivative acting on €® is the direct analog of a corresponding term in QED, see
eq. (10.1.4). The last term vanishes for Abelian groups like QED, but it is necessary to ensure that the

covariant derivative of a Dirac field transforms in in the same way as the field itself:
D, ¥; — (14ie"T*)/D,¥,. (10.2.17)

If we limit ourselves to constant gauge parameters d,e* = 0, then the transformation in eq. (10.2.16)

is of the correct form for a field in the adjoint representation.
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Having introduced a gauge field for each Lie algebra generator, we must now include kinetic terms

for them. By analogy with QED, the gauge field Lagrangian has the form:

1
Lgauge = *ZFWCLF,Z,, (10.2.18)

with an implied sum on a, where F}, is an antisymmetric field strength tensor for each Lie algebra
generator. However, we must also require that this Lagrangian is invariant under gauge transformations.

This is accomplished if we choose:
Ff, = 0,A% — 0,A% — gf ™ AL A, (10.2.19)
Then one can check, using eq. (10.2.16), that
Ff, — Fo, — o Fy,. (10.2.20)

From this it follows that Lgauge transforms as:

_ZFWGFEV — _ZFWGFSV - iF‘“’“f“ ‘e’ F;, + O(e). (10.2.21)
The extra term linear in € vanishes, because the part F*“Fj is symmetric under interchange of a « ¢,
but its gauge indices are contracted with f°, which is antisymmetric under the same interchange.
Therefore, eq. (10.2.18) is a gauge singlet.

Putting the above results together, we have found a gauge-invariant Lagrangian for Dirac fermions

coupled to a non-Abelian gauge field:

EYang—Mills = Lgauge + Lfermions- (10.2.22)

Now we can find the Feynman rules for this theory in the usual way. First we identify the kinetic

terms that are quadratic in the fields. That part of EYang—Mills is:
1 =i —i
Lyinetic = —7 (Ol — O, AL (9" A" — 0" A™) + i PU; — mU ;. (10.2.23)

These terms have exactly the same form as in the QED Lagrangian, but with a sum over dg copies of
the vector fields, labeled by a, and over di copies of the fermion field, labeled by i. Therefore we can

immediately obtain the Feynman rules for vector and fermion propagators. For gauge fields, we have:

M, a l/b

ANANANNANAN — o Puby

_g,ul/ + (1 - 6) p2

)
p? + i€

where p* is the 4-momentum along either direction in the wavy line, and one can take £ = 1 for

Feynman gauge and ¢ = 0 for Landau gauge. The §? in the Feynman rule just means that a gauge

field does not change to a different type as it propagates. Likewise, the Dirac fermion propagator is:
J i ;i(p+m)

—_— — ol ———— -
" p2 —m? + e
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with 4-momentum p* along the arrow direction, and m the mass of the Dirac fermion. Again the factor
of 5f means the fermion does not change its identity as it propagates.

The interaction Feynman rules follow from the remaining terms in ﬁYang—MiHS' First, there is a
fermion-fermion-vector interaction coming from the covariant derivative in Ly. Identifying the Feyn-

man rule as ¢ times the term in the Lagrangian [recall the discussion surrounding eq. (6.4.5)], from
L gy = —gALUAHTE (10.2.24)

we get:

—  —igTHAt

This rule says that the coupling of a gauge field to a fermion line is proportional to the corresponding
Lie algebra generator matrix. Since the matrices T are not diagonal for non-Abelian groups, this
interaction can change one fermion into another. The Lagrangian density Lgauge contains three-
gauge-field and four-gauge-field couplings, proportional to g and g? respectively. After combining some

terms using the antisymmetry of the ¢ symbol, they can be written as

Laan = gf™(0,AL) A A, (10.2.25)

2
Laara = —ng“bedeeAZA,ﬁA“CA”d. (10.2.26)

The three-gauge-field couplings involve a spacetime derivative, which we can treat according to the rule
of eq. (9.6.26), as i times the momentum of the field it acts on (in the direction going into the vertex).
Then the Feynman rule for the interaction of three gauge bosons with (spacetime vector, gauge) indices
i, a and v, b and p, c is obtained by taking functional derivatives of the Lagrangian density with respect

to the corresponding fields:

. 53
ZmﬁA/}A, (10227)
resulting in:
—  —gf™g" (-0’ +9"(q— k)" + g™k —p)"]
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where p*, ¢, and k* are the gauge boson 4-momenta flowing into the vertex. Likewise, the Feynman

rule for the coupling of four gauge bosons with indices y,a and v,b and p, c and o, d is:

54

i5AZ5A‘;5A25A§£AAAA’ (10.2.28)
leading to:
Ky a v, b
—ig? [fabefcde (g"Pg" — gh7 g¥P)
— + face fhde(grv gre — gh gvP)
+ fadefbce(guugpa _ gupgua):|
o,d D, C

There are more terms in these Feynman rules than in the corresponding Lagrangian, since the functional
derivatives have a choice of several fields on which to act. Notice that these fields are invariant under
the simultaneous interchange of all the indices and momenta for any two vector bosons, for example
(u,a,p) < (v,b,q). The above Feynman rules are all that is needed to calculated tree-level Feynman
diagrams in a Yang-Mills theory with Dirac fermions. External state fermions and gauge bosons are
assigned exactly the same rules as for fermions and photons in QED. The external state particles carry
a representation or gauge index determined by the interaction vertex to which that line is attached.

[However, this is not quite the end of the story if one needs to compute loop diagrams. In that case,
one must take into account that not all of the gauge fields that can propagate in loops are actually
physical. One way to fix this problem is by introducing “ghost” fields that only appear in loops, and
in particular never appear in initial or final states. The ghost fields do not create and destroy real
particles; they are really just book-keeping devices that exist only to cancel the unphysical contributions
of gauge fields in loops. We will not do any loop calculations in this course, so we will not go into more
detail on that issue.]

The Yang-Mills theory we have constructed makes several interesting predictions. One is that the
gauge fields are necessarily massless. If one tries to get around this by introducing a mass term for the

vector gauge fields, like:
L A-mass = m%/AZA““, (10.2.29)

then one finds that this term is not invariant under the gauge transformation of eq. (10.2.16). Therefore,
if we put in such a term, we necessarily violate the gauge invariance of the Lagrangian, and the gauge
symmetry will not be a symmetry of the theory. This sounds like a serious problem, because there
is only one known freely-propagating, non-composite, massless vector field, the photon. In particular,
the massive W boson cannot be described by the Yang-Mills theory that we have so far. One way
to proceed would be to simply keep the term in eq. (10.2.29), and accept that the theory is not fully
invariant under the gauge symmetry. The only problem with this is that the theory would be non-

renormalizable in that case; as a related problem, unitarity would be violated in scattering at very
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high energies. Instead, we can explain the non-zero mass of the W+ boson by enlarging the theory to
include scalar fields, leading to a spontaneous breakdown in the gauge symmetry.

Another nice feature of the Yang-Mills theory is that several different couplings are predicted to
be related to each other. Once we have picked a gauge group G, a set of irreducible representations
for the fermions, and the gauge coupling g, then the interaction terms are all fixed. In particular, if
we know the coupling of one type of fermion to the gauge fields, then we know g. This in turn allows
us to predict, as a consequence of the gauge invariance, what the couplings of other fermions to the
gauge fields should be (as long as we know their representations), and what the three-gauge-boson and

four-gauge-boson vertices should be.
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11 Quantum Chromo-Dynamics (QCD)
11.1 QCD Lagrangian and Feynman rules

The strong interactions are based on a Yang-Mills theory with gauge group SU(3)., with quarks
transforming in the fundamental 3 representation. The subscript ¢ is to distinguish this as the group
of invariances under transformations of the color degrees of freedom. As far as we can tell, this is
an exact symmetry of nature. (There is also an approximate SU(3)gayor Symmetry under which the
quark flavors u, d, s transform into each other; isospin is an SU(2) subgroup of this symmetry.) Each
of the quark Dirac fields u,d, s,c,b,t transforms separately as a 3 of SU(3)., and each barred Dirac
field @, d, 3, ¢, b, therefore transforms as a 3, as we saw on general grounds in subsection 10.2.

For example, an up quark is created in an initial state by any one of the three color component

fields:
Ured uy
u = ( Ublue ) = (W) ; (11.1.1)
Ugreen us3
while an anti-up quark is created in an initial state by any of the fields:

U= (Ugy U Ugreen) = (U1 T2 T3). (11.1.2)

Since SU(3). is an exact symmetry, no experiment can tell the difference between a red quark and a
blue quark, so the labels are intrinsically arbitrary. In fact, we can do a different SU(3). transformation

at each point in spacetime, but simultaneously on each quark flavor, so that:
u — 0@y, d— @ g, s — " @Tg  ete., (11.1.3)

where 7% = % with a = 1,...,8, and the #%(z) are any gauge parameter functions of our choosing.

This symmetry is in addition to the U(1)gy gauge transformations:
u — e0@)Quy, d — ?®)Qaq s — e?@Qsg  ote., (11.1.4)

where Q, = Q. = Q¢ = 2/3 and Q4 = Qs = Qp = —1/3. For each of the 8 generator matrices T of
SU(3)c, there is a corresponding gauge vector boson called a gluon, represented by a field G, carrying
both a spacetime vector index and an SU(3). adjoint representation index.

One says that the unbroken gauge group of the Standard Model is SU(3). x U(1)gm, with the

fermions and gauge bosons transforming as:

SU(3)e x U(l)gm  spin
u,ct (3,—1—%) %
d,s,b (3,-1) i
e, U, T (1,-1) %
Ves Vp, Vr (1, 0) %

gl (1, 0) 1
gluon (8, 0) 1



The gluon appears together with the photon field A, in the full covariant derivative for quark fields.

Using an index ¢ = 1,2, 3 to run over the color degrees of freedom, the covariant derivatives are:
. a aj . A 2
Dyui = 0Opui +igsG T uj +ie u(§>“i’ (11.1.5)
; 1
D,udi = 8,udz + iggGZ]}ajdj + zeA“(—g)dZ (11.1.6)

Here g3 is the coupling constant associated with the SU(3). gauge interactions. The strength of the
strong interactions comes from the fact that g3 > e.
Using the general results for a gauge theory in subsection 10.2, we know that the propagator for

the gluon is that of a massless vector field just like the photon:

W, a v, b ? DPuPv
OO 6 —— |- 1— &)=L
— P2+ ic gul/"‘( £) 2

Note that it is traditional, in QCD, to use “springy” lines for gluons, to easily distinguish them from

wavy photon lines. There are also quark-gluon interaction vertices for each flavor of quark:

— T

Here the quark line can be any of u, d, s, ¢, b, t. The gluon interaction changes the color of the quarks
when T is non-diagonal, but never changes the flavor of the quark line, so an up quark remains an up
quark, a down quark remains a down quark, etc.

The Lagrangian density also contains a “pure glue” part:

1 vV
»Cglue = _ZFM aFﬁV (11.1.7)
F;Llu = 8;1Gg - aI/GZ - QSbeCGZGlC,, (11.1.8)

where £ are the structure constants for SU(3). given in egs. (10.1.62)-(10.1.64). In addition to the

propagator, this implies that there are three-gluon and four-gluon interactions:

A 4

The spacetime- and gauge-index structure are just as given in section 10.2 in the general case, with

g — g3-
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11.2 Quark-quark scattering (qq — ¢q)

To see how the Feynman rules for QCD work in practice, let us consider the example of quark-quark
scattering. This is not a directly observable process, because the quarks in both the initial state and
final state are parts of bound states. However, it does form the microscopic part of a calculation for
the observable process hadron+hadron—jet+jet. We will see how to use the microscopic cross-section
result to obtain the observable cross-section later, in subsection 11.5. To be specific, let us consider

the process of an up-quark and down-quark scattering from each other:
ud — ud. (11.2.1)

Let us assign momenta, spin, and color to the quarks as follows:

Particle Momentum Spin Spinor Color

initial u P s1 u(p,s1) =u i

initial d P so u(p,s2)=uy j (11.2.2)
final u k sz u(k,s3) =Tus l
final d K sg w(k',s4)=us m

At leading order in an expansion in g3, there is only one Feynman diagram:

. u
D, > > k,l
s a
p—kj
v,b
p'.J > > K m
d

The reduced matrix element can now be written down by the same procedure as in QED. One obtains,

using Feynman gauge (£ = 1):

: uv sab
— 7o g ai — bj —Zg“ 1)
M = [ug( 1g37u T} )m} {u4( zg:s’VVTm)uz} [7@_@2 (11.2.3)
= g3 T Ty [Wayuun] [@anug) /t (11.2.4)

where t = (p— k)2. This matrix element is exactly what one finds in QED for e~ — e~ p~, but with

the QED squared coupling replaced by a product of matrices depending on the color combination:

e? — 3T Ty (11.2.5)
This illustrates that the “color charge matrix” gsT* is analogous to the electric charge eQ) ¢- There are
3% = 81 color combinations for quark-quark scattering.

In order to find the differential cross-section, we continue as usual by taking the complex square of

the reduced matrix element:

IM? = g5 (T T3 ) (TP T3 | M, (11.26)
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for each i, j,1,m (with no implied sum yet), and

M= [nguul] [ﬂ4’yu’LL2] /t. (1127)
It is not possible, even in principle, to distinguish between colors. However, one can always imagine
fixing, by an arbitrary choice, that the incoming u-quark has color red= 1; then the colors of the other
quarks can be distinguished up to SU(3). rotations that leave the red component fixed. In practice,
one does not measure the colors of quarks in an experiment, even with respect to some arbitrary choice,
so we will sum over the colors of the final state quarks and average over the colors of the initial state

quarks:

Wl =

3

%

YYD IMP (11.2.8)
ioLom

To do the color sum/average most easily, we note that, because the gauge group generator matrices

are Hermitian,
(ﬂbiT,lif)* _ (Tiblijm)_ (11.2.9)

Therefore, the color factor is

1 1 aiaj % 1\ * 1 ai aj m
3.3 2 L LT TIITY) = 5 3 (T T (T T™) (11.2.10)
i j 1 m i,j,0,m
1
= §Tr(T“Tb)I&c(T“Tb) (11.2.11)
1
= §1(3)5@171(3.)5‘“’ (11.2.12)
11
= 5(5)%1(; (11.2.13)
2
= 5 (11.2.14)

In doing this, we have used the definition of the index of a representation eq. (10.1.17); the fact that
the index of the fundamental representation is 1/2; and the fact that the sum over a,b of §%°5% just
counts the number of generators of the Lie algebra dg, which is 8 for SU(3)..

Meanwhile, the rest of | M|?, including a sum over final state spins and an average over initial state
spins, can be taken directly from the corresponding result for e” =~ — e~ p~ in QED, which we found
by crossing symmetry in eq. (7.7.10). Stripping off the factor e* associated with the QED charges, we
find in the high energy limit of negligible quark masses,

%Z%ZZZ|M|2—2<S ;“) (11.2.15)

S2 83 S4

Putting this together with the factor of gi and the color factor above, we have

1 1 o dgt [+
5 > i > M= o\l ) (11.2.16)

colors = spins

IM[?
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The notation |M|?2 is a standard notation, which for a general process implies the appropriate sum/average

over spin and color. The differential cross-section for this process is therefore:

2ra? [ s2 4+ u?
M2 = s , 11.2.17
e = 2 (2 (1217)

do 1
d(cosf)  32ms

where

9%

.= 11.2.18
as =~ ( )

is the strong-interaction analog of the fine structure constant. Since we are neglecting quark masses,
the kinematics for this process is the same as in any massless 2—2 process, for example as found in

eqs. (7.5.28)-(7.5.32). Therefore, one can replace cos @ in favor of the Mandelstam variable ¢, using

2dt
d(cos @) = (11.2.19)
s
SO
do  4ma? [ s+ u?
— = S| ——— . 11.2.20
dt 952 < t2 ( )

11.3 Renormalization

Since the strong interactions involve a coupling g3 that is not small, we should worry about higher-order
corrections to the treatment of quark-quark scattering in the previous subsection. Let us discuss this
issue in a more general framework than just QCD. In a general gauge theory, the Feynman diagrams

contributing to the reduced matrix element at one-loop order in fermion-+fermion’ — fermion+fermion’

= T
T
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scattering are the following;:
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In each of these diagrams, there is a loop momentum ¢ that is unfixed by the external 4-momenta, and

\

\

must be integrated over. Only the first two diagrams give a finite answer when one naively integrates
d*¢. This is not surprising; we do not really know what physics is like at very high energy and mo-
mentum scales, so we have no business in integrating over them. Therefore, one must introduce a very
high cutoff mass scale M, and replace the loop-momentum integral by one that kills the contributions
to the reduced matrix element from |¢#| > M. Physically, M should be the mass scale at which some
as-yet-unknown new physics enters in to alter the theory. It is generally thought that the highest this
cutoff is likely to be is about Mpjanex = 2.4 x 10'® GeV (give or take an order of magnitude), but it
could conceivably be much lower.

As an example of what can happen, consider the next-to-last Feynman diagram given above. Let
us call ¢* = p" — k* the 4-momentum flowing through either of the vector-boson propagators. Then
the part of the reduced matrix element associated with the fermion loop is:

NE) gt ] [—ia(Ty)5"] li/(”mf) ”
f

<M (£+q)? — 1 + e y 2 — 1%+ e

d'¢ T { —ia(T)"+]

(11.3.1)

This involves a sum over all fermions that can propagate in the loop, and a trace over the spinor indices
of the fermion loop. For reasons that will become clear shortly, we are calling the gauge coupling of
the theory g and the mass of each fermion species ;. We are being purposefully vague about what
f| m|<M d*¢ means, in part because there are actually several different ways to cutoff the integral at large
M. (A straightforward step-function cutoff will work, but is clumsy to carry out and even clumsier to
interpret.)

The d*¢ factor can be written as an angular part times a radial part |[¢|3d|¢|. Now there are up to

five powers of |¢| in the numerator (three from the d*/, and two from the propagators), and four powers
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of |¢] in the denominator from the propagators. So naively, one might expect that the result of doing
the integral will scale like M? for a large cutoff M. However, there is a conspiratorial cancellation, so

that the large-M behavior is only logarithmic. The result is proportional to:

P (* g™ — q¢"q") Z Tr(T]‘?T}’) [In (M/m) +...] (11.3.2)
f
where the ... represents a contribution that does not get large as M gets large. The 77 is a characteristic
mass scale of the problem; it is something with dimensions of mass built out of ¢# and the m . It must
appear in the formula in the way it does in order to make the argument of the logarithm dimensionless.
The arbitrariness in the precise definition of 7™ can be absorbed into the “...”.
When one uses eq. (11.3.2) in the rest of the Feynman diagram, it is clear that the entire contribution

must be proportional to:
Meerms - x ¢"Y I(Rp)In(M/m) + ... (11.3.3)
fermion loop in gauge prop. g !
f

What we are trying to keep track of here is just the number of powers of g, the group-theory factor,
and the large-M dependence on In(M /m).

A similar sort of calculation applies to the last diagram involving a gauge vector boson loop. Each
of the three-vector couplings involves a factor of fo¢, with two of the indices contracted because of
the propagators. So it must be that the loop part of the diagram make a contribution proportional to

facd fbed — C(G)5%. Tt is again logarithmically divergent, so that

M x §*C(G)In(M/m) + .... (11.3.4)

gauge loop in gauge prop.

Doing everything carefully, one finds that the contributions to the differential cross-section is given by:

QQ
dO' = do'tree(g) 1 +4 m

11 4
30O =32 18y

In(M/m) + .. } : (11.3.5)

where doiree(g) is the tree-level result (which we have already worked out in the special case of QCD),
considered to be a function of §. To be specific, it is proportional to ¢*. Let us ignore all the other
diagrams for now; the justification for this will be revealed soon.

