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Introduction:

This is a set of lecture notes taken from UChicago’s PHYS 444 (Quantum Field Theory II), taught by Luca
Delecretaz. Topics covered include representations of the Lorentz group, Quantizing the Dirac field, Path
integrals for fermions, Interacting fermions, Relativistic electrodynamics, Path integral for gauge fields,
Radiative corrections, The electron magnetic dipole moment, Renormalization for QED, LSZ for
fermions/photons, QED scattering, Soft divergences in QED, Non-Abelian gauge fields, QCD and

quantizing Yang-Mills, Wilson line and loop operators.
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1 Fermions - Representations of Lorentz

1.1 Introduction

In QFTT we explored scalar QFT deeply; both perturbatively and non-perturbatively. We looked at the path
integral formalism, renormalization, and scattering. But the elephant in the room is we did this all with
scalar fields, and most particles in the universe... are not. They transform with different representations
of the Lorentz group; the scalar field is simply the simplest one.

In this course, we will look at fermions; they are qualitatively different due to Pauli exclusion and will
lead to new physics. Building on this, we can build Lagrangians in 3+1 dimensions with dimensionless
couplings, and moreover different kinds of dimensionless couplings. This will lead us into quantum
electrodynamics eventually; but let’s start with a discussion of fermions.

1.2 Representations of the Lorentz group; scalar and vector representations

Recall the Lorentz group O(1, 3); it consists of all transformations that leaves spacetime distance invariant,
i.e. all transformations:
xt — AbxY (1.1)
such that:
AP =yt (1.2)

with 7 = diag(—1,1,1,1) the Minkowski metric.
We have already studied its simplest representation on fields, the scalar field:

¢(x) = ¢'(x') = ¢p(x) (13)

This is not a trivial representation (the field does transform), but in a way that is completely absorbed by
the transformation of the coordinates.
This is realized on Hilbert space/quantum fields ¢ by a unitary operator:

~ ~

P(x) = UA)P(x)U(A) = (A x). (1.4)

Out of scalar fields, we could build composite objects that transform in potentially other representa-
tions. The simplest example is taking higher powers of the field, [¢(x)]" still transforms as a scalar. But,
consider A, = 9. ¢(x); this transforms in a 4-vector representation:

a_V
Ay(x) = axmp(x) — U(A)ilax;t(i)(x)U(A) = axu(l)(A*lx) = axy(l)(.f) = éax;t(l)(f) = A}yapr(f) (15)

Where in the last equality we use that new coordinates are linearly related to the old coordinates, with:

oxV _ )
S = (AT, = A, (1.6)
And thus:
Au(x) = A A, (%) (1.7)
or:
U(A) T A () U(A) = A AL (AT x) (1.8)

Under the spatial rotation subgroup O(3) C O(1,3), this splits into a scalar part for the time component
Ap and a 3-vector part for the spatial components A;.

The photon is a particle in this 4-vector representation of Lorentz. In that case, A is the (fundamental)
group field in Maxwell’s equations, with the field:

Fuv = 0, Ay — 3y Ay, (1.9)

or:
Ei = aoAi — al'Ao, B,’ = Gijka]‘Ak (1.10)



1.3 General Representation of Lorentz

We will come back to the photon later in the course, but let us turn to the question of building a general
representation of the Lorentz group. To this end, we study its algebra. It contains the generator of rotations

Ji:

i Jil = ieijJk  (su(2) algebra) (1.11)

which forms a subalgebra. It also contains the generator of boosts K;:
[Ki, K] = —ieijiJx (1.12)
[Ji, Kj] = ie;jxKy. (1.13)

but the K; do not form a closed subalgebra. Rotations and boosts together form the full Lorentz algebra,
which we derived last quarter through the study of infinitesimal transformations.
We consider the following linear combinations of generators:

1 .
ﬁ:iwim& (1.14)
It can be easily checked that the Js form a closed subalgebra:
| , , 1. .1 . oy
Ui T = ZLUi +iK;, Jj +iKj] = E(leijk]k —€;ixKy) = l€ijk§(]k +iKy) = iej] (1.15)
Moreover the [*s commute with the J~s:
1 ‘ ‘
U;r,]]- ] = Z[]i +iK;, J; — iKj] = 0. (1.16)
and the |~ s have the same commutation relation with each other as the [*s:
Ui T 1 = deijlic (1.17)
Thus, we conclude that the Lorentz algebra is just 2 commuting su(2) algebras! We thus conclude that:

50(1,3) = su(2) @ su(2) (1.18)

The usual representation of su(2) is labelled by a half-integer, and thus the irreducible representations of
the Lorentz group are thus labelled by two half-integers (j~,j"), with:

ﬁ:Q;L,W (1.19)

N W

Thus a general field ¥, (x) has two indices, witha =1,...,2j_ +1land b=1,...,2j4 + 1.

1.4 Examples of Lorentz Representations

For a scalar field, we have the (0,0) representation. In this case, the indices a,b run from 1 to 1 so we just
omit the indices and write ¢(x).
For rotations, we have J; = J." 4+ J.. The (j~,j") irrep (irreducible representation) of Lorentz therefore
decomposes into spin:
T A VA A S VRO ey (1.20)

under rotations.
Let’s look at a slightly more interesting example. What is the 4-vector representation? A first guess
is that a vector looks like spin-1, so we might put (1,0); but this doesn’t work because under rotation it



doesn’t split into a scalar rotation Ap and a 3-vector A;. Thus, the correct representation turns out to be

(1,%). Under spatial rotation, this decomposed into a spin 0 (Ag) and spin 1 (A;) piece, which is what

we need.

This skipped one representation though! What about (3,0) or (0, 1) (these are the smallest non-scalar
irreps)? Well, first note that these reps are related by a parity x — —x, as under this reflection angular
momentum is invariant and boosts are flipped, i.e.:

J—J, K- -K (1.21)

and so:
JE = IF (1.22)

Hence a (%, 0) particle cannot be parity invariant on its own. We will later study these in “chiral” theories.
This rep is the left or right handed Weyl (or Majorana') spinor.
1.5 Properties of the Weyl spinor

We're in the USA, so let’s pick the right-handed representation (0, %) In this rep:
Jio= 2ot (1.23)

which satisfy:
s I3 = deijeli (1.24)
which is a 2-d rep of su(2). The minus matrices are trivial, with:

JL=o. (1.25)

giving the 1-d rep of su(2)_. These two objects act on different spaces (one on the right, one on the left
index). If we want to see them as the representation of the entire group SU(2) x SU(2), we can write:

1
=100, J7 =001 (1.26)

From this we can also get the generators of rotations and boosts:

Ji=l 4+ = %Ui 1.27)

— o (1.28)

We therefore have a 2-d representation of Lorentz (0, 1) on fields ¢r = <$§> . For a Lorentz transforma-

tion A of angles 6; and rapidities #;, i.e. A = ¢i(®'Ti+1'KD) | we have the fields transform as:
U(A) Tgr(x)U(A) = ed O (A~ Lx) (1.29)

note that the rotation part is unitary but the boost part is not. Because the boost generators are related to
the J*s via an i, in any representation it will be anti-unitary:

K = —K; (1.30)

1

lin 3+1 dimensions they coincide, but in other dimensions they differ, hence the two different names.



but do not confuse this with the full transformation on the Hilbert space, which is always unitary. Another
comment; this implies that g must be complex, as the transformation does not take real to real. In fact,
the anti-unitarity of the K;s implies that 1} transforms in the parity flipped (%, 0) representation.

Another interesting feature of this representation is that under a 27t rotation, say, around the Z axis (so
0% = 27), the field transforms to:

Ph(x) = e2 @)y (A"1x) = % g (x) = —yr(x) (1.31)

note that A~!x = x as the coordinate comes back to itself. So, in scalar field theory a 27 rotation leaves
the field invariant. But here, the field does not transform back into itself due to the negative sign out front.
This is a first hint of the spin-statistics theorem, which we will soon discuss; but this theorem will tell us
that the particles must be fermionic. The statistics are tied to the representation of the Lorentz group.

1.6 Building a Lagrangian for the Weyl spinor

Let us start by building a quadratic/Gaussian Lagrangian for pg. We could try tensoring ¢, 9gp. Since
¥R € (0, %) and ¢} € (3,0), from group theory:

1 1 11 11
Pra¥rb € (0/5) ® (E’O) =(0® 55 ®0) = (E'E) (1.32)

which as we discussed previously, transforms like a 4-vector. But it doesn’t look like one... it looks like
a 2 x 2 matrix. But there should be a way to map it to a 4-vector. What are the possible bilinears we can
build? Well, we can consider:

Ao = YRYR (1.33)
A; = proipr (1.34)

How do these transform? Under infinitesimal transformations, we have that:

YR = Yr~ (1+ i) yr = (14 égiei)lPR (1.35)

from these we can deduce how the other objects transform. Namely:

i i
~00;) (14 =076;)¥r ~ Vi (1.36)

Ao = yr(1 = 3 5

which we see is invariant under infinitesimal transformations § < 1, making it a good candidate for
Ap/the scalar part. Let’s next consider A;:

i i
UJH)IIJR ~ l[)}%(ﬁ'j + E[Ulro']]e])‘PR = Ai - eijijAk (137)

i
A — lp}-{(l — 20]9])0'1(1 + E
This is how a 3-vector transfrms under spatial rotations, again justifying our guess for what the vector
part A; should be as a good one. Repeating this exercise with boosts, one finds that the entire object is
indeed a 4-vector under rotations:
Ay =YhouYr (1.38)
with:
0y = (09 = 1, 0; = Paulis) (1.39)

is a 4-vector field under rotations. To recap, we had group theory technology that told us that the product
Yr,¥rp should transform like a 4-vector. We then constructed a map which actually gave us what the 4
components should be, inspired by the group theoretic trick.



Now that we know this, do we have ideas for what Lagrangians we can build out of the Weyl spinor?
Note that the Lagrangian must be a scalar field. Consider as a first go’:

L =3, (pko’¢r) (1.40)

but then this is a total derivative, so there is no interesting (bulk) physics. Refining our guess, let’s let the
derivative act on one of the fields:
L = iphoo,pr (1.41)

which is indeed the Lagrangian for a (right-handed) Weyl spinor. It is qualitatively different from the
scalar in that it only has one derivative (c.f. the scalar field Lagrangian had two derivatives) - the counting
of degrees of degrees of freedom are different.

On Thursday, we will try to construct a mass term. We will also remedy the fact that £ is not a
parity-invariant theory, which is something that we will need for electrons.

2 Fermions - Dirac Fermions

2.1 Review of Representations
A general lorentz-invariant field is labelled by 2 su(2) quantum numbers (j~,j*). For example, ¢ € (0,0),
Ay e (3,1, vr€(0,3), ¢ € (1,0). The matrices o* = (I, o) provide an explicit map from ¢} yr, €

(0, %) ® (%,O) = (%, %) to A, = phoypr (you will look at this in more detail in PS1). This gave us the
free-field /Gaussian Lagrangian for igs of the form:

Leyl, R = iPko"d, . (2.1)

This is a fine Lagrangian, and you will study it in PS1, and construct its mass term. However, it's not good
for describing particles such as the electron, as it is not parity invariant (we saw that parity exchanges
];r < ] (with ]l-i = %( Ji +iK;))). Our goal today is to construct the simplest parity invariant theory of
spinors. To this end, we will need both ¢r and ;.