The cutoff M may be quite large. Furthermore, we typically do not know what it is, or what the
specific very-high-energy physics associated with it is. (If we did, we could just redo the calculation
with that physics included, and a higher cutoff.) Therefore, it is convenient to absorb our ignorance of
M into a redefinition of the coupling. Specifically, inspired by eq. (11.3.5), one defines a renormalized
or running coupling g(u) by writing:

2
9= o) {1 - o) [1—;0@) Y IRy)
f

ln(M/u)} , (11.3.6)
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Here p is a new mass scale, called the renormalization scale, that we get to pick. (It is not uncommon
to see the renormalization scale denoted by @ instead of u.) The original coupling § is called the bare
coupling. One can invert this relation to write the renormalized coupling in terms of the bare coupling;:

A2

X g- |11
g(u)zg{H -

4
70(6) =32 1(Ry)

1672

In(M/p) —I—} ) (11.3.7)

where we are treating g(p) as an expansion in g, dropping terms of order §° everywhere.
The reason for this strategic definition is that, since we know that doree(g) is proportional to G,

we can now write, using eqgs. (11.3.5) and (11.3.6):

~2

do = dUtree(g)(g/g)4 {1+g— 1

4
300 5218

472

In(M /m) + .. } (11.3.8)

2

11 4
dgtrcc(g) {1 + g—

306 =321y

472

In(p/m) —l—} . (11.3.9)

Here we are again dropping terms that go like g*; these are comparable to 2-loop contributions that
we are neglecting anyway. The factor doee(g) is the tree-level differential cross-section, but with g(u)
in place of §. This formula looks very much like eq. (11.3.5), but with the crucial difference that the
unknown cutoff M has disappeared, and is replaced by the scale p that we know, because we get to
pick it.

What should we pick p to be? In principle we could pick it to be the cutoff M, except that we do
not know what that is. Besides, the logarithm could then be very large, and perturbation theory would
converge very slowly or not at all. For example, suppose that M = Mpnek, and the characteristic
energy scale of the experiment we are doing is, say, m = 0.511 MeV or m = 1000 GeV. These choice
might be appropriate for experiments involving a non-relativistic electron and a TeV-scale collider,

respectively. Then
In(M /m) ~ 50 or 35. (11.3.10)

This logarithm typically gets multiplied by 1/1672 times g? times a group-theory quantity, but is still
large. This suggests that a really good choice for p is to make the logarithm In(u/m) as small as

possible, so that the correction term in eq. (11.3.9) is small. Therefore, one should choose
[ R T (11.3.11)

Then, to a first approximation, one can calculate using the tree-level approximation using a renormal-
ized coupling g(u), knowing that the one-loop correction from these diagrams is small. The choice of

renormalization scale eq. (11.3.11) allows us to write:

do =~ doiree(g(p))- (11.3.12)
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Of course, this is only good enough to get rid of the large logarithmic one-loop corrections. If you really
want all one-loop corrections, there is no way around calculating all the one-loop diagrams, keeping all
the pieces, not just the ones that get large as M — oc.

What about the remaining diagrams? If we isolate the M — oo behavior, they fall into three
classes. First, there are diagrams that are not divergent at all (the first two diagram). Second, there
are diagrams (the third through sixth diagrams) that are individually divergent like In(M/m), but sum
up to a total that is not divergent. Finally, the seventh through tenth diagrams have a logarithmic

divergence, but it can be absorbed into a similar redefinition of the mass. A clue to this is that they

ST

The one-loop renormalized or running mass m¢(u) is defined in terms of the bare mass 7y by

all involve sub-diagrams:

2
g = my(u) <1 - %C(Rﬂln(M/M) : (11.3.13)

2
mf(u) =1y (1+29—71_20(Rf)1n(M/u)+...) , (11.3.14)

where C(Ry) is the quadratic Casimir invariant of the representation carried by the fermion f. It is
an amazing fact that the two redefinitions eqs. (11.3.6) and (11.3.13) are enough to remove the cutoff
dependence of all cross-sections in the theory up to and including one-loop order. In other words,
one can calculate do for any process, and express it in terms of the renormalized mass m(u) and
the renormalized coupling g(u), with no M-dependence. This is what it means for a theory to be
renormalizable at one loop order.

In Yang-Mills theories, one can show that by doing some redefinitions of the form:

L
g = 9w [1 + anQ”pn(ln(M/u))] : (11.3.15)
n=1
L
iy = mp(u) |1+ zcng%qnan(M/u»] , (11.3.16)

one can simultaneously eliminate all dependence on the cutoff in any process up to L-loop order. Here
pn(x) and ¢,(x) are polynomials of degree n, and b,,c, are some constants that depend on group
theory invariants like the Casimir invariants of the group and the representations, and the index. At
any finite loop order, what is left in the expression for any cross-section after writing it in terms of the
renormalized mass m(u) and renormalized coupling g(u) is a polynomial in In(u/m); these are to be

made small by choosing’ 1 ~ 7. This is what it means for a theory to be renormalizable at all loop

YOf course, there might be more than one characteristic energy scale in a given problem, rather than a single m. If so,
and if they are very different from each other, then one may be stuck with some large logarithms, no matter what p is
chosen. This has to be dealt with by fancier methods.
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orders. Typically, the specifics of these redefinitions is only known at 2- or 3- or occasionally 4- loop
order, except in some special theories. If a theory is non-renormalizable, it does not necessarily mean
that the theory is useless; we saw that the four-fermion theory of the weak interactions makes reliable
predictions, and we still have no more predictive theory for gravity than Einstein’s relativity. It does
mean that we expect the theory to have trouble making predictions about processes at high energy
scales.

We have seen that we can eliminate the dependence on the unknown cutoff of a theory by defining
a renormalized running coupling g(x) and mass m¢(u). When one does an experiment in high energy
physics, the results are first expressed in terms of observable quantities like cross-sections, decay rates,
and physical masses of particles. Using this data, one extracts the value of the running couplings and
running masses at some appropriately-chosen renormalization scale u, using a theoretical prediction
like eq. (11.3.9), but with the non-logarithmic corrections included too. (The running mass is not quite
the same thing as the physical mass. The physical mass can be determined from the experiment by
kinematics, the running mass is related to it by various corrections.) The running parameters can then
be used to make predictions for other experiments. This tests both the theoretical framework, and the
specific values of the running parameters.

The bare coupling and the bare mass never enter into this process of comparing theory to experi-
ment. If we measure do in an experiment, we see from eq. (11.3.5) that in order to determine the bare
coupling ¢ from the data, we would also need to know the cutoff M. However, we do not know what
M is. We could guess at it, but this would usually be a wild guess, devoid of practical significance.

A situation that arises quite often is that one extracts running parameters from an experiment
with a characteristic energy scale pp, and one wants to compare with data from some other experiment
that has a completely different characteristic energy scale p. Here pug and p each might be the mass
of some particle that is decaying, or the momentum exchanged between particles in a collision, or
some suitable average of particle masses and exchanged momenta. It would be unwise to use the same
renormalization scale when computing the theoretical expectations for both experiments, because the
loop corrections involved in at least one of the two cases will be unnecessarily large. What we need is
a way of taking a running coupling as determined in the first experiment at a renormalization scale ),
and getting from it the running coupling at any other scale u. The change of the choice of scale p is
known as the renormalization group.?

As an example, let us consider how g(u) changes in a Yang-Mills gauge theory. Since the differential
cross-section do for fermion+fermion’ —fermion+fermion’ is an observable, in principle it should not
depend on the choice of u, which is an arbitrary one made by us. Therefore, we can require that
eq. (11.3.9) is independent of . Remembering that doie. o< g, we find:
4dg ¢* |11

d 4 1
= L (do) = (doee) { =L+ LN Z0(@) - S IRy =+ ¥, 11.3.1
0 d,u( o) = (dotyee) gap 12 |3 C(G) 3 a (Ry) . (11.3.17)

¥The use of the word “group” is historical; this is not a group in the mathematical sense defined earlier.
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where we are dropping all higher-loop-order terms that are proportional to (doie)g*. The first term
in eq. (11.3.17) comes from the derivative acting on the ¢* inside dotree. The second term comes from
the derivative acting on the Ing one-loop correction term. The contribution from the derivative acting
on the g2 in the one-loop correction term can be self-consistently judged, from the equation we are
about to write down, as proportional to (datree)g5, so it is neglected as a higher-loop-order effect in
the expansion in g2. So, it must be true that:
3

uj—z = 12? —%C(G) + %%:I(Rf) T (11.3.18)
This differential equation, called the renormalization group equation or RG equation, tells us how
to change the coupling ¢g(u) when we change the renormalization scale. An experimental result will
provide a boundary condition at some scale 1, and then we can solve the RG equation to find g(u) at
some other scale. Other experiments then test the whole framework. The right-hand side of the RG
equation is known as the beta function for the running coupling g(u), and is written 5(g), so that:

dg
u@ = (g). (11.3.19)

In a Yang-Mills gauge theory, including the effects of Feynman diagrams with more loops,
3 5 7

g g g
B9) = T30+ Form2 T {Tgm2)p

by + ... (11.3.20)

where we already know that

11 4
bp = ——CG)+=-)> I(R 11.3.21
and, just to give you an idea of how it goes,
34 20
by = —§C(G)2 +5C(G) S I(Ry)+4)  C(Ryp)I(Ry), (11.3.22)
f f

etc. In QCD, the coefficients up to b (four-loop order) have been calculated. In practical applications,
it is usually best to work within an effective theory in which fermions much heavier than the scales p of
interest are ignored. The sum over fermions then includes only those satisfying my < p. The difference
between this effective theory and the more complete theory with all known fermions included can be
absorbed into a redefinition of running parameters. The advantage of doing this is that perturbation
theory will converge more quickly and reliably if heavy fermions (that are, after all, irrelevant to the
process under study) are not included.

In the one-loop order approximation, one can solve the RG equation explicitly. Writing

_— = 11.3.2
dng  8n2? (11.3.23)
you can check that
2
2 9°(po)
g (pn) = 5 . (11.3.24)
1 — 28010 (1) o)
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To see how this works in QCD, let us examine the one-loop beta function. In SU(3), C(G) = 3,

and each quark flavor is in a fundamental 3 representation with I(3) = 1/2. Therefore,
2
bO,QCD =—-11+ gnf (11.3.25)

where ny is the number of “active” quarks in the effective theory, usually those with mass <3 pu.
The crucial fact is that since there are only 6 quark flavors known, by qop is definitely negative for
all accessible scales p, and so the beta function is definitely negative. For an effective theory with
ny = (3,4,5,6) quark flavors, by = (=9, —-25/3,—-23/3,—7). Writing the solution to the RG equation,

eq. (11.3.24), in terms of the running a;, we have:

as (o) '
— o0 In (/o)

Since by is negative, we can make oy blow up by choosing p small enough. To make this more explicit,

as(p) = N (11.3.26)

we can define a quantity
Aqep = poe?™/boesno) (11.3.27)

with dimensions of [mass|, implying that

- 2
boln(p/Aqep)

This shows that at the scale ;1 = Aqcp, the QCD gauge coupling is predicted to blow up, according to

as(p) (11.3.28)

the 1-loop RG equation. A qualitative graph of the running of as(u) as a function of renormalization

scale p is shown below:

Renormalization scale Q

Of course, once ag(p) starts to get big, we should no longer trust the one-loop approximation,

since two-loop effects are definitely big. The whole analysis has been extended to four-loop order,
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with significant numerical changes, but the qualitative effect remains: at any finite loop order, there is
some scale Aqcp at which the gauge coupling is predicted to blow up in a theory with a negative beta
function. This is not a sign that QCD is wrong. Instead, it is a sign that perturbation theory is not
going to be able to make good predictions when we do experiments near y = Aqcp or lower energy
scales. One can draw Feynman diagrams and make rough qualitative guesses, but the numbers cannot
be trusted. On the other hand, we see that for experiments conducted at characteristic energies much
larger than Aqcp, the gauge coupling is not large, and is getting smaller as p gets larger. This means
that perturbation theory becomes more and more trustworthy at higher and higher energies. This nice
property of theories with negative § functions is known as asymptotic freedom. The name refers to the
fact that quarks in QCD are becoming free (since the coupling is becoming small) as we probe them
at larger energy scales.

Conversely, the fact that the QCD gauge coupling becomes non-perturbative in the infrared means
that we cannot expect to describe free quarks at low energies using perturbation theory. This theoretical
prediction goes by the name of infrared slavery. It agrees well with the fact that one does not observe
free quarks outside of bound states. While it has not been proved mathematically that the infrared
slavery of QCD necessarily requires the absence of free quarks, the two ideas are certainly compatible,
and more complicated calculations show that they are plausibly linked. Heuristically, the growth of the
QCD coupling means that at very small energies or large distances, the force between two free color
charges is large and constant as the distance increases. In the early universe, after the temperature
dropped below Aqcp, all quarks and antiquarks and gluons arranged themselves into color-singlet
bound states, and have remained that way ever since.

An important feature of the renormalization of QCD is that we can actually trade the gauge
coupling as a parameter of the theory for the scale Aqcp. This is remarkable, since g3 (or equivalently
a,) is a dimensionless coupling, while Aqcp is a mass scale. If we want, we can specify how strong
the QCD interactions are either by quoting what as(ug) is at some specified pg, or by quoting what
Aqcp is. This trade of a dimensionless parameter for a mass scale in a gauge theory is known as
dimensional transmutation. Working in a theory with five “active” quarks u,d, s, c,b (the top quark
is treated as part of the unknown theory above the cutoff), one finds Aqcp is about 210 MeV. One
can also work in an effective theory with only four active quarks u,d,s,c, in which case Aqcp is
about 300 MeV. Alternatively, as(myz) = 0.1184 4+ 0.0007. Recently, it has become standard to use
this second way of specifying the QCD coupling strength. These results hold when the details of
the cutoff and the renormalization are treated in the most popular way, called the MS scheme.S A

summary of the experimental data on the QCD coupling is shown in the figures below (from S. Bethke,
Eur. Phys. J. C64, 689, (2009) [arXiv:0908.1135]).

8In this scheme, one cuts off loop momentum integrals by a process known as dimensional regularization, which
continuously varies the number of spacetime dimensions infinitesimally away from 4, rather than putting in a particular
cutoff M. Although bizarre physically, this scheme is relatively easy to calculate in.
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The data determine ag(u) at a variety of renormalization scales 1 between 1.78 GeV and 209 GeV.
(In the figure, @ was used as the name of the renormalization scale instead of p.) The most accurate
determinations come from lattice QCD calculations of the mass splittings in the T bottomonium system
and from the hadronic branching ratio in 7 decays. The four-loop renormalization group running of
ags(p) is then used to determine the reference value ag(my).

We can contrast this situation with the case of QED. For a U(1) group, there is no non-zero structure
constant, so C(G) = 0. Also, since the generator of the group in a representation of charge Qy is just

the 1 x 1 matrix Qy, the index for a fermion with charge Q is I(Ry) = Q? Therefore,

4 16 4 4
bgep = 3 [3nu(2/3)? + 8na(—1/3)2 + ne(=17] = Fnu+ gnat g, (113.29)

where n,, is the number of up-type quark flavors (u,c,t), and ng is the number of down-type quark
flavors (d, s, b), and ny is the number of charged leptons (e, i, 7) included in the chosen effective theory.
If we do experiments with a characteristic energy scale me S g S my, then only the electron itself

contributes, and by pv = 4/3, so:

de ed 4
ding Pe = 1672 <§) (me S p S my). (11.3.30)

This corresponds to a very slow running. (Notice that the smaller a gauge coupling is, the slower it
will run.) If we do experiments at characteristic energies that are much less than the electron mass,
then the relativistic electron is not included in the effective theory (virtual electron-positron pairs are

less and less important at low energies), so bp gm = 0, and the electron charge does not run at all:

de
= . 11.3.31
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This means that QED is not quite “infrared free”, since the effective electromagnetic coupling is
perturbative, but does not get arbitrarily small, at very large distance scales. At extremely high
energies, the coupling e could in principle become very large, because the QED beta function is always
positive. Fortunately, this is predicted to occur only at energy scales far beyond what we can probe,
because e runs very slowly. Furthermore, QED is embedded in a larger, more complete theory anyway
at energy scales in the hundreds of GeV range, so the apparent blowing up of a = e?/4w much farther

in the ultraviolet is just an illusion.

11.4 Gluon-gluon scattering (g9 — gg)

Let us now return to QCD scattering processes. Because there are three-gluon and four-gluon interac-
tion vertices, one has the interesting process gg — gg even at tree-level. (It is traditional to represent
the gluon particle name, but not its quantum field, by g.) The corresponding QED process of vy — vy
does not happen at tree-level, but does occur at one loop. In QCD, because of the three-gluon and

four-gluon vertices, there are four distinct Feynman diagrams that contribute at tree-level:

2= T T X

The calculation of the differential cross-section from these diagrams is an important, but quite tedious,
one. Just to get an idea of how this proceeds, let us write down the reduced matrix element for the
first (“s-channel”) diagram, and then skip directly to the final answer.

Choosing polarization vectors and color indices for the gluons, we have:

Particle Polarization vector Color
initial gluon el = e'(p, \1) a
initial gluon es =€’ (p', A2) b (11.4.1)
final gluon eb" = e’*(k, A\3) c
final gluon €7 = €7 (k', \y) d

Let the internal gluon line carry (vector,gauge) indices (k, e) on the left and (), f) on the right. Labeling
the Feynman diagram in detail:

1, a

v,b

The momenta flowing into the leftmost 3-gluon vertex are, starting from the upper-left incoming gluon

and going clockwise, (p, —p — p/,p’). Also, the momenta flowing into the rightmost 3-gluon vertex are,
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starting from the upper-right final-state gluon and going clockwise, (—k, —k', k + k’). So we can use

the Feynman rules of section 10.2 to obtain:

Mgy ggomchamnel = S T | =98 {gux (2 + )y + 9w (=0 = 20)u + 90 (0 = )i}
=95 {Gpo (' = k)x + gor (2K — ), + g2 (2k + ), }]
_iakASef
19" o
— . 11.4.2
[ CESTE 1 .

After writing down the reduced matrix elements for the other three diagrams, adding them together,
taking the complex square, summing over final state polarizations and averaging over initial state po-

larizations, summing over final-state gluon colors and averaging over initial-state gluon colors according

to % >oa % > e >q one finds:

+3]. (11.4.3)

a 52 t2 u2

dogg—gg  9Imal [u?+12  s2+u? 2+ t?
dt 452

When we collide a proton with another proton or an antiproton, this process, and the process ud — ud,
are just two of many possible subprocesses that can occur. There is no way to separate the proton
into simpler parts, so one must deal with all of these possible subprocesses. We will consider the

subprocesses of proton-(anti)proton scattering more systematically in the next subsection.

11.5 The parton model, parton distribution functions, and hadron-hadron scat-
tering

The last 10 years and at least the next 10 years of particle physics will be dominated by hadron-hadron
colliders. The Tevatron has explored pp collisions at /s = 1.96 TeV, and the Large Hadron Collider
is now taking over the frontier with pp collisions up to, hopefully, /s = 14 TeV. It is virtually certain
that the most exciting discoveries in high-energy physics in the next decade will occur at the LHC.
Therefore, we will spend several sections here on the basic ideas behind hadron-hadron collisions.

In general, a hadron is a QCD bound state of quarks, anti-quarks, and gluons. The characteristic
size of a hadron, like the proton or antiproton, is always roughly 1/Aqcp ~ 10~ cm, since this is
the scale at which the strongly-interacting particles are confined. In general, the point-like quark,
antiquark, and gluon parts of a hadron are called partons, and the description of hadrons in terms of
them is called the parton model.

Suppose we scatter a hadron off of another particle (which might be another hadron or a lepton or
photon) with a total momentum exchange much larger than Aqcp. The scattering can be thought of
as a factored into a “hard scattering” of one of the point-like partons, with the remaining partons as
spectators, and “soft” QCD processes that involve exchanges and radiation of low energy virtual gluons.
The hard scattering subprocess takes place on a time scale much shorter than 1/Aqcp expressed in
seconds. Because of asymptotic freedom, at higher scattering energies it becomes a better and better

approximation to think of the partons as individual entities that move collectively before and after the
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scattering, but are free particles at the moment of scattering. As a first approximation, we can consider
only the hard scattering processes, and later worry about adding on the various soft processes as part
of the higher-order corrections. This way of thinking about things allows us to compute cross-sections
for hadron scattering by first calculating the partonic cross-sections leading to a desired final state, and
then combining them with information about the multiplicity and momentum distributions of partons
within the hadronic bound states.