2.2 Parity invariant theory of spinors - kinetic term

The Weyl Lagrangian for i, has the form:

Leyt, L = it} 09,11 (2.2)

but the 0#s here are not the same as before - what are they? We could construct them like last time, but we
can instead play a trick. Last class we discussed that ¢} € (0, %) In PS1, we will show that more precisely,
op 7 transforms like yg. This tells us that we can again build a 4-vector:

(0297 oo = Pl 0204009} = (YL oa0uoap})" = —plos 007 P = —ioroy orr (2.3)
from which we find that:
I ifu=0
_ T H
0y = 00,09 = 24
B R {—al- if =123 @4

which follows from the fact that {0’1', (7]} = 24;j (the Paulis anticommute unless they are the same). Thus:

Oy = (]I, _Ui) (2.5)

2A, A is also a valid choice for Lorentz invariance, but is quartic in 1, so we will consider it when we go to interacting theories



It is now easy to make the Lagrangian parity invariant! We simply add both the left and right moving
kinetic terms with the same coefficent:

Lyin = ilp{‘_ﬂlapﬂ/}L + iprot 9, PR (2.6)

Does this Lagrangian have additional symmetries? Our guiding principle was Lorentz invariance (and
we also have parity and translation invariance). But we have the additional symmetry of U(1); x U(1)g,
where ; — e*Lp; and Yr — e“Ripg. It's good that we have this if we want this theory to model electrons,
because electric charge is conserved (though for electrons we do not need two conserved charges, of
course).

2.3 Parity invariant theory of spinors - mass term

The next question we can ask is whether we can construct a mass term for this theory. We can use our
group theory logic - if we look at:

1 1 1

Prye € (0,3)@ (0,5) = (0,50 2) = (0,0)+ (O,) @)

we see that we should be able to get a scalar part (0,0) - so we should get a mass term! In PS1, you will
find the unique way to build this Weyl/Majorana mass term looks like ¢Xooypr. Now, the issue is this
mass term no longer has the U(1)g symmetry acting in the way we described above. But is there away
to add the mass term to the total Lagrangian (for both spinors) such that the theory still has some U(1)
symmetry? Indeed, we recall that ¢} € (0, %) and so if we replace Yr — 0»9] we will be able to recover a
U(1) symmetry. Our candidate mass term is:

(0291)" o2k = Y102 2R = —91 Y (2.8)
To make it real we add this to its complex conjugate, so the mass term is:
L = —m($LYr + Y1) (29)
If you doubt the Lorentz invariance of this Lagrangian, you can check that:

1
Sy =i(0' +in )Effﬂl’i
-2 (2.10)
Spr = i(0" — i) 50

so at linear order the Lagrangian is invariant under Lorentz transformations/the contributions cancel.

2.4 The Dirac Fermion

We can package left and right moving spinors into a single 4-component spinor:

Y1

g (L) _ | Y2 2.11
<¢R> Pr1 @11)
Yr2
which allows us to write the mass term as:
0 I _
Ly = —m(plpk) <]1 0) (i;) = —m¥ Y = —m¥Y (2.12)

9



where we have defined ¥79" = ¥. We use this simplifying notation so that we can quickly identify
Lorentz invariant quantities. Note that (79)? = 1.
Doing the same with the kinetic term, we have:

oH
ot (5 2)a(2)
= i (‘_’Oy (fy) 3, ¥

(0 I\ (a" 0 (2.13)
_l‘P<]1 o><o aﬂ)aﬂ

where in the second equality we use that (y ) = (9 9})(7°)? = ¥9°. And so the total Lagrangian is
that of a Dirac fermion:

Lpirac = Liin + L = i¥9#0,¥ — m¥Y (2.14)

2.5 <-matrix anticommutation relations

We defined the Dirac y-matrices above, which have simple anti-commutation relations:

0o ot 0o ov ldvad 0
UaV _
Y= (UV 0) (0” 0) o ( 0 UV('TV> (2.15)

otoV +ovot 0
{’)’H/’)’v} = ’)’M’YV + (,‘I/l A V) = ( 0 oY + 0.1/(—7}1>

So then:
(2.16)

If y =v = 0 then we get 2I, if 4 = 0,v = i then we get 0, and if 4 = i,v = i we then have — {O'i,(f]} =
—257T. So at the end of the day, we get:

{2} = 2" (g ﬁ) = 2" (2.17)

Here we really derived this, but there is an alternative approach that Dirac used. In his approach, you
instead start with {y*, 4"} = —2y#"" as the defining property of o matrices; this is what you will explore in
PS2. Nevertheless, this anticommutation property will be a very useful one for manipulating /simplifying
expressions (without using the explicit form of the 7y matrices).

2.6 The Dirac equation

By varying the action w.r.t. the spinor, we obtain the EoM:

s
oY

this equation implies the Klein-Gordon equation. How to see this? Apply (iy"9, + m) to both sides:

0 0= (iv"3, —m)¥ (2.18)

0 = (iy"0, + m) (iv"0, — m)¥ = —(m* + 1#979,9,)¥ (2.19)

10



Since derivatives commute 0,0, is symmetric, WLOG we can replace y#+" with the symmetric part:
1
0=—(m*+ 5 {7",7"} 9,0)¥ = (O —m*)¥ (2.20)

where we have used % {7} 0,0, = —y#*9,0, = —[. This tells us that there will be many similar
structures as we saw in our analysis of the scalar field. Historically, Dirac wanted to find the relativistic
version of the Schrodinger equation; to him ¥ was a wavefunction. To us, it is a field.

2.7 Parity of the Dirac Lagrangian

Let us say one more thing about parity; we wanted L.I. when constructing our Lagrangian, but we also
wanted it to be parity invariant. Parity flips ¢; and 1, so we expect it to flip:

Y(t,x) < 1y ¥ (t, —x) (2.21)

with # € C. We then observe:
(P~H2¥P? = 1129%9%% = 52y (2.22)

We may want to say that this should be equal to ¥ because twicefold parity should leave ¥ invariant.
But ¥ in itself is not an observable, but ¥¥ will be. Thus this gives us the option of 72 = 4-1. Srednicki
chooses 7 = i. For now, we take 7 = 1. Let’s check the invariance of the Dirac lagrangian explicitly. We
start with the mass term:

Lon(x) = —m¥(x)¥(x) = —m¥ (x)7°¥(x) = —m¥T (Px)(9°)T999°¥ (Px) = —m¥ (Px)¥(Px) = L, (Px)
(2.23)

with Px = (t, —x). Let’s also check the kinetic term:
Lign(x) = 1" (x)7°1"8,¥ (x) — 1" (Px)7"7°9"7* (90, —9;) ¥ (Px) (2.24)

But now y#90 = 409# if y = 0 and = —09* if u = 1,2,3, so the signs from the derivative and the gamma
matrices cancel, and so:

Liin(x) = i‘I’Jr(Px)'yO'yO'yO'y”aﬂ‘I’(Px) = i¥(Px)y"9, ¥ (Px). (2.25)

Thus the Dirac Lagrangian is even under parity. It is also easy to construct Lagrangians that are parity
odd. We could have instead built terms of the form —£; + L, or by using a final gamma matrix:

¥ = (‘01[ g) — diag(—1,-1,1,1). (2.26)
For example, a parity odd kinetic term would simply be:
¥y 0, Y (2.27)
without the °, this evaluates to ipf 679,y + ipko?9,Pr. With it, it flips the sign of the left part, so:
¥y 920, ¥ = —ipl ¥ 9,y + ipho 0, yr. (2.28)
We could also have a parity odd mass term:
g Sy bty 005 (YL} sk ey (0 Y () et
mit ¥ = im(prpr)ry vr | mLyr) | _p o Yr) ~ (YL YR — YrYL) (2.29)

11



It is pretty clear that this is parity odd by looking at the Weyl fermions, but in fact we can check this
directly from the expressions for the Dirac fermions. Using that:

5.0\ _.5.0,.0.5_ (0 —I 0 Iy _
{7,7}—77 +77—<H o)*(-n 0] =0 (2.30)

(and in fact {')/5, ’y”} = 0) we find:
Y = ¥199999°90% = 979095y — ¢Sy (2.31)

Now that we have the 7s, it is easy to build bi-spinor objects in a given Lorentz representation. For
parity-even, we have scalars:

¥YY,700Y, ... (2.32)
we have vectors:
‘I”yy‘f’, e (2.33)
we have tensors: )
Yyun'¥,... (2.34)

and if we want axial /parity-odd objects we can insert 7°s. For example axial scalars:

Y0, ... (2.35)
axial vectors:
7Y, . (2.36)
and axial tensors: )
Y1y, ... (2.37)

3 Spin-Statistics Theorem, Quantizing the Dirac Lagrangian

3.1 Exchange statistics

We have seen that a general representation of the Lorentz group on a field takes the form:
P(x) = ¢'(x) = U(A) Tp(x)U(A) = D(A)p(A™ %) 3.1

where D(A) is the finite-dimensional representation of the Lorentz group acting on the indices 1,. In
other words, it acts on the coordinate and then also acts on the fields themselves via a matrix.

We have also seen that for half-integer spin representations, D(27r) = —1 (i.e. the matrix that realizes
a 27t rotation of spinors gives negative of the identity). We saw this in the case of Weyl and Dirac
spinors/fermions, but this is much more general; any half-integer representation (any where J = J+ +J—
sums to a half-integer) of SU(2) has this property. This is a hint towards the spin-statistics theorem
and will be an ingredient in its proof. We will show that this requires that the corresponding field has
fermionic statistics, i.e. obey the anticommutation relations:

{90, 9(y)} =0 (x#y) (3.2)

These operators create states/wavefunctions that are antisymmetric under exchange of identical particles,
ie.:
l.oXy, . ) =—]..,7,%...). (3.3)
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Note that & are the only options (at least, in 3+1d). Because the particles are indistinguishable, the states
have to be equivalent; they can at most differ by a phase:

|...,x,y,...>:ei‘P\...,y,x,...) (3.4)

But exchanging twice is continuously deformable to doing nothing (we can use the “third dimension” to
continuously deform this double exchange to the identity identity), so ¢*? = 1 which implies ¢/ = +1.
But note that being in 3-d is crucial; in 2D we are confined to the plane, so if we try to take our particles
and deform the double exchange to the identity, we can only accomplish this by making the particles hit
each other.

So in summary, in 3+1d we can only have bosonic (41) or fermionic (—1) statistics. But in 2+d1 we can
in general have ¢*? # 1, and have “any” statistics ¢/#, i.e. we have “anyons”. These are not fundamental
particles (because we don’t live in 2d) but emerge in condensed matter systems such as in the fractional
quantum Hall effect and toric code.