For example, suppose we want to calculate the scattering of a proton and antiproton. This involves

the following 2—2 partonic subprocesses:
qq — 4'7, ¢ —qd, @ —79@, a9—aq9, T9—79, 99— 99, (11.5.1)

where ¢ is a gluon and ¢ is any quark flavor and ¢’ is a possibly different quark flavor. Let the center-
of-mass energy of the proton and antiproton be called y/s. Each parton only carries a fraction of the
energy of the energy of the proton it belongs to, so the partonic center-of-mass energy, call it v/3, will
be significantly less than y/s. One often uses hatted Mandelstam variables 5, £ and 4 for the partonic
scattering event. If v/3 > Aqcp, then the two partons in the final state will be sufficiently energetic
that they can usually escape from most or all of the spectator quarks and gluons before hadronizing
(forming bound states). However, before traveling a distance 1/Aqcp, they must rearrange themselves
into color-singlet combinations, possibly by creating quark-antiquark or gluon-antigluon pairs out of
the vacuum. This hadronization process can be quite complicated, but will usually result in a jet of
hadronic particles moving with roughly the same 4-momentum as the parton that was produced. So,
all of the partonic process cross-sections in eq. (11.5.1) contribute to the observable cross-section for

the process:
pp — jj + X, (11.5.2)

where j stands for a jet and the X includes stray hadronic junk left over from the original proton and

antiproton. Similarly, partonic hard scatterings like:

qq — 4'qg, a9 — 499, q9 — 999, 99 — 999, (11.5.3)

and so on, will contribute to an observable cross-section for
pp — jii + X. (11.5.4)

The 2 x 2 hard scattering processes can also contribute to this process if one of the final state partons
hadronizes by splitting into two jets, or if there is an additional jet from the initial state.

In order to use the calculation of cross-sections for partonic processes like eq. (11.5.1) to obtain
measurable cross-sections, we need to know how likely it is to have a given parton inside the initial-state
hadron with a given 4-momentum. Since we are mostly interested in high-energy scattering problems,

we can make things simple, and treat the hadron and all of its constituents as nearly massless. (For
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the proton, this means that we are assuming that /s > m, ~ 1 GeV.) Suppose we therefore take the

total 4-momentum of the hadron h in an appropriate Lorentz frame to be:
Py, = (E,0,0, E). (11.5.5)

This is sometimes called the “infinite momentum frame”, even though E is finite, since £ > m,,.
Consider a parton constituent A (a quark, antiquark, or gluon) that carries a fraction z of the hadron’s

momentum:
Py = z(E,0,0, E). (11.5.6)

The variable = is a standard notation, and is called the (longitudinal) momentum fraction for the
parton, or Feynman’s x. It is older than QCD, dating back to a time when the proton was suspected
to contain point-like partons with properties that were then obscure. In order to describe the partonic
content of a hadron, one defines:
Probability of finding a parton of type A with
4-momentum between zp# and (x + dx)p* = fMx)dx. (11.5.7)
inside a hadron h with 4-momentum p*
The function f%(z) is called the parton distribution function or PDF for the parton A in the hadron
h. The parton can be either one of the two or three valence quarks or antiquarks that are the nominal
constituents of the hadron, or one of an indeterminate number of virtual sea quarks and gluons. Either
type of parton can participate in a scattering event.
Hadronic collisions studied in laboratories usually involve protons or antiprotons, so the PDFs of
the proton and antiproton are especially interesting. The proton is nominally a bound state of three
valence quarks, namely two up quarks and one down quark, so we are certainly interested in the

up-quark and down-quark distribution functions

P(x) and fh(z).

The proton also contains virtual gluons, implying a gluon distribution function:

fg(x). (11.5.8)

Furthermore, there are always virtual quark-antiquark pairs within the proton. This adds additional
contributions to fP(x) and f}(z), and also means that there is a non-zero probability of finding antiup,

antidown, or strange or antistrange quarks:

e L. L. L. (11.5.9)

These parton distribution functions are implicitly summed over color and spin. So fF(x) tells us the
probability of finding an up quark with the given momentum fraction = and any color and spin. Since
the gluon is its own antiparticle (it lives in the adjoint representation of the gauge group, which is

always a real representation), there is not a separate fg ().
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[Although the charm, bottom and top quarks are heavier than the proton, virtual charm-anticharm,
bottom-antibottom, and top-antitop pairs can exist as long as their total energy does not exceed m,,.
This can happen because, as virtual particles, they need not be on-shell. So, one can even talk about
the parton distribution functions f2(z), f£(z), fy (z), f£(z), f{(z), f7(z). Fortunately, these are small
so one can often neglect them, although they can be important for processes involving charm or bottom
quarks in the final state.]

Given the PDF's for the proton, the PDFs for the antiproton follow immediately from the fact that
it is the proton’s antiparticle. The probability of finding a given parton in the proton with a given
x is the same as the probability of finding the corresponding antiparton in the antiproton with the
same x. Therefore, if we know the PDF's for the proton, there is no new information in the PDF's for
the antiproton. We can just describe everything having to do with proton and antiproton collisions in
terms of the proton PDFs. To simplify the notation, it is traditional to write the proton and antiproton
PDFs as:

g(x) = fi(z :fé_’ x), 11.5.10
u(z) = fP(z) = f2(x), 11.5.11
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The PDFs are also functions of another parameter @ (sometimes denoted p or pp), known as the
factorization scale. The factorization scale can be thought of as the energy scale that serves as the
boundary between what is treated as the short-distance hard partonic process and what is taken to be
part of the long-distance physics associated with hadronization. The choice of the factorization scale
is an arbitrary one, and in principle the final result should not depend on it, just like the choice of
renormalization scale discussed in section 11.3 is arbitrary. It is very common to choose the factorization
scale equal to the renormalization scale, although this is not mandatory. (When they are distinguished
in the literature, some authors use ) for the renormalization scale and u for the factorization scale,
and some use the reverse as we have here. Some use the same letter for both, especially when choosing
them to be the same numerically.) The PDFs have a mild logarithmic dependence on the choice of
factorization scale @), which can be computed in perturbation theory by a set of equations known as the
DGLAP (Dokshitzer-Gribov-Lipatov—Altarelli-Parisi) equations. So they are really functions g(x, Q?)
etc., although the @-dependence is often left implicit for brevity, as we will mostly do below.

It is usual to choose the factorization scale @) to be comparable to some energy scale relevant to the
physical process of interest. For example, in deeply inelastic scattering of leptons off of protons, with

momentum transfer to the scattered quark ¢*, the factorization scale is typically chosen as Q% = —¢>.
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This Q? is positive, since ¢* is a spacelike vector. When producing a pair of heavy particles with some
mass m, it is common to choose Q = m or some fraction thereof. After having completed a calculation,
one often varies the renormalization and factorization scales (either together or independently) over a
range (say, from @@ = m/4 to @ = 2m in the case just mentioned) to see how the cross-section or other
observables that resulted from the calculation vary. This is a test of the accuracy of the perturbation
theory calculation, since in principle if one could calculate exactly rather than to some low order in
perturbation theory, the results should not depend on either scale choice at all.

In the proton, antiquarks are always virtual, and so must be accompanied by a quark with the
same flavor. This implies that if we add up all the up quarks found in the proton, and subtract all the

anti-ups, we must find a total of 2 quarks:

/1 dx [u(a;, Q%) —u(x, Q2)} =2. (11.5.17)
0

Similarly, summing over all  the probability of finding a down quark with a given z, and subtracting

the same thing for anti-downs, one has:

/1 dr [d(z, Q%) —d(x,Q*)] = 1. (11.5.18)
0

Most of the strange quarks in the proton come from the process of a virtual gluon splitting into a strange
and anti-strange pair. Since the virtual gluon treats quarks and antiquarks on an equal footing, for
every strange quark with a given x, there should bel an equal probability of finding an antistrange

with the same x:

s(z,Q%) = 3(z, Q). (11.5.19)

The up-quark PDF can be thought of as divided into a contribution w,(z) from the two valence quarks,
and a contribution ug(x) from the sea (non-valence) quarks that are accompanied by an anti-up. (Here

and below the factorization scale dependence is left implicit, for brevity.) So we have:

u(z) = uyp(z) + us(x), us(x) = u(x); (11.5.20)
d(x) = dy(x) + ds(z), ds(z) = d(z). (11.5.21)

There is also a constraint that the total 4-momentum of all partons found in the proton must be equal

to the 4-momentum of the proton that they form. This rule takes the form:
1 a—
/ dz z[g(x) + u(x) + u(x) + d(x) + d(z) + s(z) +35(x) +...] =1, (11.5.22)
0

or more generally, for any hadron A made out of parton species A,

ld ha)y=1 1.5.2
%/O vafhi(z) = 1. (11.5.23)

t Although QCD interactions do not change quark flavors, there is a small strangeness violation in the weak interactions,
so the following rule is not quite exact.
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Each term % () represents the probability that a parton is found with a given momentum fraction
x, multiplied by that momentum fraction. One of the first compelling pieces of evidence that the
gluons are actual particles carrying real momentum and energy, and not just abstract group-theoretic
constructs, was that if one excludes them from the sum rule eq. (11.5.22), only about half of the

proton’s 4-momentum is accounted for:
1 a—
/ dz efu(z) + u(z) + d(z) + d(z) + s(x) + 5(2) +...] ~ 0.5. (11.5.24)
0

If we could solve the bound state problem for the proton in QCD, like one can solve the hydrogen
atom in quantum mechanics, then we could derive the PDF's directly from the Hamiltonian. However,
we saw in section 11.3 why this is not practical; perturbation theory in QCD is not accurate for study-
ing low-energy problems like bound-state problems, because the gauge coupling becomes very large at
low energies. Instead, the proton PDFs are measured by experiments including those in which charged
leptons and neutrinos probe the proton, like {p — ¢~ + X and vp — ¢~ + X. Several collabora-
tions perform fits of available data to determine the PDFs, and periodically publish updated result
both in print and as computer code. Two such collaborations are CTEQ (Coordinated Theoretical-
Experimental Project on QCD) and MSTW (Martin, Stirling, Thorne, Watt), formerly MRST (Martin,
Roberts, Stirling, Thorne). In each case, the PDFs are given in the form of computer codes obtained
by fitting to experimental data. Because of different techniques and weighting of the data, the PDFs
from different groups are always somewhat different.

As an example, let us consider the CTEQ5L PDF set. Here, the “5” says which update of the PDF's
is being provided, this one from the year 2000, and the “L” stands for “lowest order”, which means
it is the set appropriate when one only has the lowest-order calculation of the partonic cross-section.
This set is somewhat old; I used it only because it was relatively easy to evaluate, since it is given in
parameterized function form rather than interpolation table form. There are more recent sets CTEQ6
and CT10 from CTEQ, and MSTW2008 from MSTW. Each of these has a version appropriate for
lowest-order work, and other versions appropriate when one has the next-to-leading order (NLO) or
next-next-leading order (NNLO) formulas for the hard scattering process of interest. At @Q = 10 GeV,
the CTEQ5L PDFs for u(z), u(x), and the valence contribution u,(z) = u(z) — u(x) are shown below,

together with a similar graph for the down quark and antiquark distributions:
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CTEQ5L, Q=10 GeV | _ CTEQ5L, Q=10 GeV
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0 M Rk b Py B R . 0 N T L
0 0.2 0.4 « 0.6 0.8 1 0 0.2 0.4 « 0.6 0.8 1

Here I follow tradition by graphing x times the PDF in each case, since they all tend to get large near
xz=0.

We see from the first graph that the valence up-quark distribution is peaked below x = 0.2, with
a long tail for larger x (where an up-quark is found to have a larger fraction of the proton’s energy).
There is even a significant chance of finding that an up quark has more than half of the proton’s
4-momentum. In contrast, the sea quark distribution @(z) is strongly peaked near z = 0. This is a
general feature of sea partons; the chance that a virtual particle can appear is greater when it carries a
smaller energy, and thus a smaller fraction z of the proton’s total momentum. The solid curve shows
the total up-quark PDF for this value of Q. The sea distribution d(x) is not very different from that of
the anti-up, but the distribution d,(z) is of course only about half as big as u,(x), since there is only
one valence down quark to find in the proton.

Next, let us look at the strange and gluon PDF's:

1 T T T T T T T T
CTEQSL, Q=10 GeV
— 9
08r ——-- s(X) =s() §
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The parton distribution function for gluons grows very quickly as one moves towards x = 0. This is
because there are 8 gluon color combinations available, and each virtual gluon can give rise to more
virtual gluons because of the 3-gluon and 4-gluon vertex. This means that the chance of finding a
gluon gets very large if one requires that it only have a small fraction of the total 4-momentum of the
proton. The PDFs s(z) = 5(z) are suppressed by the non-zero strange quark mass, since this imposes
a penalty on making virtual strange and antistrange quarks. This explains why s(z) < d(z).

The value of the factorization scale @ = 10 GeV corresponds roughly to the appropriate energy scale
for many of the experiments that were actually used to fit for the PDFs. However, at the Tevatron and
LHC, one will often be studying events with a much larger characteristic energy scale, like ) ~ m; for
top events and perhaps @ ~ 1000 GeV for supersymmetry events at the LHC. Larger @) is appropriate
for probing the proton at larger energy scales, or shorter distance scales. The next two graphs show
the CTEQSL PDFs for @ = 100 and 1000 GeV:

1

T T T T T T T T T T T T
CTEQSL, Q=100 GeV CTEQSL, Q=1000 GeV |

L L 1 L
0.8 1 0O 0.2 0.4 0.6 0.8 1

X X

As @ increases from @ = 100 to 1000 GeV, the PDFs become larger at very small x (although this
is hard to see from the graphs), but smaller for z 2 0.015 for gluons and x 2 0.04 for quarks. More
generally, the variation with @) can be made quantitative using the DGLAP equations, which are built
into the computer codes that provide the parton distributions as a function of x and Q.

Now suppose we have available a set of PDF's, and let us see how to use them to get a cross-section.
Consider scattering two hadrons h and /’/, and let the partonic differential cross-sections for the desired
final state X be

dé(ab — X) (11.5.25)

for any two partons a (to be taken from h) and b (from h’). The hat is used as a reminder that this is

a partonic process. If X has two particles 1,2 in it, then one defines partonic Mandelstam variables:
§ = (Patm) (11.5.26)
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>

= (pa—hk1)%, (11.5.27)
= (pe— k)2 (11.5.28)

=33

Let us work in the center-of-momentum frame, with approximately massless hadrons and partons, so

that
pi = (E,0,0,E), (11.5.29)
ph, = (E,0,0,—E). (11.5.30)
Then we can define a Feynman x for each of the initial-state partons, x, and xy, so:
Pt = x4(F,0,0,F), (11.5.31)
py = x(E,0,0,—E). (11.5.32)
It follows that, with s = (pp, + ph/)2 for the whole hadronic event,
8= (2q + 1)’ E? — (x4 — 24) E? = 4xqxy E* = sxq1p. (11.5.33)

Here s is determined by the collider [(1960 GeV)? at the Tevatron], while § is different for each event.
Now, to find the total cross-section to produce the final state X in h, h’ collisions, we should multiply
the partonic cross-section by the probabilities of finding in A a parton a with momentum fraction in
the range x4 to x, + dx, and the same probability for parton b in A'; then integrate over all possible

o and xp, and then sum over all the different parton species a and b. The result is:
1 1 ,
do(hh' — X) = Z/ dz, / dxy do(ab — X) fP(xq) fI¥ (2). (11.5.34)
b 0 0

This integration is done by computer, using PDFs with ) chosen equal to some energy characteristic of
the event. The partonic differential cross-section dé(ab — X) depends on the momentum fractions z,

and zp, through p4 = xapﬁ and pff = xbp‘,i,, with p‘,; and p’}t, controlled or known by the experimenter.

11.6 Top-antitop production in pp and pp collisions

As an example, let us consider top-antitop production, first at the Tevatron. The parton-level processes
that can contribute to this are, with the first parton taken to be from the proton and the second from

the antiproton:
uu — tt, dd — tt, gg — tt, dd — 1, uu — tt, 55 — tt, 5s — ti. (11.6.1)

These are listed in the order of their numerical importance in contributing to the total cross-section for
tt at the Tevatron. Notice that the most likely thing is to find a quark in the proton and an antiquark

in the anti-proton, but there is also a small but non-zero probability of finding an anti-quark in the
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proton, and a quark in the anti-proton. All of the processes involving quark and antiquark in the initial
state involve the same parton-level cross-section
dé(qq — tt)
dt ’

which is left for you to compute as an exercise. The gluon-gluon process has a partonic cross-section

(11.6.2)

that is somewhat harder to obtain:

do(gg —tt)  wa2[6(m?* —{)(m? — ) m?(8 — 4m?)
di T 8&2 52 C3(m2—H(m2 —q)
4[(m? — £)(m? — a) — 2m?(m? + 1)) N 4[(m? — t)(m? — 4) — 2m?%(m? + )]
3(m2 —1)2 3(m? — 1)?
3[(m* - t)(m? —a) + m?(a — )] ~3[(m? - £)(m? — a) + m2(t — a)]
3(m? —1) 5(m? — ) , (116:3)

where m is the mass of the top quark. Even these leading-order partonic differential cross-sections
depend implicitly on the renormalization scale u, through the renormalized coupling ag ().

In order to find the total cross-section, one can first integrate the partonic cross-sections with
respect to ¢; this is equivalent to integrating over the final-state top quark angle 6 in the partonic COM

frame, since they are related linearly by

f:mf+§<1+cosé\/1—4mt2/§>. (11.6.4)

Therefore, for each partonic process one has

ilnax d/\ ~
& = / % at, (11.6.5)
7Emin dt

tmax,min = M + g (—1 +4/1— 4mt2/§) . (11.6.6)

It is also useful to note that eq. (11.5.33) implies

Ty = — day = 2 (11.6.7)

TyS TyS

where

So instead of integrating over x;, we can integrate over §. The limits of integration on § are from
3min = 4m? (the minimum required to make a top-antitop pair) to 8max = s (the maximum available
from the proton and antiproton, corresponding to x, = x, = 1). For a given §, the range of z, is from
§/s to 1. Relabeling x, as just z, we therefore have:

o(pp — tt) = As ds 1 dx i{&(qq — tt) {u(m)u@/ms) +d(z)d(8/zs) +u(z)u(s/zs)

m? §/s
+d(x)d(3/zs) + 25($)5(§/xs)} +05(99 — tf)g(x)g(é/xs)}. (11.6.8)

Using the CTEQ5SL PDFs and m; = 173 GeV, with /s = 1960 GeV, and computing «s(u) using
eq. (11.3.26) starting from a,s(m¢) = 0.1082, and working with the leading-order partonic cross-sections,

the results as a function of the common factorization and renormalization scale ) = p look like:
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Unfortunately, the accuracy of the above results, obtained with only leading order partonic cross-
sections and PDFs, is clearly not very high. Ideally, the lines should be flat, but there is instead
a strong dependence of the leading-order prediction on @@ = p. The higher-order corrections to the
quark-antiquark processes turn out to be of order 10 to 20%, while the gluon-gluon process gets about
a 70% correction from its leading-order value at Q = u = my. Accurate comparisons with experiment
require a much more detailed and sophisticated treatment of the higher-order effects, including at least
a next-to-leading order calculation of the partonic cross-sections. Still, some useful information can be
gleaned. Experience has shown that evaluating the leading-order result at @ ~ m;/2 gives a decent
estimate of the total cross-section, although a principled justification for this scale choice is hard to
make. Also, the relative sizes of the parton-level contributions can be understood qualitatively from the

PDFs as follows. To produce a top-antitop pair, we must have § > 4m§, so according to eq. (11.5.33),
Tqry > 4m? /s = 4(173)%/(1960)? = 0.0312. (11.6.9)

So at least one of the momentum fraction x’s must be larger than 0.1765 for m; = 173 GeV. This
means that the largest contributions come from the valence quarks. Since there are roughly twice as
many valence up quarks as down quarks in the proton for a given x, and twice as many antiups as
antidowns in the antiproton, the ratio of top-antitop events produced from up-antiup should be about
4 times that from down-antidown. The gluon-gluon contribution is suppressed in this case because
most of the gluons are at small x and do not have enough energy to make a top-antitop pair. Finally,
the contributions from sea partons (u, d, s,3 in the proton, and u,d, s,5 in the antiproton) are highly
suppressed for the same reason.