3.2 Proof of spin-statistics in 3+1d (almost)

t)

We consider a two-point function involving two fermionic fields in the vacuum:

G(x) = (0|D(m)p(x)(—x)|0) (3.5)

Let us introduce U(A)U(A)~! for U(A) = R a rotation by 71. We use the Lorentz invariance of the vaccum,
ie. U(A)]0) = |0).

G(x) = (0[U(A)U(A) ' D(m)P ) UM U(A) T P(=x)U(A)T(A)7H]0)
= (0[U(A)T'D(m)P()UA)U(A) T p(—x)U(A)[0)
= (0|D(7) D()(—x) D(7r)h(x)|0) (3.6)
= (0|D(27)(—x)D(7)$(x)|0)
(Ol h(x)10)

where in the third equality we note that U(A)~'¢(x)U(A) = D(71)f(—x) and in the final equality we use
that D(271) = —1 for fermions (note that D(7r) is just a matrix acting on the indices of i and so we can
move it around freely in the expression). This establishes that the i operators have fermionic statistics.
One thing we swept under the rug is the possibility that G(x) = 0. This comes from the CPT theorem;
invariance under charge/parity/time-reversal symmetry follows that G(x) > 0. O
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Rio note: Asked whether it matters that we only showed it for £x - answer was that it suffices to show
it for one correlator. I think maybe you could argue this (from spatial translation/rotation invariance) that
all possible coordinate pairs would reduce to the £x case?

Also, note that there are different available proofs of spin-statistics, and each offer a different perspec-
tive; see Schwartz for more details and insight.

3.3 Review of quantizing the free scalar

We follow Srednicki 37-39 for this discussion.
We recall the Dirac Lagrangian we had constructed:

= i¥FY — m¥¥ (3.7)

where ¥ = (¢L> and 4 = 9,y" with ¢ matrices:

¥R
N ((2[ “ ) (3.8)

0 0 Jdp+03 91 —idy
74— 0 0 o —glaz do 6 d3 . (3.9)

0 0

SO:

We want to quantize this Lagrangian, but let us first review how we quantized the free scalar. For the free
scalar that we had the action:

S = —% / (0)? + m*¢? (3.10)
the conjugate momenta:
s .
_ 92 _ 3.11
7t(x) 59 ¢ (3.11)
which obeyed the canonical Poisson bracket relation:
{900, 7(y)}pp = & (x —y) (3.12)
which we promoted to a commutator relation of operators via canonical quantization:
[B(x), I1(y)] = i6°(x —y). (3.13)

We had the Hamiltonian, which we quantized and diagonalized:
H= / [ — L
1 k1 1
3 2, 22 — 2 2, L2 2 2
= [ g 5V + gt = [ s S I + 506+ )l (3.14)
~ ] (2n)32¢, KKk
with:

ay = exPi + il

, (3.15)
ay, = exp_ic — il
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and so: 1
P = 5o (m+ i) (3.16)

so we found the full time evolution of the fields:

d3k ; ;
p(t,x) = /M(ake’k'x + afe %X (3.17)

with k¥ = e, = V/k? + m2. The Hilbert space of our scalar QFT was Fock space, with:
ax|0) =0 Vk (3.18)

ay|0) = |k), ay ay, = k1, ka), ... (3.19)

3.4 Quantizing the Dirac Lagrangian

With that review under our belt, we want to quantize:

L=i¥y"p,¥ —m¥Y (3.20)
so we have the canonical momenta:
1= j—i =990 = i¥T90 = i¥" — 11, =i¥: (3.21)
Thus canonical quantization promotes:
{Ta (x), Ty(y) }PB =& (x—y)ém (3.22)
to the commutator:
[¥a(x), ITy (y)] = i6°(x — y)du- (3.23)
The Hamiltonian reads: ‘
H=1IY - £ = —i¥y'9;¥ + mY¥ (3.24)

3.5 General Solution for Dirac Equation

Let’s try to find the most general solution ¥ (#, x) of the Dirac equation:
(id —m)¥ = 0. (3.25)

Because ¥ (x) satisfies the Klein-Gordon equation (which follows from the Dirac equation):

(O4+m*)¥ =0 (3.26)
a general solution will take the form:
Y (t,x) = u(p)e’P* + v(p)e P* (3.27)
where u,v are 4-component spinors:
U EP;
— | #2\p
u(p) = 3.28
(p) uz(p) (3.28)
us(p)
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and we have the on-shell condition for p = (p°, p):

P =ep = \Jp? 2 (329)

But, the solution also has to solve the Dirac equation, which gives us the further condition on the spinors:

= (id —m = (—yp—mu oiPx —mv o ipx (V+m)u(P):O
0= (i3 = m)¥ = (=p = mulp)e™ + (p ~m)u(p)e ™ = {(pmw(p):o 30)

The trick will be to solve these equations in a preferred frame - namely the rest frame, where pl., = (m,0)
- and then boost back to an arbitrary frame p# = Aﬂ‘/ Prest:

u(p) = D(A)u(0) (3.31)

This works because the Dirac equation is Lorentz invariant, but let’s check:

0 (p+m)D(A)u(0) = D(A)D(A) " (p +m)D(A)u(0)

(
(putst 4" — m)u(0) (3.32)
( m)u(0)

So indeed this strategy works!
In the rest frame we have pY., = m and pgrest = —m and so:

0 I
Prest = po,)/o = (]I 0) (3.33)

Thus our equation for u is:
I —I Uus -
m (—1[ I ) s | = 0 (3.34)
This implies that uq — u3 = 0 and uy — u4 = 0. One possible basis for the rest frame solution is therefore:

14 (0) = u_(0) = (3.35)

O = O
_ o = O

This basis is convenient because these solutions have a well-defined spin in the z-direction (namely +1).

Let us do the same for v:
I I (%) .
m (I[ ]I) s | = 0 (3.36)

This implies that v1 + v3 = 0 and v, 4+ v4 = 0. We then have a basis of solutions:

(3.37)

16



Now, we boost to get the general solution. What is the Lorentz transformation that takes pl,, = (m,0)
into p" = (/m? +p?,p)? Itis clear that we must boost in the p = hl:%l direction, so we want the boost

Pk by an amount (rapidity) 7 = sinh(‘%). What is then D(k) (representation of boosts on spinors)?
This we can construct by recalling that k = @ so then:

fo; 0
K=[2% Y |. .
1 ( A —ga,) (3.38)

u(p) = D(A)u(0) = ¢'Ki (3.39)

with the #, K; as described the above. There are solutions for u4,v+. At the end of the day, a general
solution to the Dirac equation takes the form of a most general linear combination of these solutions:

So, in summary:

3 . .
Y00 = L [ Gyt (s (p)e + (0 (p)e ) (3.40)

Classically, b,d" are coefficients, but after we finish quantizing the theory on Thursday we will see that
they play similar roles to the creation/annihilation operators as in the scalar case, and they will cre-
ate/annihilate spin-1/2 particles. Moreover, we will see that they have to come with a particle-pair; the
Dirac equation solutions predict the existence of antiparticles! Historically, this was how the positron (the
antiparticle of the electron) was predicted.

4 The Free Dirac QFT

4.1 Reviewing the General Solution

We found that the general solution to the Dirac equation took the form:

3 . .
wm—;/wgghmM@wuf@MWWﬂ (1)

With:

0 0
we @) = v 1|, @ =g, w@=va| |, e@=va| ]| @2
1 0

O = O =

the spinors in the rest frame, and:
us(p) = exp(isinhfl(%)p -k)us(0) (4.3)

(same for the v5) which are the spinors in an arbitrary frame (boosted from the rest frame via D(A) =
exp(isinhfl(%)p -k)). The generators are:

i (ioi/2 0 i [oi/2 0
K _< 0 —iai/2>’ ]—< 0 ai/z> (4.4)
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4.2 Spinor relations

We note that we have the boosted spinor:

us(p) = D(A)us(p) (4.5)

and also the barred spinor:

(p)7° = uf (0)D(A)"9° = 75(0)7°D(A)"® = 15(0) D(A) (4.6)

where we note that 10 = and so 7/°K;7? = —K; so with the 6 <+ 6 flip from the dagger operation

I o

we indeed get the inverse transformation. Note that we get simple orthogonality relations between the
u,vs from studying them in the rest frame:

its (p)uy (p) = :(0)D(A) ' D(A)uy (0) = 115(0)ug (0) = 2mésy (4.7)
05(p)0s (p) = 05(0)vy (0) = Us ( )'Y 05(0) = —2méy (4.8)

Note that for the vs we have minus signs inside of the spinor, so explicitly the 7* becomes relevant.
s(p)us (p) = 0. (4.9)

Let’s try computing a slightly more complicated object:
iis(p) 1 ug (p) = i1s(0)D(A) ~'y#D(A)ug (0) = A" 15(0)" ug (0) = A" 2mdy oy = 2pH sy (4.10)
which we could have partly guessed. There is a very similar equation for the vs:
vs(p)7"vs (p) = 2p"dss (4.11)
Finally:

s(p)1 vy (—p) = ul(p)vy (—p) = ul(0)D(A)"'D(A—p)vy (0) = ul(0) exp(inp - K) exp(—inp- K)vs/((()i E)MI(O)DS/(O) =0

4.3 Dirac reation and Annihilation Operators

We will promote s to fermionic anticommuting operators. This is fine and dandy, but to extract what the
behaviour of b/d" are we will have to use the above spinor technology.
First, let’s fourier transform Eq. (4.1):

—ip- 1
[ Exe () = ¥ 5~ [bs(p)us(p) +dl (~p)os(~p) (4.13)
s=% 2€P
Now, we act on the above with #;(p)7° and use our spinor relations we derived in the previous section:

2ip(bs(p)ﬁs(p)’rous/(p) +di (—p)ias(p)y vs(—p))

[ PP ) =
ZT 2p5551+0)
s==+
(p)

(4.14)

18



The analogous barred relation is:

/ dxe®*P(x)7"us(p) = bl (p). (4.15)
Via canonical quantization, we promote the s to operators with the equal time commutation relations:
{90, 950) } = 640> (%) (4.16)
{p(x),p(0)} =0 (4.17)

From this we find that:
{b,b} = {b*, b*} =0 (4.18)

as out expressions for b, b™ only involve ¢, 's respectively. The only nontrivial relation is the anticommu-
tator between b and b

{batp), bl } = [ dade 0P L (p)y (), §(X)7 us(p) |
= / dxdx' e P (1, (p)1 )" {u(x), 91(0) } (7°9%us ()
= [ e X (14(p)0)70,8 (x = X) (1% %us (b))
_ / Brxdx' e~ PxPX) 83 (x — x')i1y(p) 7 ug (p) (4.19)
_ / dPxe PP (p)yOuy (p')
. / P PP x5 010
= (21)°8°(p — p')dss2¢p