Let us now consider ¢ production for the Large Hadron Collider, a pp collider, by taking into

account the larger /s and the different parton distribution function roles. Since both of the initial-
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state hadrons are protons, the formula for the total cross-section is now:
s 1 1 _ _
dé | da —{(’}(qq — 1) [2u(@)a(s/xs) + 2d(2)d(3/w5) + 25(x)s(3/ws)]

m? 3/s s

+5(gg — tt) g(m)g(§/x3)} (11.6.10)

oop—iD) = |

The factors of 2 are present because each proton can contribute either the quark, or the antiquark;
then the contribution of the other proton is fixed. The gluon-gluon contribution has the same form as
in pp collisions, because the gluon distribution is identical in protons and in antiprotons.

Numerically integrating the above formula with a computer using the CTEQ5L PDFs; one finds
the leading order results shown below, as a function of the common factorization and renormalization
scale QQ = pu:
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Again these leading-order results are highly dependent on Q = u, and subject to large corrections at
next-to-leading order and beyond. The most striking feature of the LHC result is that in contrast to
the Tevatron situation, the gluon-gluon partonic contribution is dominant over the quark-antiquark
contributions for the LHC. This is partly because all of the quark-antiquark contributions now require
a sea antiquark PDF, but that is not the main reason. The really important effect is that at very
high energies like at the LHC, the top quark can be considered light (!) and so one can make them
using partons with much lower z. For example, with /s = 14 TeV, the kinematic constraint on the

longitudinal momentum fractions becomes
Taxy > 4(173)2/(14000)2 = 0.000611, (11.6.11)

so that now the smaller one can be as low as 0.0247. At low x, we saw above that the gluon distribution
function is very large; one has plenty of gluons available with less than 1/10 of the protons’ total energy,

and they dominate over the quark and antiquark PDFs. This is actually a common feature, and is why
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you sometimes hear people somewhat whimsically call the LHC a “gluon collider”; with so much energy
available for the protons, many processes are dominated by the large gluon PDF at low z. There are
some processes that do not rely on gluons at all, however. We will see one example in subsection 11.8.
Those processes are dominated by sea quarks at the LHC. Also, many processes get a large contribution
from gluon-squark scattering as well, for example gluon-squark production in supersymmetry.

One can also look at the distribution of ¢ production as a function of the total invariant mass
Min, = /5 of the hard scattering process, by leaving the § integration in egs. (11.6.8) and (11.6.10)

unperformed. The resulting shape of the distribution normalized by the total cross-section,

1 do(tf)  2y/s do(il)
o(tt) dM, — o(tt) ds (11.6.12)

is shown below for the Tevatron and the LHC with /s = 14 TeV:
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The invariant mass distribution of the ¢t system is peaked not far above 2m; in both cases, indicating
that the top and antitop usually have only semi-relativistic velocities. This is because the PDFs fall
rapidly with increasing x, so the most important contributions to the production cross-section occur
when both z’s are not very far above their minimum allowed values. At the LHC, the top and antitop
are likelier to be produced with higher energy than at the Tevatron, with a more substantial tail at

high mass.

11.7 Kinematics in hadron-hadron scattering

Let us now consider the general problem of kinematics associated with hadron-hadron collisions with
underlying 2 — 2 parton scattering. To make things simple, we will suppose all of the particles are
essentially massless, so what we are about to do does not work for ¢¢ in the final state (but could be
generalized to do so). After doing a sum/average over spins, colors, and any other unobserved degrees

of freedom, we should be able to compute the differential cross-section for the partonic event from its
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Feynman diagrams as:

O 12
dé(ab —~ 12) (11.7.1)
dt
As we learned in subsection 11.5, we can then write:
/ do(ab — 12) .
do(hh' =12+ X) = 3 fla) fl (1) dolab = 12) 4 g da, (11.7.2)

a,b

A picture of the scattering process in real space might look like:
1

k1

Ph — ; TaPh — 46 — TpPh , — Pn’
g - dz - )

BN a di b S

>

There are several different ways to choose the kinematic variables describing the final state. There are
three significant degrees of freedom: two angles at which the final-state particles emerge with respect to
the collision axis, and one overall momentum scale. (Once the magnitude of the momentum transverse
to the beam for one particle is specified, the other is determined.) The angular dependence about the
collision axis is trivial, so we can ignore it.

For example, we can use the following three variables: momentum of particle 1 transverse to
the collision axis, pp; the total center-of-momentum energy of the final state partons, v/§; and the

longitudinal rapidity of the two-parton system in the lab frame, defined by
1
Y = §1n(xa/xb). (11.7.3)

This may look like an obscure definition, but it is the rapidity (see section 2) needed to boost along
the collision axis to get to the center-of-momentum frame for the two-parton system. It is equal to 0
if the final-state particles are back-to-back, which would occur in the special case that the initial-state
partons have the same energy in the lab frame. Instead of the variables (4, xp,1), we can use the more
directly observable variables (8, pQT, Y'), or perhaps some subset of these with the others integrated over.

Working in the center-of-momentum frame of the partons, we can write:

vy = (£,0,0,E), (11.7.4)



py = (E,0,0,-E), (11.7.5)
kiL = (E707pT7 EQ _p%’)a (1176)

kg = (E’Ov_pTv_\/ E2 _p%)v (1177)

with
§=A4F? = x,1p8, (11.7.8)
from which it follows that
t=(ps—ki)* = g <1+ 1—4p%/§>, (11.7.9)
= (pa— ko) = g (1 —\/1- 4p%/§> , (11.7.10)
and so
P2 = ?u _ _5(3908;922; t) (11.7.11)
where the last equality uses & = —§ — t = —sx,x;, — ¢ for massless particles. Making the change of

variables (z,,p, %) to (3, p%,Y) for a differential cross-section requires
dt dx, dzy, = J ds d(p%) dY, (11.7.12)

where J is the determinant of the Jacobian matrix of the transformation. Evaluating it, by taking the

inverse of the determinant of its inverse, one finds:

. -1
g = |26 Y) | Tamy (11.7.13)
O(t, zq,xp) 542t
Therefore, eq. (11.7.2) becomes:
do(hh' — 12 + X) TaZp h / dé(ab — 12)
_ ] dotab = 12) 11.7.14
dgd(p%)dy §+2t%fa (xa)fb (‘rb) dt ( )

where the variables x4, zp, ¢ on the right-hand side are understood to be determined in terms of , p3
and Y by egs. (11.7.8), (11.7.11), and (11.7.3).

11.8 Drell-Yan scattering (¢/*¢~ production in hadron collisions)

As an example, let us consider the process of Drell-Yan scattering, which is the production of lepton

pairs in hadron-hadron collisions through a virtual photon:
hh — 0. (11.8.1)

This does not involve QCD as the hard partonic scattering, since the leptons £ = e, u, or 7 are singlets

under SU(3). color. However, it still depends on QCD, because to evaluate it we need to know the
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PDFs for the quarks inside the hadrons. Since gluons have no electric charge and do not couple to

photons, the underlying partonic process is always:
qq — (0. (11.8.2)

with the ¢ coming from either h or h’. The cross-section for this, for /s < myz and not near a
resonance, can be obtained by exactly the same methods as in 7.2 for eTe™ — pu™ ™ ; we just need to
remember to use the charge of the quark @), instead of the charge of the electron, and to average over
initial-state colors. The latter effect leads to a suppression of 1/3; there is no reaction if the colors do
not match. One finds that the differential partonic cross-section is:
dé(qq — (107)  2maQA(E +4?)

dt B 351 '

(11.8.3)

Therefore, using @ = —§ — ¢ for massless scattering, and writing separate contributions from finding
the quark, and the antiquark, in h:
do(hW — €707)  2ma® 12 + (5 + 1)?
dsdp%dY 3 §(5+20)

Tamy Y0 Q2 [ Fl(wa) 1 (w) + fR(xa) fI ()] . (11.8.4)

This can be used to make a prediction for the experimental distribution of events with respect to each
of 3, pr, and Y.

Alternatively, we can choose to integrate the partonic differential cross-section with respect to ¢
first. Since ¢ determines the scattering angle with respect to the collision axis, this will eliminate the

integration over p7.. The total partonic cross-section obtained by integrating eq. (11.8.3) is:
g T Y g g

4 22
(qg — £70) = %Qq (11.8.5)
8
Therefore we get:
Ry dma? 2 [ ch W h W
do(hh! — (H7) = dagdzy—— >~ Q] [fq (wa) f (25) + f2(2a) f] (xb)}. (11.8.6)
q
Now making the change of variables from (z,,z3) to (8,Y) requires:
,Y) | $dY
dzqday, = ‘M dsay = B (11.8.7)
O(xq,xp) s
we therefore have:
do(hh' — (T07)  4ma? / )
= o 2 Q) [ @) fy (@) + f (@) £y ()] (11.8.8)
q

Still another way to present the result is to leave only § unintegrated, by again first integrating the
partonic differential cross-section with respect to ¢, and then trading one of the Feynman-z variables
for §, and do the remaining x-integration. This is how we wrote the top-antitop total cross-section.

The Jacobian factor in the change of variables from (x4, x) — (24, §) is now:

_1 o
dag d
dxadxb:'a—; da, ds = 22228

(11.8.9)

TaS
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Using this in eq. (11.8.6) now gives, after replacing x, by x and integrating:

do(hh — (T07)  4wa?
ds 332

> Q; ;dxé [fi(x>f§’(§/ms)+ fg(x)fg’(g/xs)}. (11.8.10)

This version makes a nice prediction that is (almost) independent of the actual parton distribution
functions. The right-hand side could have depended on both § and s in an arbitrary way, but to the
extent that the PDFs are independent of @, we see that it is predicted to scale like 1/3% times some
function of the ratio §/s. Since the PDFs run slowly with @, this is a reasonably good prediction.
Drell-Yan scattering has been studied in hh/ = pp, pp, 7tp, and K*p scattering experiments, and in
each case the results indeed satisfy the scaling law:

2 do(hh - )

ds

= F(3/s) (11.8.11)

to a very good approximation, for low § not near a resonance. Furthermore, the functions Fjj gives
information about the PDFs.

Because of the relatively clean signals of muons in particle detectors, the Drell-Yan process
pp— p pt+ X or pp — p pt+ X (11.8.12)

is often one of the first things one studies at a hadron collider to make sure everything is working
correctly and understood. It also provides a test of the PDFs, especially at small x.
For larger /s, one must take into account the s-channel Feynman diagram with a Z boson in place

of the virtual photon. The resulting cross-section can be obtained from eq. (11.8.10) by replacing

dra? So dma® < [Q | (VF+ADVE+AD)  2Q,VVe(l — m3/3) (118.13)
352 = 3 4% 52 (8—m%)2+m%iT%  (§—m2)2+m3l% |’

where Vy and Ay are coupling coefficients associated with the Z-fermion-antifermion interaction vertex,
and will be specified explicitly at the end of section 13.1. The first term is from the virtual photon
contribution to the matrix element, while the second comes from the virtual Z boson contribution,
and features a Breit-Wigner resonance denominator from the Z boson propagator, which depends on
the mass and width myz = 91.19 GeV and I'y; = 2.495 GeV. The last term is due to the interference
between these two amplitudes.

At the end of 2010, the CMS and ATLAS LHC detector collaborations released their measurements

of the p~p™ and e~e™ invariant mass distributions. The dimuon plot from CMS is shown below:
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Clearly visible are the effects of the n, p, w, ¢, J/1, ¢/, and T 1S, 2S, and 3S meson resonances, the
Z boson resonance, and the general decrease of the cross-section with v/3 (the invariant mass of the
final state). The distribution includes the effects of the intrinsic widths of the resonances as well as
detector resolution effects and trigger and detector efficiencies. A similar plot is shown below for the
e~e' final state. Note that the detector resolution and the trigger efficiency are evidently worse for

electrons than for muons.
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12 Spontaneous symmetry breaking
12.1 Global symmetry breaking

Not all of the symmetries of the laws of physics are evident in the state that describes a physical system,
or even in the vacuum state with no particles. For example, in condensed matter physics, the ground
state of a ferromagnetic system involves a magnetization vector that points in some particular direction,
even though Maxwell’s equations in matter do not contain any special direction. This is because it
is energetically favorable for the magnetic moments in the material to line up, rather than remaining
randomized. The state with randomized magnetic moments is unstable to small perturbations, like a
stick balanced on one end, and will settle in the more energetically-favored magnetized state.

The situation in which the laws of physics are invariant under some symmetry transformations,
but the vacuum state is not, is called spontaneous symmetry breaking. In this section we will study
how this works in quantum field theory. There are two types of continuous symmetry transformations;
global, in which the transformation does not depend on position in spacetime, and local (or gauge) in
which the transformation can be different at each point. We will work out how spontaneous symmetry
breaking works in each of these cases, using the example of a U(1) symmetry, and then guess the
generalizations to non-Abelian symmetries.

Consider a complex scalar field ¢(x) with a Lagrangian density:
L= 0" Dud— V(6,8 (12.1.1)
with potential energy
V(g,¢") = m*¢*p + A(¢*¢)?, (12.1.2)

where m? and )\ are parameters of the theory. This Lagrangian is invariant under the global U(1)

transformations:
$(x) — ¢/ (x) = “¢(x) (12.1.3)

where « is any constant. The classical equations of motion for ¢ and ¢* following from L are [see
eq. (5.1.25)]:
oV

PO+ 5 = 0 (12.1.4)
8“8N¢*+((55—‘; = 0. (12.1.5)

Clearly, there is a solution with 9,¢ = 0,¢* = 0, where ¢(x) is just equal to any constant that
minimizes the potential.

If m? > 0 and A > 0, then the minimum of the potential is at ¢ = 0. The quantum mechanical
counterpart of this statement is that the ground state of the system will be one in which the expectation

value of ¢(x) vanishes:

(0lg(x)[0) = 0. (12.1.6)

215



The scalar particles created and destroyed by the field ¢(z) correspond to quantized oscillations of
¢(x) about the minimum of the potential. They have squared mass equal to m?, and interact with a
four-scalar vertex proportional to A.

Let us now consider what happens if the signs of the parameters m? and A are different. If A < 0,
then the potential V(¢,¢*) is unbounded from below for arbitrarily large |¢|. This cannot lead to
an acceptable theory. Classically there would be runaway solutions in which |¢(x)| — oo, gaining an
infinite amount of kinetic energy. The quantum mechanical counterpart of this statement is that the
expectation value of ¢(x) will grow without bound.

However, there is nothing wrong with the theory if m? < 0 and A > 0. (One should think of m? as
simply a parameter that appears in the Lagrangian density, and not as the square of some mythical real
number m.) In that case, the potential V (¢, ¢*) has a “Mexican hat” shape, with a local maximum at
¢ = 0, and a degenerate set of minima with

02

?7

v = /—m?/\. (12.1.8)

The potential V' does not depend on the phase of ¢(z) at all, so it is impossible to unambiguously

|Pmin|” = (12.1.7)

where we have defined:

determine the phase of ¢(z) at the minimum. However, by an arbitrary choice, we can make Im(¢myin) =
0. In quantum mechanics, the system will have a ground state in which the expectation value of ¢(x)

is constant and equal to the classical minimum:
v

(0]¢()[0) 7
The quantity v is a measurable property of the vacuum state, known as the vacuum expectation value,
or VEV, of ¢(x). If we now ask what the VEV of ¢ is after performing a U(1) transformation of the
form eq. (12.1.3), we find:

(12.1.9)

NG - 7 (12.1.10)

The VEV is not invariant under the U(1) symmetry operation acting on the fields of the theory; this

(01¢/(@)10) = ¢ (0]é(x)[0) = ¢

reflects the fact that we had to make an arbitrary choice of phase. One cannot restore the invariance
by defining the symmetry operation to also multiply |0) by a phase, since (0| will rotate by the opposite
phase, canceling out of eq. (12.1.10). Therefore, the vacuum state must not be invariant under the
global U(1) symmetry rotation, and the symmetry is spontaneously broken. The sign of the parameter

2

m~ is what determines whether or not spontaneous symmetry breaking takes place in the theory.

In order to further understand the behavior of this theory, it is convenient to rewrite the scalar field

in terms of its deviation from its VEV. One way to do this is to write:

b)) = —[v+R(x)+il(z)], (12.1.11)

[v+ R(x) —il(z)], (12.1.12)

Sl =Sl
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where R and I are each real scalar fields, representing the real and imaginary parts of ¢. The derivative

part of the Lagrangian can now be rewritten in terms of R and I, as:
1 1
L= 58“R8MR + 56“]8,#7. (12.1.13)

The potential appearing in the Lagrangian can be found in terms of R and I most easily by noticing

that it can be rewritten as
V(g,¢") = A(¢*¢ — v?/2)> — Ao /4. (12.1.14)

Dropping the last term that does not depend on the fields, and plugging in eqgs. (12.1.11) and (12.1.12),

this becomes:

A

V(R I) = Z[(v + R+ 1% — %2 (12.1.15)
A

= MR+ MWR(R* 4+ 1%) + Z(R2 + 1%)% (12.1.16)

Comparing this expression with our previous discussion of real scalar fields in section 6, we can interpret
the terms proportional to Av as RRR and RII interaction vertices, and the last term proportional to A
as RRRR, RRII, and II1I interaction vertices. The first term proportional to Av? is a mass term for
R, but there is no term quadratic in I, so it corresponds to a massless real scalar particle. Comparing

to the Klein-Gordon Lagrangian density of eq. (5.1.18), we can identify the physical particle masses:

m% = 2\ = —2m? (12.1.17)
m3 = 0. (12.1.18)

It is useful to redo this analysis in a slightly different way, by writing

plz) = %[wh(x)]ew(@/v, (12.1.19)
$(@) = —=[v+ h(z)]e I, (12.1.20)

V2
instead of egs. (12.1.11), (12.1.12). Again h(x) and G(x) are two real scalar fields, related to R(x) and

I(x) by a non-linear functional transformation. In terms of these fields, the potential is:
A
V(h) = M?h? + Mh? + Zh‘*. (12.1.21)

Notice that the field G does not appear in V' at all. This is because G just corresponds to the phase of
¢, and the potential was chosen to be invariant under U(1) phase transformations. However, G does
have interactions coming from the part of the Lagrangian density containing derivatives. To find the

derivative part of the Lagrangian, we compute:

1 iG /v i(U + h)
* 1 —iG /v Z(U + h)
ot = 7 Glvg,h — —0,6], (12.1.23)
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so that:
1 1 h\?
Ederivatives = §auhaph + 5 1+ — 8MG8MG (12124)
v

The quadratic part of the Lagrangian, which determines the propagators for h and G, is

Lquadratic = %Whauh - %mih"’ + %8“G8MG, (12.1.25)

with
mi = 2\ (12.1.26)
mé = 0. (12.1.27)

This confirms the previous result that the spectrum of particles consists of a massive real scalar (h) and
a massless one (G). The interaction part of the Lagrangian following from eqgs. (12.1.21) and (12.1.24)
is:

1

L 1 2 ow 3 A 4
Ling = (Uh+ 5l >a GO,G — Moh® — Th'. (12.1.28)

The field and particle represented by G is known as a Nambu-Goldstone boson (or sometimes just a
Goldstone boson). The original U(1) symmetry acts on G by shifting it by a constant that depends on
the VEV:

G — G =G+ av; (12.1.29)
h — h' = h. (12.1.30)

This explains why G only appears in the Lagrangian with derivatives acting on it. In general, a broken
global symmetry is always signaled by the presence of a massless Nambu-Goldstone boson with only
derivative interactions. This is an example of Goldstone’s theorem, which we will state in a more

general framework in subsection 12.3.

12.2 Local symmetry breaking and the Higgs mechanism

Let us now consider how things change if the spontaneously broken symmetry is local, or gauged. As
a simple example, consider a U(1) gauge theory with a fermion v with charge @ and gauge coupling g

and a vector field A* transforming according to:

Yla) — Pypa), (12.2.1)
Gla) — e V(), (12.2.2)
Ay(z) — Au(x)iaMH(x). (12.2.3)

In order to make a gauge-invariant Lagrangian density, the ordinary derivative is replaced by the

covariant derivative:
Dy = (8M + ngAu)lp. (12.2.4)
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Now, in order to spontaneously break the gauge symmetry, we introduce a complex scalar field ¢ with

charge +1. It transforms under a gauge transformation like
o(x) — D), ¢*(x) — e @ p*(a). (12.2.5)

To make a gauge-invariant Lagrangian, we again replace the ordinary derivative acting on ¢, ¢* by

covariant derivatives:
Du¢ = (O +igAu)d;  Dud™ = (0 —igAu)d" (12.2.6)
The Lagrangian density for the scalar and vector degrees of freedom of the theory is:
* * 1
L=D,p*D'p—V(p,9") — ZFWF‘“" (12.2.7)

where V (¢, ¢*) is as given before in eq. (12.1.2). Because the covariant derivative of the field transforms

like
D¢ — €D, ¢, (12.2.8)

this Lagrangian is easily checked to be gauge-invariant. If m? > 0 and A > 0, then this theory
describes a massive scalar, with self-interactions with a coupling proportional to A\, and interaction
with the massless vector field A,,.

However, if m? < 0, then the minimum of the potential for the scalar field brings about a non-zero
VEV (0|¢|0) = v/v2 = /—m2/2), just as in the global symmetry case. Using the same decomposition
of ¢ into real fields h and G as given in eq. (12.1.19), one finds:

1 . 1 iG /v
Dy = 7 Ouh +ig(A, + g—vauc;)(v +h)| e, (12.2.9)
It is convenient to define a new vector field:
1
V, = A, +—0,G, (12.2.10)
gu

since this is the combination that appears in eq. (12.2.9). Then

Do — % [0,k + igVi (v + b)) €57, (12.2.11)
Db = —[Buh—igVi(v + h)] eGP, (12.2.12)

5

2

Note also that since
A, — 0A, =0V, — 0V, (12.2.13)

the vector field strength part of the Lagrangian is the same written in terms of the new vector V, as

it was in terms of the old vector Au:

—iF"”FW - —i(aﬁvy _ V)@V — VR, (12.2.14)
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The complete Lagrangian density of the vector and scalar degrees of freedom is now:

1 1
L= |0"hduh+g* (v + DRGAE T F = Aloh + 12 /2)°. (12.2.15)
This Lagrangian has the very important property that the field G has completely disappeared! Reading
off the part quadratic in h, we see that it has the same squared mass as in the global symmetry case,

namely
mi = 2\v°. (12.2.16)

There is also a term quadratic in the vector field:
Lo v
This means that by spontaneously breaking the gauge symmetry, we have given a mass to the corre-

sponding vector field:
mi = g*v?. (12.2.18)

We can understand why the disappearance of the field G' goes along with the appearance of the
vector boson mass as follows. A massless spin-1 vector boson (like the photon) has only two possible
polarization states, each transverse to its direction of motion. In contrast, a massive spin-1 vector
boson has three possible polarization states; the two transverse, and one longitudinal (parallel) to its
direction of motion. The additional polarization state degree of freedom had to come from somewhere,
so one real scalar degree of freedom had to disappear. The words used to describe this are that the
vector boson becomes massive by “eating” the would-be Nambu-Goldstone boson G, which becomes
its longitudinal polarization degree of freedom. This is called the Higgs mechanism. The original field
¢(x) is called a Higgs field, and the surviving real scalar degree of freedom h(x) is called by the generic
term Higgs boson. The Standard Model Higgs boson and the masses of the W* and Z bosons result
from a slightly more complicated version of this same idea, as we will see.

An alternative way to understand what has just happened to the would-be Nambu-Goldstone boson

field G(x) is that it has been “gauged away”. Recall that

¢ = (v + h)e'G (12.2.19)

G-

behaves under a gauge transformation as:
¢ — €. (12.2.20)

Normally we think of # in this equation as just some ordinary function of spacetime, but since this is

true for any 6, we can choose it to be proportional to the Nambu-Goldstone field itself:

0(x) = —G(x)/v. (12.2.21)



This choice, known as “unitary gauge”, eliminates G(x) completely, just as we saw in eq. (12.2.15). In
unitary gauge,

1
o(z) = ﬁ[zH—h(x)]. (12.2.22)

Notice also that the gauge transformation eq. (12.2.21) gives exactly the term in eq. (12.2.10), so that
V,, is simply the unitary gauge version of A,. The advantage of unitary gauge is that the true physical
particle content of the theory (a massive vector and real Higgs scalar) is more obvious than in the
version of the Lagrangian written in terms of the original fields ¢ and A,. However, it turns out to be
easier to prove that the theory is renormalizable if one works in a different gauge in which the would-be
Nambu-Goldstone bosons are retained. The physical predictions of the theory do not depend on which
gauge one chooses, but the ease with which one can compute those results depends on picking the right
gauge for the problem at hand.

Let us catalog the propagators and interactions of this theory, in unitary gauge. The propagators

of the Higgs scalar and the massive vector are:

K v i bubv
ANNANN — | —gu +
p2—m%/+ze[ Guaw mé,
)
______ P2 — m% + e
From eq. (12.2.15), there are also hV'V and hhV'V interaction vertices:
1
1
AN
AN
AN
AN
- —  2igvg" —  2ig?g"
. /
/
/
v
v
and hhh and hhhh self-interactions:
/
/ N 7
/ AN N , /
/ N
-—-=--< —  —6i\v X — —62\
\ / AN
/ AN
\ / AN
\ , N

Finally, a fermion with charge () inherits the same interactions with V,, that it had with A,, coming

from the covariant derivative:
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—  —iQg"

This is a general way of making massive vector fields in gauge theories with interacting scalars and

fermions, without ruining renormalizability.

12.3 Goldstone’s Theorem and the Higgs mechanism in general

Let us now state, without proof, how all of the considerations above generalize to arbitrary groups.
First, suppose we have scalar fields ¢; in some representation of a global symmetry group with gener-

ators Tiaj . There is some potential

Vi, ¢7), (12.3.1)

which we presume has a minimum where at least some of the ¢; are non-zero. This of course depends on

the parameters and couplings appearing in V. The fields ¢; will then have VEVs that can be written:

(%
0]¢;]0) = . 12.3.2
o160 = % (1232)
Any group generators that satisfy
T v; =0 (12.3.3)

correspond to unbroken symmetry transformations. In general, the unbroken global symmetry group
is the one formed from the unbroken symmetry generators, and the vacuum state is invariant under

this unbroken subgroup. The broken generators satisfy
T v; #0. (12.3.4)

Goldstone’s Theorem states that for every spontaneously broken generator, labeled by a, of a global
symmetry group, there must be a corresponding Nambu-Goldstone boson. [The group U(1) has just
one generator, so there was just one Nambu-Goldstone boson.]

In the case of a local or gauge symmetry, each of the would-be Nambu-Goldstone bosons is eaten
by the vector field with the corresponding index a. The vector fields for the broken generators become
massive, with squared masses that can be computed in terms of the VEV(s) and the gauge coupling(s)
of the theory. There are also Higgs boson(s) for the uneaten components of the scalar fields that
obtained VEVs.

One might also ask whether it is possible for fields other than scalars to obtain vacuum expectation
values. If one could succeed in concocting a theory in which a fermion spinor field or a vector field has
a VEV:

01al0) # 0 (7), (12.3.5)
(0]A,l0) # 0 (7), (12.3.6)
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then Lorentz invariance will necessarily be broken, since the alleged VEV carries an uncontracted spinor
or vector index, and therefore transforms non-trivially under the Lorentz group. This would imply that
the broken generators would include Lorentz boosts and rotations, in contradiction with experiment.
However, there can be vacuum expectation values for antifermion-fermion composite fields, since they

can form a Lorentz scalar:
(O[T W|0) 0. (12.3.7)

This is called a fermion-antifermion condensate. In fact, in QCD the quark-antiquark composite fields

do have vacuum expectation values:
(0|@u|0) ~ (0[dd|0) ~ (0[3s]0) ~ 1 # 0, (12.3.8)

where (1 is a quantity with dimensions of [mass] which is set by the scale Aqcp at which non-perturbative
effects become important. This is known as chiral symmetry breaking. The chiral symmetry is a global,
approximate symmetry by which left-handed w, d, s quarks are rotated into each other and right-handed
u, d, s quarks are rotated into each other. (The objects gq are color singlets, so these antifermion-fermion
VEVs do not break SU(3), symmetry.) Chiral symmetry breaking is actually the mechanism that is
responsible for most of the mass of the proton and the neutron, and therefore most of the mass of
everyday objects. When the chiral symmetry is spontaneously broken, the Nambu-Goldstone bosons
that arise include the pions 7+ and 7%. They are not exactly massless because the chiral symmetry was
really only approximate to begin with, but the Goldstone theorem successfully explains why they are
much lighter than the proton; m% < mg. They are often called pseudo-Nambu-Goldstone bosons, or
PNGBs, with the “pseudo” indicating that the associated spontaneously broken global symmetry was
only an approximate symmetry. Extensions of the Standard Model that feature new approximate global
symmetries that are spontaneously broken generally predict the existence of heavy exotic PNGBs. For

example, these are a ubiquitous feature of technicolor models.
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13 The standard electroweak model
13.1 SU(2), x U(1)y representations and Lagrangian

In this section, we will study the Higgs mechanism of the Standard Model, which is responsible for
the masses of W= and Z bosons, and the masses of the leptons and most of the masses of the heavier
quarks.

The electroweak interactions are mediated by three massive vector bosons W=, Z and the massless
photon 7. The gauge group before spontaneous symmetry breaking must therefore have four generators.
After spontaneous symmetry breaking, the remaining unbroken gauge group is electromagnetic gauge
invariance. A viable theory must explain the qualitative experimental facts that the W* bosons
couple only to L-fermions (and R-antifermions), that the Z boson couples differently to L-fermions
and R-fermions, but + couples with the same strength to L-fermions and R-fermions. Also, there are
very stringent quantitative experimental tests involving the relative strengths of fermion-antifermion-
vector couplings and the ratio of the W and Z masses. The Standard Model (SM) of electroweak
interactions of Glashow, Weinberg and Salam successfully incorporates all of these features and tests

into a spontaneously broken gauge theory. In the SM, the gauge symmetry breaking is:
SU(Q)L X U(l)y — U(l)EM (13.1.1)

We will need to introduce a Higgs field to produce this pattern of symmetry breaking.
The SU(2)1, subgroup is known as weak isospin. Left-handed SM fermions are known to be doublets

under SU(2):
@) G G @) () )

Notice that the electric charge of the upper member of each doublet is always 1 greater than that of the
lower member. The SU(2)1, representation matrix generators acting on these fields are proportional

to the Pauli matrices:
T =0%/2, (a=1,2,3) (13.1.3)
with corresponding vector gauge boson fields:
Wi, (a=1,2,3) (13.1.4)
and a coupling constant g. The right-handed fermions
€r, MR, TR, UR, CR, tmr, dr, Sr, bR, (13.1.5)

are all singlets under SU(2)p,.
Meanwhile, the U(1)y subgroup is known as weak hypercharge and has a coupling constant ¢’ and

a vector boson B, sometimes known as the hyperphoton. The weak hypercharge Y is a conserved
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charge just like electric charge g, but it is different for left-handed and right-handed fermions. Both
members of an SU(2), doublet must have the same weak hypercharge in order to satisfy SU(2), gauge
invariance.

Following the general discussion of Yang-Mills gauge theories in section 10.2 [see egs. (10.2.18) and
(10.2.19)], the pure-gauge part of the electroweak Lagrangian density is:

1 a aurv 1 v
Lgange = _ZWWW " — ZB’“’B” ; (13.1.6)
where:
We, = 0,W —0,W — ge™ Wywy; (13.1.7)
B,ut/ = 8p,Bl/ - aI/BM (1318)

are the SU(2)r and U(1)y field strengths. The totally antisymmetric €?¢ (with ¢!'?* = +1) are the
structure constants for SU(2)r. This Lgauge provides for kinetic terms of the vector fields, and W;}
self-interactions.

The interactions of the electroweak gauge bosons with fermions are determined by the covariant

derivative. For example, the covariant derivatives acting on the lepton fields are:

D, (e”L) = [au +ig' B,Yy, + z‘gW,jTa] (e”L) ; (13.1.9)
Dyer = [0y +1i9'BuYe,] er. (13.1.10)

where Y;, and Y}, are the weak hypercharges of left-handed leptons and right-handed leptons, and
2 x 2 unit matrices are understood to go with the 9, and B, terms in eq. (13.1.9). A multiplicative
factor can always be absorbed into the definition of the coupling ¢, so without loss of generality, it is
traditional’ to set Yy, = Q¢ = —1. The weak hypercharges of all other fermions are then fixed. Using
the explicit form of the SU(2); generators in terms of Pauli matrices in eq. (13.1.3), the covariant

derivative of left-handed leptons is:

Ve _ Ve . / B‘u 0 g WE’ Wl} _ZW3 Ve
Du(eL) = 8u(eL)+z[gYeL< 0 Bﬂ) +3 (W,}HW,? Ly o, ) (13111)

Therefore, the covariant derivatives of the lepton fields can be summarized as:

Duve = Ouve+i <g/y£LBM + %Wj) ve + ig(Wg —iW3)er; (13.1.12)
Dper = Ouer +i (g/yZLBM - gwj> er + i%(W/} +iW ) (13.1.13)
D,er = 0d,er —ig Byer. (13.1.14)

The covariant derivative of a field must carry the same electric charge as the field itself, in order for

charge to be conserved. Evidently, then, Wﬁ — zWﬁ must carry electric charge +1 and Wﬁ + @Wﬁ must

tSome references define the weak hypercharge normalization so that Y is a factor of 2 larger than here, for each particle.

225



carry electric charge —1, so these must be identified with the W bosons of the weak interactions.

Consider the interaction Lagrangian following from

L = i(v. EL)WDM(?) (13.1.15)
L
g_ , g_ :
— _iyeweL(W; —iW3) — §em“ue(w,} +iWH+.... (13.1.16)

Comparing with egs. (9.6.2), (9.6.3), and (9.7.4), we find that to reproduce the weak-interaction La-

grangian of muon decay, we must have:

1 ‘

W = E(W;—zwj); (13.1.17)
_ 1 .

W, = %(Wﬁ—l—zWi). (13.1.18)

The 1/4/2 normalization agrees with our previous convention; the real reason for it is so that the kinetic
terms for W* have a standard normalization: £ = —3(8,W,5 — 0, W) (0" W~ — "W).

The vector bosons B,, and Wg’ are both electrically neutral. As a result of spontaneous symmetry
breaking, we will find that they mix. In other words, the fields with well-defined masses (“mass
eigenstates” or “mass eigenfields”) are not B, and Wj’, but are orthogonal linear combinations of
these two gauge eigenstate fields. One of the mass eigenstates is the photon field A*, and the other
is the massive Z boson vector field, Z,,. One can write the relation between the gauge eigenstate and
mass eigenstate fields as a rotation in field space by an angle 6y, known as the weak mixing angle or

Weinberg angle:

wi cosfy  sinfy YA
by — L
(Bu> <—SiH9W COSGW> <Au> ) (13.1.19)
with the inverse relation:
Zy\ _ (cosbw —sinby\ (W2
<Au> a (sinHW cos Oy ) (B# : (13.1.20)

We now require that the resulting theory has the correct photon coupling to fermions, by requiring
that the field A* appears in the covariant derivatives in the way dictated by QED. The covariant
derivative of the right-handed electron field eq. (13.1.14) can be written:

D,er = 0uer — ig' cos Ow Auer + ig sin Ow Z,er. (13.1.21)
Comparing to D,egr = 0,er — ieA,er from QED, we conclude that:
g cos by = e. (13.1.22)
Similarly, one finds using eq. (13.1.19) that:

Dyer, = 0uer +1i (g’YgL cos By — %sin0W> Ajer + ... (13.1.23)
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Again comparing to the prediction of QED that D,er, = d,er — ieA,er, it must be that:
%sin Ow — g'Yy, cosby = e (13.1.24)
is the electromagnetic coupling. In the same way:
D,ve = 0yve +1i (g/YgL cos Oy + gsin 6’W> Ave+ ... (13.1.25)

where the ... represent W and Z terms. However, we know that the neutrino has no electric charge, and
therefore its covariant derivative cannot involve the photon. So, the coefficient of A, in eq. (13.1.25)

must vanish:
g sin Oy + ¢'Yy, cos Oy = 0. (13.1.26)

Now combining egs. (13.1.22), (13.1.24), and (13.1.26), we learn that:

Y, = -1/2, (13.1.27)

99’
e = X 13.1.28
/g2+g12 ( )
tanfy = 4¢'/g, (13.1.29)

so that
/

sinfy = 9 cos Oy = 9 (13.1.30)

/g2+g/2’ /g2_|_g/2'
These are requirements that will have to be satisfied by the spontaneous symmetry breaking mechanism.

The numerical values from experiment are approximately:

g = 0.652; (13.1.31)
g = 0.357; (13.1.32)
e = 0.313; (13.1.33)
sin?fy = 0.231. (13.1.34)

These are all renormalized, running parameters, evaluated at a renormalization scale y = mz = 91.1876
GeV in the MS scheme.

In a similar way, one can work out what the weak hypercharges of all of the other SM quarks
and leptons have to be, in order to reproduce the correct electric charges appearing in the coupling
to the photon field A, from the covariant derivative. The results can be summarized in terms of the
SU(3)e x SU(2)r, x U(1)y representations:

. (). ()
G () () —
€R, HR, TR, — (17 ]-7 _1)
ur €L tr 1 (13.1.35
(dL>7 <SL>7 (bL)’ — (37 27 6) )
UR, CR, tRa — (3’ 17 %)
dR7 SR, bR7 A (37 17 7%)



In general, the electric charge of any field f is given in terms of the eigenvalue of the 3 component of

weak isospin matrix, 7%, and the weak hypercharge Y, as:
Qs =T} +Yy. (13.1.36)

Here T]‘? is +1/2 for the upper component of a doublet, —1/2 for the lower component of a doublet, and
0 for an SU(2)r, singlet. The couplings of the SM fermions to the Z boson then follow as a prediction.
One finds for each SM fermion f:

L5 = —Z"Fyu(g]l Pu + ghPr)S, (13.1.37)
where
i 3 ! _ 9 3 2
g, = geosty Ty, — g sinfyYy = cos O (TfL — sin GWQf> , (13.1.38)
) _ 9 .2
gr = —¢ sinfwYy, = et (sm GWQf), (13.1.39)

with coefficients:

fermion T}”L Yy, Yy, Qy
Ve, Vpy Vr % —% 0 0
e, T f% f% -1 -1
u,c,t % % % %
TR T

Equation (13.1.37) can also be rewritten in terms of vector and axial-vector couplings to the Z boson:

Log = ~Z"Fyu(gl, — gh) £, (13.1.40)
with
1
v =3 (9L+9R> = 2cosOy (TfL 2sin GWQf), (13.1.41)
1
fo_ 2 (,f_ ) _ g 3
ga = 2(9L gR) = JcosOy (TfL)~ (13.1.42)

The coupling parameters appearing in eq. (11.8.13) are Vy = g{;/e and Ay = gfg/e.
The partial decay widths and branching ratios of the Z boson can be worked out from these

couplings (see homework), and agree with the results from experiment:

BR(Z — £T07) = 0.033658 +0.000023  (for £ = e, s, 7, cach) (13.1.43)
BR(Z — invisible) = 0.2000 & 0.0006 (13.1.44)
BR(Z — hadrons) = 0.6991 = 0.0006. (13.1.45)

The “invisible” branching ratio matches up extremely well with the theoretical prediction for the sum
over the three 1,7, final states, while “hadrons” is due to quark-antiquark final states. It is an important
fact that the Z branching ratio into charged leptons is small. This is unfortunate, since backgrounds
for leptons are smaller than for hadrons or missing energy, and Z bosons can appear in many searches

for new phenomena.
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13.2 The Standard Model Higgs mechanism

Let us now turn to the question of how to spontaneously break the electroweak gauge symmetry in a
way that satisfies the above conditions. There is actually more that one way to do this, but we will
follow the simplest possibility, which is to introduce a complex SU(2)1-doublet scalar Higgs field with
weak hypercharge Yo = +1/2:

b — (ﬁﬁ) — a2 %). (13.2.1)

Each of the fields ¢ and ¢° is a complex scalar field; we know that they carry electric charges 4+1 and

0 respectively from eq. (13.1.36). Under gauge transformations, ® transforms as:

SU©2)p (z) - &'(x) = @2 (g); (13.2.2)
U1y : d(x) — '(z) = @2(). (13.2.3)

The Hermitian conjugate field transforms as:
SU©2)L : ot — @f = @fem0""/2, (13.2.4)
Ul)y : of — o't = ofei0/2, (13.2.5)
It follows that the combinations
P and D"®'D,® (13.2.6)
are gauge singlets. We can therefore build a gauge-invariant potential:
V(®,0T) = m2dTd + \(®Td)2, (13.2.7)
and the Lagrangian density for & is:
L =D'®'D,d — V (D, ). (13.2.8)

Now, provided that m? < 0, then & = (0 is a local maximum, rather than a minimum, of the

0

potential. This will ensure the spontaneous symmetry breaking that we demand. There are degenerate

minima of the potential with

oI = 0?/2; v =1/—m2/\. (13.2.9)

Without loss of generality, we can choose the VEV of @ to be real, and entirely in the second (electrically
neutral) component of the Higgs field:

o) =(, ") (13.2.10)

This is a convention, which can always be achieved by doing an SU(2);, gauge transformation on the

field ® to make it so. By definition, the surviving U(1) gauge symmetry is U(1)gm, so the component
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of ® obtaining a VEV must be the one assigned 0 electric charge. The U(1)gy gauge transformations

acting on ® are a combination of SU(2)r, and U(1)y transformations:

® — & = exp {z’@ <(1) 8)} D, (13.2.11)

or, in components,
ot — eyt (13.2.12)
¢ — @O (13.2.13)

Comparing with the QED gauge transformation rule of eq. (10.1.5), we see that indeed ¢+ and ¢" have
charges +1 and 0, respectively.
The Higgs field ® has two complex, so four real, scalar field degrees of freedom. Therefore, following

the example of section 12.2, we can write it as:

B(z) = /2 (whm ) : (13.2.14)
2

where G*(z) (a = 1,2,3) and h(x) are each real scalar fields. The G* are would-be Nambu-Goldstone
bosons, corresponding to the three broken generators in SU(2)r, x U(1l)y — U(1)gm. The would-be
Nambu-Goldstone fields can be removed by going to unitary gauge, which means performing an SU(2),
gauge transformation of the form of eq. (13.2.2), with % = —G*/v. This completely eliminates the G*

from the Lagrangian, so that in the unitary gauge we have simply

O(z) = <v+2(m) > . (13.2.15)

V2
The field h creates and destroys the physical Higgs particle, an electrically neutral real scalar boson
that has yet to be discovered experimentally. We can now plug this into the Lagrangian density of
eq. (13.2.8), to find interactions and mass terms for the remaining Higgs field h and the vector bosons.