Now we can do the same with the ds. Act on Eq. (4.1) with 7;(—p)7°. We then obtain:

p) = [ dxe P, (~p)y " (x) (4.20)
and flipping p — —p:
— [ xe?o,(p)r(x) (4.21)
Taking the dagger of this relation:
p) = [ e PxG(x)1 s (p) (4.22)
So then:
{d,d} = {d*, d*} =0 (4.23)

and again the only nontrivial relation is between d, d':
{ae)dee)} = [ {a(p)0 (0, 9" ()01 0:lp") |
- / )58 (x — X' )3 (p) 7 vy (')
= /d3xe P*P/)"‘Zpoéss/

= (27-[)353(13 - P/)Zepéss’

(4.24)
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We are almost done. The last thing to check is that the b,d sets of creation/annihilation operators are
independent, i.e. that they anticommute. It is clear that:

{d*,b} - {d,b*} -0 (4.25)

and the only potentially nontrivial one we should work through is between b, d:

{bp)ae )} = [ e {a(p)r p(x), )1 %00 (p)}

_/ {Px="X) 3 (x — x) 15 (p) 1 vy (p') (4.26)
= (27)°8 (p + p')its(p)7 vs (—p)
—0

so we indeed find that the b,d are independent. The bottom line is we have 4 independent raising and
lowering operators by, d . Notice that b" ~ ' while d* ~ 1, so they create particles of opposite “charge”.
What charge?

L=1y(id—m)y (4.27)

has a U(1) symmetry ¢ — e*p. Symmetries imply conservation laws via Noether’s theorem - we have
the conserved current d;,j = 0. We can identify the Noether charge:

0= / Pxf° (4.28)
which is conserved with Q = 0. Indeed, we find that:

Q=" [Qy]=—iy (4.29)
so the two have opposite charge. When we talk about the electron, this Noether charge is just the familiar
electric charge, and this is indeed how the Noether charge got its name.

4.4 Hilbert space of the Dirac Fermion
We start with the vacuum state |0) annihilated by all annihilation operators:
bs(p)|0) = ds(p)|0) =0 Vs, p (4.30)
We then have the single particle states:
b: (p)[0) = Ips, +1) (431)

which in contrast to the scalar single particle states (which were only labelled by their momentum), are
labelled by momentum, spin, and charge. Analogously:

di(p)|0) = |p,s, 1) (4.32)

So for example |p, 1, +1) = b}r(p)|0> corresponds to an electron® with momentum p and s, = +4 and

lp/, 1, —1) = dI(p) |0) corresponds to a positron with momentum p and spin s, = —1. Multiparticle states
are then obtained as:

oo (PLsLq), -0 (P22, 1), ) = - b (P1)dd, (p2) - . [0)

(4.33)
. /npl,sth = 1, e ,nPZ,SMZ = 1, . >

3Let’s take the electron to have positive charge, for now...
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so we have a bunch of QHO modes labelled by three quantum numbers, but with the distinction to the
bosonic case that each mode can only have occupation n = 0/1. This is because of the Pauli exclusion
principle:

B (p)E(p) = 5 (W (p), b (p)} =0 @3)

What is the energy of these particles? We should be able to get this from looking at the commutator of
the bs with the Hamiltonian:

[H,bs(p)] = —[bs(p), H]
/ “P g (p)7 " (x), B(x') (—i'9; + m)p(x')]
/ {w(x), w*(x')} iv%7%90y(x)
/ p)7°8 (x — x)in "%y (') (4.35)
/d3xe Prias(p)y idoy(x)
oy [ "ﬂs(p)vow(x)
= *epr(P)

So bs(p) lowers the energy by e, = /p? + m?, as expected. Note that the final Hamiltonian has a very
simple form in terms of the raising and lowering operators (very similar to the Hamiltonian of a scalar

QFT): P
H= T [ yta, e UL )0s(p) + ()2 (p) (436)

So this is H! What we will then do next week is to study our first fermionic observables in the form of
propagators:

(019a (x) 5 (y)|0) (4.37)
(01T a(x) s (y)[0) (4.38)

We will do a lot of work to get a simple answer, then wonder if there was a simpler way, and in fact we
will find that the simple method is using the path integral - the twist there will be that we integrate over
a Grassman variable.

5 The Fermion Propagator

The relevant section is Srednicki 42.

We want to compute correlation functions fermions, e.g. (0|, P4|0). Through the LSZ formula,
they will be related to e* /e~ scattering. These correlators are also observables in their own right - for
example the current (observable in CM experiments) goes as (j*j*) ~ (py"pPy' ).
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Today, we look at the simplest observable, the propagator/2-point function:

Gw (x)ap = (0|9 (x)Pp(0)[0) (5.1)
Gr(x)ap = (0| T¢a(x)Pp(0)|0) (5.2)
Where for fermions: .
Pa(x)Pp(0)  ifx° >0
Ta(x)9p(0) = { Ca(0)9u(0) 20 <0 (5.3)

5.1 Computing the 2-point function

We compute the 2-point function by plugging in our expression for i(x) that we found last week:

3 . .
v =% [ (2;)3219 [bs(P)us(p)e™ +d" (p)os(p)e "] G4
Therein: B
(Olpa()Fp0)10) =X [ us(p)e* (0l ()0l (p') [0} p () ® 55)

ss!

where we use that the annihilation operator annihilates the vacuum, making the d-pieces of the expression
zero. We can, for free, replace bs(p)b:,(p' ) by an anticommutator since b; annihilates the vacuum. Then,

since {bs(p), bl (p')} = (271)36%(p — p’)2€pds, this allows us to get rid of the p’ integral and the s” sum,
leaving us with:

O F0)10) = [ 5 32€p X toa P () 56)
This simplifies via the completeness relation:

Z us:x usﬂ (_V+m)u¢[5 (5.7)