The covariant derivative of ® in unitary gauge is:

D,® = ﬂ(@uh)+\/§[2B“+2 uo vt h (13.2.16)
and its Hermitian conjugate is:
Dt = (0 ah)— - (0 v+h)[g—/B +3Waaa]. (13.2.17)
g V2 : V2 2 " 2H

Therefore,

gB, + ng’ \/§QWH_ )
\/igWJ 9By — QWE)
g B+ gW3H  \2gWH 0
V2gWHe g Bl — gW3 J\1 )"

2
Dot D, = %auha“h + % (0 1) <
(13.2.18)

or, after simplifying,

1 h)? 1 . .
D'®'D,® = 5 Ouh0"h + % [gQWJW—“ + 5(gW;j — ¢'B,)(gW3 — g’B“)} . (13.2.19)
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This can be further simplified using:

gW2 —¢'B, = /g2 + g2 [cos W2 —sin HWBM} = /a2 +922,, (13.2.20)

where the first equality uses eq. (13.1.30) and the second uses eq. (13.1.20). So finally we have:

1 1 ('U + h)2 2117+ 187 — 1 2 /2
ﬁ@kinetic = DHD DM(D = §3uh3“h + T g WN W=+ + 5(9 +g )ZMZM . (13221)

The parts of this proportional to v? make up (mass)? terms for the W and Z vector bosons, vindicating
the earlier assumption of neutral vector boson mixing with the form that we took for the sine and
cosine of the weak mixing angle. Since there is no such (mass)? term for the photon field A*, we have
successfully shown that the photon remains massless, in agreement with the fact that U(1)gy gauge
invariance remains unbroken. The specific prediction is:

s _ g’ s _ (P +g%)0?

miy = my = S, (13.2.22)

which agrees with the experimental values provided that the VEV is approximately:

v = V2(¢°) = 246 GeV (13.2.23)
in the conventions used here. (It should be noted that there is another extremely common convention
in which v is defined to be a factor 1/v/2 smaller than here, so that v = (¢°) = 174 GeV in that
convention.) A non-trivial prediction of the theory is that

mw/myz = cos Oy . (13.2.24)

All of the above predictions are subject to small, but measurable, loop corrections. For example, the
present experimental values myy = 80.399 4+ 0.023 GeV and myz = 91.1876 4+ 0.0021 GeV yield:

sin? 99l = 1 — m?, /m?, = 0.2226 + 0.0005, (13.2.25)

which is significantly lower than the MS-scheme running value in eq. (13.1.34).
The remaining terms in eq. (13.2.21) are Higgs-vector-vector and Higgs-Higgs-vector-vector cou-

plings. This part of the Lagrangian density implies the following unitary gauge Feynman rules:

+
po Wy w4
AVAVAVA\ SVAVAVA N\N\NNNNN
i Pubv ? _ PuPv
p? —m2, + ic G + %V] p2—mQZ+ie[ gW—FmQZ]

W z0

h h
WH VAl

ig" g*v /2 ig" (9 + g"*)v/2
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h~ WHe
N
N

7/
7

h” wv

ig" ¢?/2

h~ ZH
AN
AN

7/
7

h” zv

ig" (4> + g”)/2

with the arrow direction on W lines indicating the direction of the flow of positive charge. The
field-strength Lagrangian terms of eq. (13.1.6) provides the momentum part of the W, Z propagators

above, and also yields 3-gauge-boson and 4-gauge-boson interactions:

Wy

—ie[g" (p — @)’ + 9" (q — k)" + g™ (k — p)"]

—igcos Ow (9" (p — ) + 9" (q — k)" + g"*(k — p)”]

wv A+ we

we we AY we
ig? X100 —ie2xHom
ZH we A+ we
zZv we zZv we
—ig? cos? Oy X VPO —ig? sin Oy cos Oy XHP°
where:
XHVPO — gV gPT _ gHP gV GHT VP, (13.2.26)
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Finally, the Higgs potential V (®, ®') gives rise to a mass and self-interactions for h. In unitary gauge:
A
V(h) = M?h? + \vh? + Zh4, (13.2.27)

just as in the toy model studied in 12.2. Therefore, the Higgs boson has self-interactions with Feynman

rules:

/ AN 7/
7/
/ A AN 7/
/ AN 7/
e X
\ , / AN N
\ / AN
/ AN
—6i\v —6iA
and a mass
mp = V2\v, (13.2.28)

It would be great if we could evaluate this numerically using present data. Unfortunately, while we
know what the Higgs VEV v is, there is no present experiment that directly sheds light on A. There are
indirect effects of the Higgs mass in loops that do affect some present experiments. These experiments
suggest that my cannot be too large, but these bounds are not very strong, especially if we consider
that the SM is probably not the final story.

13.3 Fermion masses and Cabibbo-Kobayashi-Maskawa mixing

The gauge group representations for fermions in the Standard Model are chiral. This means that the
left-handed fermions transform in a different representation than the right-handed fermions. Chiral
fermions have the property that they cannot have masses without breaking the symmetry that makes
them chiral.

For example, suppose we try to write down a mass term for the electron:
Lelectron mass = —Meee. (13.3.1)
The Dirac spinor for the electron can be separated into left- and right-handed pieces,
e = Prer, + Pgeg, (13.3.2)
and the corresponding barred spinor as:
e = (e P+ e, Pr)y° = el 7'Pg + ebA'Py = €L PR +erPy, (13.3.3)

where, to avoid any confusion between between (er,) and (€)Pr,, we explicitly define

e = eE’yO; er = e}yo. (13.3.4)
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Equation (13.3.1) can therefore be written:

Lelectron mass = _me(ELeR + €R€L>- (1335)

The point is that this is clearly not a gauge singlet. In the first place, the ey part of each term
transforms as a doublet under SU(2)r, and the ep is a singlet, so each term is an SU(2); doublet.
Furthermore, the first term has Y =Y., — Y., = —1/2, while the second term has Y = 1/2. All terms
in the Lagrangian must be gauge singlets in order not to violate the gauge symmetry, so the electron
mass is disqualified from appearing in this form. More generally, for any Standard Model fermion f,

the naive mass term

Lfmass = —mg(frfr+ frfr) (13.3.6)

is not an SU(2), singlet, and is not neutral under U(1)y, and so is not allowed.
Fortunately, fermion masses can still arise with the help of the Higgs field. For the electron, there

is a gauge-invariant term:
¢+
Eelectron Yukawa — —Ye (ve EL) ( ¢0 ) eRr + c.c. (1337)
Here y, is a Yukawa coupling of the type we studied in 8.3. The field (7. €y, ) carries weak hypercharge
+1/2, as does the Higgs field, and ep carries weak hypercharge —1, so the whole term is a U(1)y singlet,
as required. Moreover, the doublets transform under SU(2)y, as:
+ o +
(ﬁ()) — Ti0%0%/2 (ZO > , (13.3.8)

(. &) — (v ep)et/2, (13.3.9)

so eq. (13.3.7) is also an SU(2), singlet. Going to the unitary gauge of eq. (13.2.15), it becomes:

Lvukawa = —k( + h)(éLeR + EReL)7 (13.3.10)

V2

or, reassembling the Dirac spinors without projection matrices:

Lyukawa = —%( + h)ee. (13.3.11)

This can now be interpreted as an electron mass, equal to

me = % (13.3.12)

and, as a bonus, an electron-positron-Higgs interaction vertex, with Feynman rule:

_iye/\/ﬁ
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Since we know the electron mass and the Higgs VEV already, we can compute the electron Yukawa
coupling:

0.511 MeV
e = /2 (ﬁ) =2.94 x 1076, (13.3.13)

Unfortunately, this is so small that we can forget about ever observing the interactions of the Higgs
particle h with an electron. Notice that although the neutrino participates in the Yukawa interaction,
it disappears in unitary gauge from that term.

Masses for all of the other leptons, and the down-type quarks (d, s,b) in the Standard Model arise
in exactly the same way. For example, the bottom quark mass comes from the gauge-invariant Yukawa
coupling:

_ -+
L=—yp(tr br) (d)

@0 ) br + c.c., (13.3.14)

implying that, in unitary gauge, we have a b-quark mass and an hbb vertex:

£ =—22(v+ h)bb. (13.3.15)

V2

The situation is slightly different for up-type quarks (u, ¢, t), because the complex conjugate of the field

® must appear in order to preserve U(1)y invariance. It is convenient to define

P = (_01 é) P = (_‘f;) , (13.3.16)

which transforms as an SU(2);, doublet in exactly the same way that ® does:

d — 0129, (13.3.17)

& — 929, (13.3.18)

Also, ® has weak hypercharge Y = —1/2. (The field ¢** has a negative electric charge.) Therefore,

one can write a gauge-invariant Yukawa coupling for the top quark as:

_ (023
L=—-y(tr br) (_Q;Jr* ) tr + c.c. (13.3.19)
Going to unitary gauge, one finds that the top quark has a mass:

£=—YL v+ n. (13.3.20)

V2

In all cases, the unitary-gauge version of the gauge-invariant Yukawa interaction is

L= —%(v + )T (13.3.21)

The mass and the h-fermion-antifermion coupling obtained by each Standard Model fermion in this
way are both proportional to yy. The Higgs mechanism not only explains the masses of the W and

Z bosons, but also explains the masses of fermions. Notice that all of the particles in the Standard
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Model (except the photon and gluon, which must remain massless because of SU(3). x U(1)gm gauge

invariance) get a mass from spontaneous electroweak symmetry breaking of the form:
Mparticle = kv, (13.3.22)

where k is some combination of dimensionless couplings. For the fermions, it is proportional to a
Yukawa coupling; for the W* and Z bosons it depends on gauge couplings, and for the Higgs particle
itself, it is the Higgs self-coupling A.

There are two notable qualifications for quarks. First, gluon loops make a large modification to the

tree-level prediction. For each quark, the physical mass measured from kinematics is

_ YV

V2

where y, is the running (renormalized) Yukawa coupling evaluated at a renormalization scale p = m,.

dog
1 e 13.3.23
[ T ] (13.3.23)

Mq
The QCD gluon-loop correction increases m; by roughly 6%, and has an even larger effect on my, because
«; is larger at the renormalization scale p = my than at © = m;. The two-loop and higher corrections
(indicated by ...) are smaller but still significant, and must be taken into account in precision work,
for example when predicting the branching ratios of the Higgs boson decay. This was the reason for
the notation My (more nearly y;v/+v/2 than my) that was used in 8.3.

A second qualification is that there is actually another source of quark masses, coming from non-
perturbative QCD effects, as has already been mentioned at the end of section 12.3. If the Higgs
field did not break SU(2);, x U(1)y, then these chiral symmetry breaking effects would do it anyway,
using an antifermion-fermion VEV rather than a scalar VEV. This gives contributions to all quark
masses that are roughly of order Aqcp. For the top, bottom, and even charm quarks, this is relatively
insignificant. However, for the up and down quarks, it is actually the dominant effect. They get only a
few MeV of their mass from the Higgs field. Therefore, the most important source of mass in ordinary
nuclear matter is really chiral symmetry breaking in QCD, not the Standard Model Higgs field.

The Standard Model fermions consist of three families with identical gauge interactions. Therefore,

the most general form of the Yukawa interactions is actually:

. +
ﬁe%.r Yukawas = — (ﬁi ZZ) (ZO ) yel-ngj + c.c., (13.3.24)
o ¢+ .
Laspyuawas = — (ar dy) < o > ya;i drj + c.c., (13.3.25)
) = ¢0* )
Cu,c,tYukawas = - (EZL dL) <_¢+*> yuﬂuRj + c.c. (13.3.26)

Here i, j are indices that run over the three families, so that:

eRr er, Ve

gRj = MR ; gL] = KL 3 Vi = UN y (13327)
TR TL Vr
dL dR uy, UR

dLj =1 s5 |; de =1 sr |; ur; = | cr |3 Urj =\ ¢cr | - (13.3.28)
br, br tr, tr
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In a general basis, the Yukawa couplings

Ye/s  Yai,  yu/ (13.3.29)

are complex 3 x 3 matrices in family space. In unitary gauge, the Yukawa interaction Lagrangian can

be written as:
h -l Jp /i j g —1i Gl
L=—(1+ " {ELmeZ- R T drma;’ dp; + Uy my; uRj} +c.c., (13.3.30)

where

me; = ——yg.. (13.3.31)

V2

(The fermion fields are now labeled with a prime, to distinguish them from the basis we are about to
introduce.) It therefore appears that the masses of Standard Model fermions are actually 3 x 3 complex
matrices.

Its is most convenient to work in a basis in which the fermion masses are real and positive, so that

the Feynman propagators are simple. This can always be accomplished, thanks to the following:

Mass Diagonalization Theorem. Any complex matrix M can be diagonalized by a

biunitary transformation:
Ul MUR = Mp (13.3.32)
where Mp is diagonal with positive real entries, and Uy, and Ug are unitary matrices.
To apply this in the present case, consider the following redefinition of the lepton fields:
O = Lpilrj; "ei = Lri’Rj. (13.3.33)

where L1,/ and Lg;? are unitary 3 x 3 matrices. The lepton mass term in the unitary gauge Lagrangian

then becomes:
AN - J
L=—(14+— KL(LLmeLR)i gRj' (13334)
v

Now, the theorem just stated assures us that we can choose the matrices L; and Ly so that:

me 0 0
LimeLp=(0 m, 0 |. (13.3.35)
0 0 m,

So we can write in terms of the unprimed (mass eigenstate) fields:

h
L=— <1 + —) (meee + myfip + m,7T). (13.3.36)
v
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In the same way, one can do unitary-matrix redefinitions of the quark fields:

/Li = DLijdLj; /Rz = DRidej; (13337)
up; = ULijuLj; up; = URijuRj, (13.3.38)
chosen in such a way that
mg O 0
DimgDr = [ 0 my 0 |; (13.3.39)
0 0 my
my O 0
UmyUr = [ 0 me 0], (13.3.40)
0 0 mye

with real and positive diagonal entries.

It might now seem that worrying about the possibility of 3 x 3 Yukawa matrices was just a waste
of time, but one must now consider how these field redefinitions from primed (gauge eigenstate) to
unprimed (mass eigenstate) fields affect the other terms in the Lagrangian. First, consider the derivative

kinetic terms. For the leptons, £ contains
0P, = i@ LY H(Loer); = i,d01;. (13.3.41)

This relies on the fact that the (constant) field redefinition matrix Ly, is unitary, LTLL r = 1. The same

thing works for all of the other derivative kinetic terms, for example, for right-handed up-type quarks:
Zﬂ%aulpd = i(ﬂRUE)ja(URUR)j = iﬂ%@u}gj, (13342)

which relies on U};U r = 1. So the redefinition has no effect at all here; the form of the derivative
kinetic terms is exactly the same for unprimed fields as for primed fields.
There are also interactions of fermions with gauge bosons. For example, for the right-handed

leptons, the QED Lagrangian contains a term
feAMZ%v“E'Rj = feAM(ZRLTR)jWM(LRfR)j = —e Aty R (13.3.43)

Just as before, the unitary condition (this time LJ]r_-iL r = 1) guarantees that the form of the Lagrangian
term is exactly the same for unprimed fields as for primed fields. You can show quite easily that the
same thing applies to interactions of all fermions with Z,, and the gluon fields. The unitary redefinition
matrices for quarks just commute with the SU(3). generators, since they act on different indices.

There is one place in the Standard Model where the above argument does not work, namely the
interactions of W+ vector bosons. This is because the W* interactions involve two different types of
fermions, with different unitary redefinition matrices. Consider first the interactions of the W* with
leptons. In terms of the original primed fields:

L= —%W;v’wwgi tec, (13.3.44)
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so that

L= —TWJ—“ V(L) + c.c. (13.3.45)

Since we did not include a Yukawa coupling or mass term for the neutrinos, we did not have to make
a unitary redefinition for them. But now we are free to do so; defining v; in the same way as the

corresponding charged leptons, v/ = Lv;, we get,
v = (WL, (13.3.46)
resulting in

L = —%le'ﬁiy”ﬁu+c.c. (13.3.47)

So once again the interactions of W bosons have exactly the same form for mass-eigenstate leptons.

However, consider the interactions of W+ bosons with quarks. In terms of the original primed fields,

L= \‘/q_W:u Ny + e (13.3.48)

which becomes:

L= \[ Wt y* (U Drdy)i + c.c. (13.3.49)

There is no reason why UEDL should be equal to the unit matrix, and in fact it is not. So we have

finally encountered a consequence of going to the mass-eigenstate basis. The charged-current weak

interactions contain a non-trivial matrix operating in quark family space,
V =U}Dp, (13.3.50)

called the Cabibbo-Kobayashi-Maskawa matrix (or CKM matrix). The CKM matrix V' is itself unitary,
since V1 = (U}EDL)T = DEUL, implying that VIV = VV1 = 1. But, it cannot be removed by going to
some other basis using a further unitary matrix without ruining the diagonal quark masses. So we are
stuck with it.

One can think of V as just a unitary rotation acting on the left-handed down quarks. From
eq. (13.3.49), we can define

T = Vid, (13.3.51)

where the dr; are mass eigenstate quark fields, and the d},; are the quarks that interact in a simple

way with W bosons:

L= —TWJuLv " +c.c., (13.3.52)

and so in terms of mass eigenstate quark fields:

L= —%Vij Wi Atdy; + c.c. (13.3.53)
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This is the entire effect of the non-diagonal Yukawa matrices.
The numerical entries of the CKM matrix are a subject of continuing experimental investigation.

To a first approximation, it turns out that the CKM mixing is just a rotation of down and strange

cosf. sinf. 0
V=| —sinf. cosf. 0 (13.3.54)

quarks:

0 0 1

where .. is called the Cabibbo angle. This implies that the interactions of W™ with the mass-eigenstate

quarks are very nearly:

L= —iWJ (cos Oclurydr +cry*sp] + sinf.[upy"sp —epytdr) + fL’y“bL). (13.3.55)

V2

The terms proportional to sin . are responsible for strangeness-changing decays. Numerically,
cos B, ~ 0.974; sin 0, ~ 0.23. (13.3.56)

Strange hadrons have long lifetimes because they decay through the weak interactions, and with reduced
matrix elements that are proportional to sin® 6, = 0.05.
More precisely, the CKM matrix is:
Viuda Vus V 0.9743 0.2252 0.004
V = (Vcd Vies Vcb> ~ ( 0.230  0.975 0.041) ) (13.3.57)
Via Vis Va 0.008  0.04 0.999
where the numerical values given are estimates of the magnitude only (not the sign or phase). In fact,
the CKM matrix contains one phase that cannot be removed by redefining phases of the fermion fields.
This phase is the only source of CP violation in the Standard Model.
Weak decays of mesons involving the W bosons allow the entries of the CKM matrix to be probed

experimentally. For example, decays
B — Dy, (13.3.58)

where B is a meson containing a bottom quark and D contains a charm quark, can be used to extract
|Vep|. The very long lifetimes of B mesons are explained by the fact that |Vy;| and |V,,| are very small.
One of the ways of testing the Standard Model is to check that the CKM matrix is indeed unitary:

Viv =1, (13.3.59)

which implies in particular that V4V, + VeqV + ViaV,; = 0. This is an automatic consequence of the
Standard Model, but if there is further unknown physics out there, then the weak interactions could
appear to violate CKM unitarity.

The partial decay widths and branching ratios of the W boson can be worked out from eqgs. (13.3.47)

and (13.3.53), and agree well with the experimental results:

BR(W' — ¢ty) = 0.1080 + 0.0009 (for £ = e, u, 7, each) (13.3.60)
BR(W™ — hadrons) = 0.6760 4 0.0027. (13.3.61)
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where the “hadrons” refers mostly to Cabibbo-allowed final states ud and ¢, with a much smaller
contribution from the Cabibbo-suppressed final states cd and u3. The tb final state is of course not
available due to kinematics; this implies the useful fact that (up to a very small effect from CKM
mixing) b quarks do not result from W decays in the Standard Model.

Also, the very small magnitudes of V;q and Vs imply that, to a very good approximation, top

quarks decay to bottom quarks every time:
BR(t — W'h) =~ 1. (13.3.62)
This greatly simplifies the experimental identification of top quarks.

13.4 Neutrino masses and the seesaw mechanism

Evidence from observation of neutrinos produced in the Sun, the atmosphere, accelerators, and reactors
have now established that neutrinos do have mass. In the renormalizable version of the Standard Model
given up to here, this cannot be explained. The basic reason for this is the absence of right-handed
neutrinos from the list in eq. (13.1.35). To remedy the situation, we can add three right-handed
fermions that are singlets under all three components of the gauge group SU(3). x SU(2)r x U(1)y:

Ngi1, Nr2, Nps «— (1, 1, 0). (13.4.1)

With these additional gauge-singlet right-handed neutrino degrees of freedom, it is now possible to

write down a gauge-invariant Lagrangian interaction of the neutrinos with the Higgs field:

. 0 .
Ly neutrino Yukawas = — (ﬁi EZL) <_¢¢+*> YVZ‘]NR]‘ + c.c. (13.4.2)

Note the similarity of this with the up-type quark Yukawa couplings in eq. (13.3.26). Going to unitary

gauge, one obtains a neutrino mass matrix

just as in eq. (13.3.31) for the Standard Model charged fermions. This neutrino mass matrix can be
diagonalized to obtain the physical neutrino masses as the absolute values of its eigenvalues. The
neutrinos in this scenario are Dirac fermions, as the mass term couples together left-handed and right-
handed degrees of freedom that are independent.

Although the magnitudes of the neutrino masses are not yet determined by experiment, there are
strong upper bounds, as seen in Table 2 in the Introduction. Also, a conservative limit from the
WMAP measurements of the cosmic background radiation, interpreted within the standard cosmolog-
ical model, implies that the sum of the three Standard Model neutrinos should be at most 1.7 eV.
Neutrino oscillation data do not constrain the individual neutrino masses, but imply that the largest
differences between squared masses should be less than 3 x 1072 eV2. So, several independent pieces

of evidence indicate that neutrino masses are much smaller that any of the charged fermion masses.
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To accommodate this within the Dirac mass framework of eq. (13.4.3), the eigenvalues of the neutrino
Yukawa matrix y,,/ would have to be extremely small, no larger than about 107°. Such small di-
mensionless couplings appear slightly unnatural, in a purely subjective sense, and this suggests that
neutrino masses may have a different origin than quark and leptons masses.

The seesaw mechanism is a way of addressing this problem, such that very small neutrino masses
naturally occur, even if the corresponding Yukawa couplings are of order 1. One includes, besides

eq. (13.4.2), a new term in the Lagrangian:
1 P
£=—3MNN;, (13.4.4)

where N; are the Majorana fermion fields (see section 3.4) that include Ng;, and MY is a symmetric
mass matrix. If the neutrino fields carry lepton number 1, then this Majorana mass term necessarily
violates the total lepton number L = L. + L, + L;. Now the total mass matrix for the left-handed
neutrino fields vy, and the right-handed neutrino fields Ng;, including both eq. (13.4.3) and eq. (13.4.4),

is:

0 5y
M= (\%yT \/15\4 > (13.4.5)
2 v

The point of the seesaw mechanism is that if the eigenvalues of M are much larger than those of the

Dirac mass matrix %yy, then the smaller set of mass eigenvalues of M will be pushed down. Since

M does not arise from electroweak symmetry breaking, it can naturally be very large. For illustration,

taking M and y, to be 1 x 1 matrices, the absolute values of the neutrino mass eigenvalues of M are
approximately:

vy,?

2M

and M (13.4.6)

in the limit vy, <« M. For example, to get a neutrino mass of order 0.1 eV, one could have y,, = 1.0
and M = 3 x 10" GeV, or y, = 0.1 and M = 3 x 10'2 GeV. The light neutrino states (corresponding
to the lighter eigenvectors of M) are mostly the Standard Model v, and they are Majorana fermions.
There are also three extremely heavy Majorana neutrino mass eigenstates, which decouple from present
weak interaction experiments. The fact that the magnitude of M necessary to make this work is not
larger than the Planck scale, and is very roughly commensurate with other scales that occur in other
theories such as supersymmetry, is encouraging. In any case, the ease with which the seesaw mechanism
accommodates very small but non-zero neutrino masses has made it a favorite scenario of theorists.

In either of the two cases above, the left-handed parts of the neutrino mass eigenstates vy, 19, 3
(with masses mj < mga < ms) can be related to the left-handed parts of the neutrino weak-interaction
eigenstates ve,v,, v, (which each couple to the corresponding charged lepton only, and the W boson)
by:

Vel V1L
vur | = vor, |, (13.4.7)
VrL V3L



where U is a unitary matrix known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Neu-
trino oscillations are due to the fact that U/ is not equal to the identity matrix.

To recap, by introducing right-handed gauge-singlet neutrino decrees of freedom, there are two
distinct scenarios for neutrino masses. In the Dirac scenario, neutrinos and antineutrinos are distinct,
and total lepton number is conserved although the individual lepton numbers are violated. In the
Majorana scenario, neutrinos are their own antiparticles, and total lepton number is violated along with
the individual lepton numbers. At this writing, both possibilities are consistent with the experimental
data. To tell the difference between these two scenarios, one can look for neutrinoless double beta

decay, i.e. a nuclear transition
AZ 5 AZ4+2) +e e, (13.4.8)

(at the nucleon level nn — ppe~e™), which can proceed via the quark-level Feynman diagram shown

below.
d u
% e
v
o

Since this process requires a violation of total lepton number in the neutrino propagator, it can only

occur in the case of Majorana neutrinos. It is the subject of continuing searches.

13.5 Search for the Standard Model Higgs boson

The last remaining particle of the Standard Model that remains undiscovered is the Higgs scalar boson
h. The Tevatron continues to search for it, and the LHC will eventually be sensitive enough to discover
it, if it exists. In this section we will briefly review the processes that could lead to discovery of the

Higgs boson or limits on its mass.

13.5.1 Higgs decays revisited

In section 8.3, we have already calculated the leading-order decays of the Higgs boson into fermion-
antifermion final states. However, there are other final states that are quite important besides h — ff.
First, the Higgs boson can decay into two gluons, h — gg, with the gluons eventually manifesting
themselves in the detector as jets. This decay cannot happen at tree level, but does occur through the
one-loop diagram below, where quarks (most importantly the top quark, because of its large Yukawa

coupling) go around the loop:
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(One must also include the Feynman graph with the quarks going the other direction around the loop.)
Even though one-loop graph amplitudes are usually not competitive with tree-level amplitudes, this is
an exception because the gluons have strong couplings and because y; is so much larger than y;, (by
a factor of roughly 55). The decay h — ~~ also does not occur at tree-level, but does occur due to
one-loop graphs where any charged particle goes around the loop, notably the top quark again but also
the W:

AVAVAVAVAV
f ! w !
h h
- - — vf - - — w
f w
VAVAVAVAVAN Y

Although the branching ratio to two photons is much smaller (less than 3x 1073 in the Standard Model),
it can still be important as a discovery mode because the corresponding backgrounds at colliders are
also relatively tiny.

(The decay h — Z~ is also mediated by similar one-loop graphs, but it will be neglected here
because it turns out not to be as useful for searches.)

Another important effect is that tree-level decays into two vector bosons, h — W+W = and h — ZZ,
corresponding to the Feynman rules found in section 13.2 [below eq. (13.2.25)] are large. In fact, they
are even important for M < 2mpy and 2my respectively, when one of the vector bosons is virtual.

One indicates this by writing
h—WW®,  p—zz0), (13.5.1)

where the “(x)” means that the corresponding particle may be off-shell, depending on the kinematics.
If one of the vector bosons is off-shell, the decay can be thought of as really three-body, that is
h— W=Eff or h — Zff, where ff’ could be any final state that couples to the off-shell W7 and ff
is any fermion-antifermion final state that couples to the off-shell Z. For example, for leptonic final

states of the off-shell vector boson:
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vy {n
Again, since the tree-level two-body decays h — ff are suppressed by small Yukawa couplings, these
three-body decays can be competitive and even win, despite their kinematic suppression. The closer
the vector bosons are to being on-shell, the larger the amplitude will be. The decays h — WW®)
become increasingly important for larger My, and already dominate for My > 135 GeV.

The results of a careful computation (using the program HDECAY by A. Djouadi, J. Kalinowski,
and M. Spira, Comput. Phys. Commun. 108, 56, (1998), hep-ph/9704448) including all these effects are
shown in the two graphs below, which depict the state-of-the-art computations of branching ratios and
the total width T’y for the Higgs boson, as a function of Mj. (Indirect constraints on the Higgs mass,
due to its effect on one-loop corrections to the v, W, and Z propagators, suggest that h is probably
lighter than roughly 240 GeV within the context of the Standard Model, so only that range is shown
here. For larger masses, the main new important effect is that for M}, 2 340 GeV, the decay h — tt

becomes significant, although its branching ratio never exceeds about 0.2.)

10—

Higgs Branching Ratio

-3’.. A B B RN |..'.'~.. N
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The largest decay modes are bb and WW®) over the entire range of M, with the total width dra-
matically increasing when both W bosons can be on shell. Because it has very low backgrounds in
colliders, the ~+ final state may be very important for the discovery of a light Higgs boson, despite its
tiny branching ratio. The ZZ () final state can be important for Mj, 2 130 GeV, again because it can
lead to low-background signals if one or both of the Z bosons decays leptonically. The gg final state
is useless because of huge QCD backgrounds to dijet production, but it is important to keep track of
because it reduces the branching ratios into more useful final states. It is also important to keep in
mind that in some extensions of the Standard Model, the Higgs boson may decay into some new exotic
particles, or could greatly modify the branching ratios into Standard Model states because of radiative

corrections or modified Higgs couplings.

13.5.2 Limits from the LEP2 e ¢ collider

LEP2 searched for Higgs bosons in e~ e™ collisions at various energies up to /s = 209 GeV, ending
in the year 2000. The main process for possible Standard Model Higgs production at LEP2 was

e~et — Zh due to the Feynman diagram shown below:

et

Searches were conducted for the following signatures:

e Four jets, from h — bb and Z — qq.
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e Two tau leptons and two jets, either from h — bb and Z — 777, or from h — 777~ and

7 — qq.
e Two jets and missing energy, from h — bb and Z — vD.

e Two (e, ) leptons and two jets, mostly from h — bb and Z — £+4~.

Tagging of b jets was used to increase the sensitivity. The ALEPH detector collaboration saw a 3o
excess at My = 115 GeV, near the kinematic limit of the collider. However, the other three detectors
(DELPHI, L3, and OPAL) saw no evidence of an excess, but also could not exclude a Higgs of that
mass.

The end result is that the combination of the four LEP2 detector collaborations ruled out a Standard

Model Higgs boson at 95% confidence unless
M, > 114.4 GeV. (95% CL, LEP2, Standard Model Higgs) (13.5.2)

If indeed there is no Higgs boson within the kinematic reach of LEP2, then if the entire LEP2 run
were repeated many times the expected bound would have been, on average, Mj; > 115.3 GeV. Thus
the official impact of the ALEPH excess was to decrease the actual mass bound by about 0.9 GeV
compared to the expected bound. It cannot be overemphasized that the mass exclusion (13.5.2) need
not apply if the Standard Model is extended.

13.5.3 Searches at the Tevatron

At hadron colliders, the largest parton-level production processes for the Higgs boson are:

99 — h (13.5.3)
qq — Zh, (13.5.4)
g — W*h. (13.5.5)

The process gg — h cannot occur at tree-level, but does occur due to the same one-loop diagram
mentioned above in section 13.5.1 for the decay h — gg. (The roles of the initial state and the final
state are simply exchanged, by crossing.) This is actually the largest source of Higgs bosons at both
the Tevatron and the LHC, due to the large gluon PDFs, and favorable kinematics at the Tevatron.
However, the other channels often provide better discovery prospects because the presence of the extra
weak boson reduces backgrounds. The process q@ — Zh occurs due to a Feynman diagram just like
the one given for LEP in the previous section, except that e~ and e are replaced by a quark and

antiquark. The process g7 — W*h is due to parton-level Feynman diagrams like the ones below:

d < h
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as well as others related by d — s and/or u — c.

The backgrounds relevant for Higgs detection in Tevatron pp collisions are much more severe than
at LEP2. The most important specific signatures that are being looked for at Tevatron are, for light
Higgs bosons M, S 135 GeV:

e Two b jets with one lepton and missing energy, from pp — W*h followed by W — fv and h — bb.

e Two b jets and missing energy, either from pp — Zh followed by Z — vv | or from pp — Wh
with W — fv and the lepton is missed, in both cases with h — bb.

e Two leptons reconstructing a Z and two b jets, from pp — Zh followed by Z — ¢T¢~ and h — bb.
e Two taus, from pp — h, Zh, or Wh, with h — 7777.

These signals retain some power up to M}, close to 150 GeV. However, for Higgs bosons with M}, 2 135

GeV, the most important signature becomes

e Two leptons and missing transverse energy, from pp — h — WW® — ¢+¢~"y;5,. The WHW -
pairs in signal events have different spin correlations than in background events, which affects
the lepton kinematics and helps to distinguish the signal from the background of direct W*W ~
production (without a Higgs).

At this writing, the combination of the CDF and D@ detector collaborations have excluded a Standard
Model Higgs boson with mass in a range from 158 to 175 GeV, using 6.7 fb~! of Tevatron pp collisions
at /s = 1.96 TeV. One can expect this range to increase somewhat in the near future, probably by

the time you are reading this.

13.5.4 Searches at the LHC

In pp collisions at LHC energies (up to /s = 14 TeV), the important production processes for a
Standard Model Higgs boson include the same ones as at Tevatron, eqs. (13.5.3)-(13.5.5). However,

also important are pp — tth, which is due to Feynman diagrams including the one below:

as well as weak vector boson fusion, which refers to the parton-level processes qq¢ — qqh, qG@ — qqh,

and §q — gqgh through Feynman diagrams like this:
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In the last process, the quark jets in the final state are usually found at small angles with respect to
the beam. Tagging events with these forward jets is a way to reduce backgrounds.
The most important signals at LHC for a Standard Model Higgs boson will depend on collider and

detector performance, but should include:

e A diphoton peak, from inclusive Higgs production (mainly pp — h) followed by the rare but

low-background decay h — . This is appropriate for a lower mass Higgs boson.

e Four leptons ¢T¢~¢*+'¢~" from inclusive Higgs production (mainly pp — h) followed by h — ZZ®).

This is appropriate for a higher mass Higgs boson.

e Forward jet tags from weak vector boson fusion together with h — 7+

Ww).

T orh — ~yyorh—

e A lepton together with a peak in bb or vy distributions, with the lepton coming from either a W,

Z, or t produced in association with the Higgs.

Determination of the Higgs mass is expected to be doable after discovery, and with great precision in
either the 4y or ZZ®*) — ¢+¢=¢+'¢~' channels. Finding and definitively identifying the Higgs boson is
arguably the most important result that is likely to appear from the LHC.
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Appendix A: Natural units and conversions
The speed of light and A are:

c 2.99792458 x 10'° cm/sec = 2.99792458 x 10% m/sec, (A1)

h

1.05457148 x 1073 J sec = 6.58211814 x 1072 GeV sec. (A.2)

The value of ¢ is exact, by definition. (Since October 1983, the official definition of 1 meter is the
distance traveled by light in a vacuum in exactly 1/299792458 of a second.)

In units with ¢ = # = 1, some other conversion factors are:

1 GeV = 1.60217646 x 1072 erg = 1.60217646 x 10710 J, (A.3)
1 GeV = 1.78266173 x 10724 g = 1.78266173 x 102" kg, (A.4)
1 GeV™l = 1.97326937 x 10~ cm = 1.97326937 x 10716 m. (A.5)

Conversions of particle decay widths to mean lifetimes and vice versa are obtained using:

1 GeV™l = 6.58211814 x 10~% sec, (A.6)
lsec = 1.51926778 x 10%* GeV L. (A.7)

Conversions of cross-sections in GeV~2 to barn units involve:

1 GeV™2 = 3.89379201 x 10~* barns (A.8)

= 3.89379201 x 10° nb (A.9)

= 3.89379201 x 10% pb (A.10)

= 3.89379201 x 10'" fb, (A.11)

and in reverse:

Inb = 107%cm? = 2.56819059 x 107° GeV?, (A.12)

Ipb = 1073 em? = 2.56819059 x 1072 GeV?, (A.13)

1fb = 107 em? = 2.56819059 x 10712 GeV?2. (A.14)
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Appendix B: Dirac Spinor Formulas

In the Weyl (or chiral) representation):

where

¥ =40

(v7)? =1

Yl=—7  (j=1,2,3)

A0yt =

YoV + VoV =

{'Y,ua '71/} = 29,u1/

Vo [V Wl = 4(Gpure — 9o 1)

The trace of an odd number of v* matrices is 0.

Tr(1
('Vu')/zx

)
)
Tr (7u7u7p70)
)

Tr( Yy Yoz -+ - Vuzm

= 4

= 49#1/

= 4(gw/gpa = upGvo + g/wgup)

= gmuzTr('Vus'yucl s
k

-t (_1) gmukTr('Yuz'yuzi .

+ Gy pon T (Vi Vg - - -

Yoz ) = Gz TE (Vs Vpaa - - - Vpson)

In the chiral (or Weyl) representation, in 2 x 2 block form:

/=10
B=o 1

Pr =

The matrix 5 satisfies:

1—’)/5_10.
2 \0 0)’

H=rs AE=1

TT(%

Tr (7# 5

)
)
Tr(vuv5)
Tr (VY 7ps5)

)

Tr(Yu Yo Yo Vs
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V-1 Vgt - -
7#27171)
T+7s
{75,941 =0
=0
- 0
=0
=0
= di€upo

0 0
0 1

) .

(B.1)

(B.10)

(B.11)

(B.12)



Yy = 4 (B.19)

Y = 2w (B.20)

YWY = 49up (B.21)

YN Vo = —2%Yp W (B.22)

(p — m)u(p, s) = 0; (p +m)v(p,s) =0 (B.23)
a(p,s)(p—m)=0;  B(p,s)(p+m)=0 (B.24)
H(pa s)u(p, T) = 2mdg, (B25)

ﬁ(p, 8>U(p, T) = —2mdbs, (B26)

o(p, s)u(p,r) = U(p, s)v(p,r) =0 (B.27)

S ulp,s)up,s) = p+m (B.28)

Y vlps)vlp,s) = p—m (B.29)

S

252



Appendix C: Further Reading

For an up-to-the minute list of corrections to these notes, see: http://zippy.physics.niu.edu/ppp/

The Review of Particle Properties by the Particle Data Group, [K. Nakamura et al., J. Phys. G 37,
075021 (2010)] is a very useful source on the latest high-energy particle physics data, the Standard
Model and its interpretation, and limits on violations of conservation laws and on new physics models.

The corresponding web site http://pdg.1bl.gov/ is also handy.

Books that give general introductions to high-energy physics include:

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

e D.H. Perkins, Introduction to High Energy Physics, Cambridge University Press
e D. Griffiths, Introduction to Elementary Particles, Wiley-VCH

Two excellent modern books on relativistic quantum field theory, with different emphases, are:
e M.E. Peskin and D.V. Schroeder, An Introduction To Quantum Field Theory, Westview Press
e M. Srednicki, Quantum Field Theory, Cambridge University Press

Books that give good overviews of QCD, parton distribution functions, and collider processes include:
e R.K. Ellis, W.J. Stirling, B.R. Webber, QCD and Collider Physics, Cambridge University Press

e V.D. Barger and R.J.N. Phillips, Collider Physics, Westview Press. (This book is out of date in

some places, but still useful.)
Books that give overviews of Standard Model phenomenology include:
e C. Burgess and G. Moore, The Standard Model: A Primer, Cambridge University Press

e J.F. Donoghue, E. Golowich, B.R. Holstein, Dynamics of the Standard Model, Cambridge Uni-

versity Press

e C. Quigg, Gauge Theories of the Strong, Weak, and Electromagnetic Interactions, Addison-Wesley
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Abelian (commutative) group, 165, 166

action, 22, 43, 45

active quarks, 193, 194

adjoint representation, 169, 170, 173-175, 177,
182

Altarelli-Parisi (DGLAP) equations, 200, 204

angular momentum conservation, 105-107, 134,
141

angular momentum operator, 31

angular resolution, 112

annihilation operator, 50, 53, 54

anticommutation relations, 55, 56, 88

antineutrino, 137, 138

antineutrino-electron scattering, 153

antiparticle, 5, 6, 9, 35, 39, 42, 43, 54, 81, 101,
102

associativity property of group, 165

asymptotic freedom, 194, 197

ATLAS detector at LHC, 213

BaBar experiment, 140

bare coupling, 189, 191

bare mass, 190, 191

barn (unit of cross-section), 62, 63, 250

barred Dirac spinor, 29

baryons, 6-8
(J=1/2),7
(J=3/2),8

Belle experiment, 140
beta function, 192, 193, 195, 196
QCD, 193
QED, 195
Bhabha scattering, 107
biunitary transformation, 237
boost, 13, 14, 20, 28

Bose-Einstein statistics, 51
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bottomonium, 10, 11, 214

branching ratios, 12, 133
charged pion, 138, 157
Higgs boson, 133, 236
lepton-number violating limits, 140
W boson, 240, 241
Z boson, 228

Breit-Wigner lineshape, 5, 213

Cabibbo angle, 240

Cabibbo-Kobayashi-Maskawa (CKM) mixing, 239,

240

canonical commutation relations, 32
canonical quantization

complex scalar field, 158

Dirac fermion fields, 55

real scalar fields, 49
Carbon-14 dating, 137, 138
Casimir invariant, 168
CDF detector at Tevatron, 248
charge conjugation, 148
charge conservation, 40, 41
charge density, 40
charge operator, 83
charged current, 154, 163
charmonium, 10, 11, 214
chiral (Weyl) representation of Dirac matrices,

26, 251

chiral representations (of gauge group), 233
chiral symmetry breaking, 8, 223, 236
closure property of group, 165, 167
CMS detector at LHC, 213
color, 5, 7

confinement, 5, 6, 97, 197

sum over, 185

commutation relations, 49, 50



commutative (Abelian) group, 165 CPT Theorem, 148

commutator of Lie algebra generators, 167 creation operator, 50
complex conjugate of spinor expressions, 92, 108, fermionic, 54
142-144, 154 cross-section, 62, 63
complex conjugate representation, 169 differential, 65
complex scalar field, 158 two particle — two particle, 68
Compton scattering, 119-126 crossing, 113-117, 126, 127, 151, 153
confinement of color, 5, 6, 97, 197 CTEQ parton distribution functions, 202
conservation of angular momentum, 105-107, current density, electromagnetic, 40, 48, 83
134, 141 cutoff, 53, 77, 90, 149, 161, 187-191, 194

conservation of charge, 40, 41
D() detector at Tevatron, 248

conservation of energy, 60, 70, 137
decay rate (width, I'), 128

conservation of helicity, 107, 157

. defining representation, 167

conservation of lepton number (or not), 139,
140, 242, 243

conservation of momentum, 15, 64, 89, 90

density of states, 64
DGLAP equations, 200, 204
differential cross-section, 65

contravariant four-vector, 13-15, 21

di ion of dg), 167, 168
Coulomb potential, 111 imension of group (dg), 167,

coupling dimension of representation (dr), 166
bare, 189, 191
electromagnetic (e), 48, 83, 227
electroweak (g), 163, 224-227
electroweak (¢'), 224-227
Fermi (Gr), 142, 149
general, 79
QCD (g3, ), 183, 184, 186, 193

experimental value, 194, 195

renormalized, 188-191, 227

dimension of tensor product representation, 169
dimensional analysis, 147, 160, 161
dimensional regularization, 194

dimensional transmutation, 194

Dirac equation, 24-27

Dirac field, 43, 46, 47, 53-55

Dirac matrices, 26, 251

Dirac spinor, 25

direct sum representation, 168

double-counting problem, identical particles in

scalar3, 69
1 final state, 68, 69, 117, 127, 131
scalar®, 57
Drell-Yan scattering, 211-213

scalar”™, 76, 79

Yang-Mills gauge, 177-181, 218 electroweak Standard Model (Glashow-Weinberg-

Yukawa, 80, 131, 133, 134, 234-238 Salam) gauge theory, 224-233

Yukawa, neutrino, 241, 242 electroweak vector boson interactions, 231, 232
covariant derivative energy conservation, 60, 70, 137

QED, 84, 85, 165 et (Levi-Civita) tensor, 21

Yang-Mills, 177 equal-time commutators, 49
covariant four-vector, 15 equivalence of representations of group, 168
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ny (scalar bottomonium), 10
Ne (scalar charmonium), 10
7 meson, 214

Euler-Lagrange equations of motion, 43-47, 57

factorization scale, 200
femtobarns (fb), 62
Fermi constant (Gr), 142, 143

numerical value, 147

relation to myy, 163
Fermi weak interaction theory, 142
Fermi-Dirac statistics, 54, 87
fermion-antifermion condensate, 223
Feynman diagram, 61, 74-78
Feynman gauge, 87, 89, 117, 178
Feynman propagator

charged massive vector fields, 162

Dirac fields, 80, 81, 89

generic fields, 80

gluons, 183

Higgs boson, 221

massive vector fields, 164

photon, 86, 87

scalar, complex (7%), 158

scalar, real, 76

W boson, 162

Yang-Mills vector fields, 178
Feynman rules, 61

Fermi weak interaction theory, 142, 143

fermion external lines, 81, 82

fermions with known helicity, 101, 102

general, 78-81

massive vector bosons, 164

pion decay, 158-160

QCD, 183, 184

QED, 85-90

scalar ¢" theory, 76, 77, 79

standard electroweak gauge theory, 231-233
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W -fermion-antifermion, 163
Yang-Mills, 178-180
Yukawa coupling, 79, 80
Yukawa coupling, electron, 234
Feynman slash notation, 26
Feynman’s z, 199
Feynman-Stiickelberg interpretation, 34
field, 42
Dirac, 43, 46, 47, 53-55
electromagnetic, 40, 43, 47, 48
Majorana, 39, 46, 242
scalar, 42, 45
vector, 43, 4648
Weyl, 46
field theory, 43
fine structure constant, 83, 95
flavors of quarks, 5, 6
four-fermion interaction, 142, 160, 162
four-vector, 13-15, 19
free field theory, 57

fundamental representation, 167

guv (metric tensor), 15
~ matrices, 26
traces, 251, 252
5 matrix, 33, 251
gauge eigenstate fields, 226, 237-240
gauge fixing, 86, 87
gauge-fixing parameter (§), 86, 87
gauge invariance, 41, 84, 85, 165
Yang-Mills, 165, 166, 175-180
Gell-Mann matrices, 173
generators
SU(2), 171
SU(3), 173
SU(N), 172
of Lie algebra, 167
GeV, 24



global symmetry, 172, 215 Higgs mechanism, 219, 220, 222, 224
global symmetry breaking, 215-218 hole (absence of an electron), 34
glueballs, 11

| 155. 182, 183 identical final state particle overcounting prob-
g u0n7 9 )

lem, 68, 69, 117, 127, 131

propagator, 183
identity element of group, 165

gluon collider, 209
gluon-gluon scattering, 206—208 ie factor in propagators, 76
ignorance, parameterization of, 155, 188
IN state, 58, 59
index of representations, 167
SU(2), 171
SU(3), 173

adjoint, 169

gluonium, 11

Goldstone boson, see Nambu-Goldstone boson
Goldstone’s theorem, 222

Grassmann (anticommuting) numbers, 55
gravity, 162, 191

group, 20, 165
infinite momentum frame, 199

hadron-hadron scattering, 197-202, 209-213 infrared slavery, 194
hadronization, 198 integrated luminosity, 62
hadrons, 6, 7 interaction Hamiltonian, 57, 58, 81
half life, 137 interaction Lagrangian, 57
Hamilton’s principle, 43 internal line, 74
Hamiltonian inverse metric tensor (¢g"”), 15
free Dirac field, 56 inverse muon decay, 151
free scalar field, 49, 51-53 inverse of group element, 165
general classical system, 49 irreducible representation, 168
interaction, 57, 58, 81 isospin global symmetry, 172

single Dirac particle, 25, 31
Jacobi identity, 168

Jacobian, 211, 212
jet, 97, 184, 198
J/v (vector charmonium), 10, 11, 99, 214

single scalar particle, 23
hard scattering of partons, 197
helicity, 32, 33
helicity conservation, 107, 157

helicity flip, 157 Klein-Gordon equation, 24, 29, 46
helicity suppression, 157 Klein-Nishina formula for Compton scattering,
Higgs boson, 7, 8, 63, 80, 132-135, 230, 231, 125

233, 245, 246

interactions with Z, W, h, 231-233 Lagrangian, 43, 45

mass in Standard Model, 233
Higgs field

generic, 219, 220, 222, 224

Standard Model, 229-231, 233

Lagrangian density, 45

LAMPF, 140

Landau gauge, 87, 89, 178

Large Hadron Collider (LHC), 4, 63, 133, 197,
204, 207-209, 213, 243, 247-249
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left-handed fermions
and weak interactions, 141, 143, 154, 172,
224, 225, 233
Dirac, 33
projection matrix (Pr), 33, 35
Weyl, 38
left-handed polarization of photon, 86
LEP e~ e™ collider experiment, 7, 246, 247
lepton number (total), 140, 242, 243
lepton numbers (individual), 139, 140
leptons, 5
Levi-Civita (e"P?) tensor, 21
Lie algebra, 167
Lie group, 166
linear collider, 100
local (gauge) symmetry, 165, 215
breaking, 218-222
longitudinal momentum fraction (Feynman’s x),
199
longitudinal polarization of massive vector bo-
son, 220
longitudinal rapidity, 18, 210
loop corrections to muon decay, 149
loops in Feynman diagrams, 77, 78, 81, 90, 161,
180, 186-188, 190, 191, 236
fermion minus sign, 90
Lorentz transformations, 13, 20
Lorentz-invariant phase space
n-body, 66, 129
2-body, 67, 68, 124, 129
3-body, 135, 136
lowering operator, 50, 51

luminosity, 62

Majorana fermion, 38, 39, 242, 243

Majorana field, 242

Mandelstam variables (s,t,u), 75, 76, 108
Mandelstam variables, partonic (3, £, @), 198, 204
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mass diagonalization, 237
mass eigenstate fields, 226, 237-240
massive vector boson, 164, 180, 220-222, 224,
226

propagator, 164
matrix element, 61-63

reduced, 64
Maxwell’s equations, 40, 41, 48
mean lifetime, 129
mesons, 6, 9, 10

(J=0),9,10

(J =1), 10
metric tensor (g, ), 15
Mexican hat potential, 216
Mgller scattering, 116
momentum conservation, 15, 64, 89, 90
momentum fraction (Feynman’s z), 199
MS renormalization scheme, 194, 227
MSTW parton distribution functions, 202
muon decay, 139, 142-147

muon production in e"e™ collisions, 91-96

Nambu-Goldstone boson, 217, 218, 222
pseudo, 223
would-be, 220-222, 230
nanobarns (nb), 62
natural units, 250
neutrino, 5, 38
anti-, 6, 137, 138
masses, 241-243
mixing, 242
seesaw mechanism, 242
Yukawa coupling, 241
neutrinoless double beta decay, 243
neutron, 7
neutron decay, 137
non-Abelian gauge invariance, 165, 166, 175—
178



non-renormalizable theories, 161, 162, 180, 191
nuclear weak decays, 137, 138

nucleons, 7

w meson, 214

on-shell, 15

OUT state, 59

overcounting problem for identical final state
particles, 68, 69, 117, 127, 131

parity, 19, 141, 148
parity violation, 20, 141-143
partial width, 12, 129
Particle Data Group, 4, 253
parton, 197, 199
parton distribution function (PDF), 199-204
parton model, 197
partonic subprocess, 197, 198
Pauli exclusion principle, 34, 54
Pauli matrices (o%23), 25, 251
¢ meson, 214
photon field (A*), 43, 83-87
photon polarization, 85, 86
photon propagator, 86, 87, 89
picobarns (pb), 62
pion (7%) decay, 155-160
pion decay constant (fr), 155, 156
polarization vector, 85
and gauge transformations, 118
massive vector boson, 164
polarized beams, 100, 101
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix, 242, 243
positron, 25, 34
potential energy, 43, 44, 215
projection matrices for helicity (Pr, Pr), 33, 251
propagator
charged massive vector boson, 162, 164

Dirac fermion, 81, 89
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generic, 80

gluon, 183

Higgs boson, 221

massive vector boson, 162, 164

photon, 86, 87

scalar, complex (7F), 158

scalar, real, 76

W boson, 162

Yang-Mills vector fields, 178
proper interval, 14
proper Lorentz transformations, 20
proton, 7
pseudo-Nambu-Goldstone boson, 223
pseudo-rapidity, 18

pseudo-scalar fermion bilinear, 141

QCD coupling, 183, 184, 186, 193
experimental value, 194, 195
QCD scale (Aqcp), 193
quadratic Casimir invariant, 168
Quantum Chromo-Dynamics (QCD), 97, 173,
182, 183
Quantum Electro-Dynamics (QED), 83-85
Feynman rules, 85-90
quark, 5
flavors, 5, 6
masses, 6, 7, 236
quark-antiquark condensate, 223
quark-quark scattering, 184-186

quarkonium, 11

raising operator, 50, 51
rapidity, 14, 28, 30

longitudinal, 18, 210

pseudo-, 18
reduced matrix element, 64
reducible representation, 168
regularization, 52, 77, 161, 187, 194

renormalizable theories, 161, 162



renormalization, 52, 77, 149, 150
renormalization group, 191, 192
renormalization scale, 189, 191, 200
renormalized (running) coupling, 188-191

electroweak, 227
renormalized (running) mass, 190, 191
representation of group, 166
representations

of SU(2), 171, 172

of SU(3), 173-175

of SU(N), 175

of U(1), 166

of non-Abelian group, 166-171

Review of Particle Properties (Particle Data Group),

4,99, 253
Ryadrons, 98-100
p meson, 214
right-handed antifermions and weak interactions,
141, 142, 152
right-handed fermions
Dirac, 33
Weyl, 38
right-handed polarization of photon, 86
right-handed projection matrix (Pg), 35
rotations, 20
Rutherford scattering, 111, 112

scalar field, 42, 45
complex, 158
scalar function, 20
s-channel, 74-76
Schrodinger equation, 23
Schrodinger picture of quantum mechanics, 57,
58
sea partons, 199, 201, 203
sea quarks, 7, 201
seesaw mechanism for neutrino masses, 242

singlet representation, 166, 169
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slash notation, 26
speed of light (c), 13, 250
spin operator, 32
spin-sum identities, 36, 252
spinor, 24
Dirac, 25
Majorana, 38
Weyl, 37
spontaneous symmetry breaking, 215
global, 215-218
local (gauge), 218-221
Standard Model, 224-233
structure constants of non-Abelian group, 167
SU(2) Lie algebra, 171, 172
SU(2)r, (weak isospin), 172, 224, 225
SU(3) Lie algebra, 173-175
SU(N) Lie algebra, 172, 175
subprocess, partonic, 197, 198
supersymmetry, 7, 39, 204, 209
symmetry factor (of Feynman diagram), 77, 78,
90

tau decays, 12
t-channel, 75, 76, 108
technicolor, 7, 223
tensor, 21
tensor product of representations, 169
Tevatron, 62, 63, 133, 197, 204, 205, 209, 247,
248
Thomson scattering, 125, 126
three-body phase space, 135, 136
time reversal (T), 19, 20, 148
top quark, 6, 7
decay, 241
LHC production cross-section, 63, 207-209
Tevatron production cross-section, 63, 205—
207, 209
trace trick, 93



traces of v matrices, 27, 93, 251, 252
transverse momentum (pr), 210
transverse polarization, 85, 220
tree-level diagrams, 77

triangle function (), 130

two-body phase space, 124

U(1) as a Lie group, 166

U(1) for electromagnetism, 166, 182

U(1)y (weak hypercharge), 224, 225, 227, 229,
230

u-channel, 75, 76

unitarity of CKM matrix, 240

unitarity of quantum mechanical time evolution,
160, 162, 180

unitary gauge, 220-222

Standard Model, 230-232
units, 24, 250
T (vector bottomonium), 10, 11, 214

vacuum expectation value (VEV), 216
antiquark-quark, 223
Standard Model, 229
Standard Model numerical, 231
vacuum state, 42, 50, 54
valence quarks, 7, 155, 199, 201-203, 207

volume element, 22

W boson, 4
branching ratios, 240, 241
couplings to fermions, 238-240
interactions with Z, W, h, 231, 232
mass, measured, 4
mass, prediction, 231
width, measured, 4
width, predicted, 5

Ward identity, 118, 119

weak hypercharge [U(1)y], 224, 225, 227, 229,

230
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weak isospin [SU(2)r], 172, 224, 225

weak mixing angle (Weinberg angle) Oy, 226—
298, 231

weak-interaction charged current, 154, 163

Weyl (chiral) representation of Dirac matrices,
26, 251

Weyl equation, 37

Weyl fermion, 38

Weyl spinor, 37

would-be Nambu-Goldstone boson, 220-222, 230

Standard Model, 230

x, Feynman (momentum fraction), 199

¢ (gauge-fixing parameter), 86, 87

Yang-Mills theories, 164, 175-180
Yukawa coupling, 80, 131, 133, 134, 234-238

neutrino, 241

Z boson, 4, 213
branching ratios, 228
couplings to fermions, 228
interactions with Z, W, h, 231, 232
mass, measured, 4
mass, prediction, 231
resonance at LHC, 214
width, 4