Which can be seen by computing it in the rest frame with preSt (—m,0):

1 0
0 1 _ 0 I
uy =+/m NE u_=+m ol u—'you—<]1 O)u (5.8)
0 1
1 1 010
0 0 0 0 O
wput =m | (1 01 0): Lo 1o (5.9)
0 0 00O
0 0 0O
+ lo1o01
u-u_=mlo o o0 o (5.10)
01 01
thus:
Zusu —mG %) = ml + my° = ml — pFesta” (5.11)
S=
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Then we can act with our boost generators on the left and right to get the expression in a general frame:

Y us(p)its(p) = ml — puy* (5.12)

which gives a simple final expression:
3

O 0)10) = [ e m = Pl (5.13)

Since we are interested in the time-ordered correlation function, we should also look at the correlation
function with the two field operators swapped:

(O1F5(090(010) = T [ 2:5(p) (01 (P (p)]0)2sc (P " .14

We again replace d;(p)dy (p’) by the anticommutator, which kills the s’ and p’ sums:

_ _ d3p _
<O‘IP‘3(0)IIJ,X(X)|O> = / (27) 326 szﬂ Jusa(p)e 7Y = /7(27T)32€p (—V — m),xﬁe X (5.15)
where we have used the analogous completeness relation in the last equality. The bottom line is that the
time-ordered Green’s function looks like:
Gr() = [ 2P 0(x) (m — ) + @(-a0)(p + m)e .16)
F (2m)32¢p '
5.2 Lorentz-Covariant 2-point function

but there is a slightly nicer way to write this in a way that makes the expression manifestly Lorentz
covariant. We will simplify it via an identity involving the integral:

d4p eipx
/(27r) p? +m? — ,0+f( ") (5.17)

where we note that px = —p®x% + p - x, where p is a free variable that is integrated over. The expression
(as in the case of a free scalar) has two poles, at:

p’ = £(ep —i0F) (5.18)

%t
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This will allow us to carry out the integral over p°, leaving us with a integral over spatial momentum;
reversing the process we will obtain an expression for Gp(x). If x° > 0, we will want to close the contour
in the lower half plane, and vise versa if xX < 0 (in order for the integral to converge):

3 ei(fepx0+p-x)

d* eipx 43 _ellepx+p x) d ‘
/ (27;;4 P2+ m2 — i0+f(PH) = -0(x") / #(—ZHI)Tf(ep,p) - @(—xo)/ (27;;4 (27ti) e, f(—€p,p)

3 .
:i/(Zrlf)?’pZep [®(x0)e’pr(€p,p)+®( )e szf( €p—p )}

(5.19)
Now we have something that looks exactly like what we have for Gr(x), so using this identity:
[ odtp m—p
Gr(x) = —i / (271)46”” L (5.20)
Fourier transforming, we have:
_i ;o m—

This looks pretty similar to the scalar field propagator, up to the extra factor m — p. It's not so surprising
that it looks similar, because the fermionic fields also satisfy the Klein-Gordon equation.
Note that:
2

(m+p)(m—p) =m* — p?
=m*— PﬂPV')’y’YV

1
= m® — pupy (2 {%’r“}) (5.22)
= m* = pupu(—1")
_ 1’}12 + pZ
Which allows us to write the inverse: m—p
-1 -
=—"= 5.23
Thus we may also write the Feynman Green’s function as:
p, i
GH) = oy (5.24)

This is interesting! Remember for scalars that:

—i

¢ _
Gr(p) = 2w (5.25)
This was the “inverse of the equation of motion”, and indeed we find the same for Gg:
—(m+p)Gr(p) =i = / sz —p —m)Ge(p) = i<54(x) (5.26)
Note that we can write the p as a derivative:
4
(ip=m) [ e Ge(p) = () (527)
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and thus:

(ip — m)Ge(x) = i6*(x)

(5.28)

which is the formal notion in which the Green'’s function is the inverse of the EoM/Dirac equation in this

case.

5.3 Path Integral for Fermions - Desiderata

We may now ask if there would have been a simpler/more direct way to get to this result - for the scalar

field there indeed was, via the path integral formalism. The same will be true for fermions!
Recall for the scalar field that:

zf $(@*—m?)p
< /D¢¢ f'D(PezS
s i[> —m*)p+]¢
Zz(5] 15] /D‘Pe ’,_O
_ 1 i -1 -1y -1
= frac&ziéf(x)iéf(O)e*% ”Dflj‘]_o
. —i
= e
We now want a similar formalism for fermions; we would like:
O T 9a(x)F5(0)[0) = [ Dppa (x)p(0)e'] 7=/ [ Dy’
52 .
_ i [ D+ +ijyp iS
517 (x)ir]5 () / Dye :0/ / Dye
(52 P .
_ ¢ ifiDTYy is
i ()05 o/ Do

(5.29)

(5.30)

But for this to work, we require that the variable of integration ¢, as well as the source 7, have to
anticommute; they are Grassman numbers, where 19, = —¢pp;. The approach that Srednicki takes in
Section 44 is that one can define numbers with the desired property and the formalism carries through -

i.e. he mostly says that “it works”. But here, we will try to actually derive it.

5.4 Reviewing the Bosonic SHO Path Integral Derivation
Recall the Bosonic SHO; we had the action and Hamiltonian:

ﬁz 1
S—/dt mg? —fkq — H= Ekﬁz

Then we could consider the evolution via e~ = TN, e 1Hot:

(agle~ g, / qu]dp, a2l ) ()
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then using that:

(2

*I‘H(St l(2n1+1kq2>5t ”(m‘*‘%k‘?ﬁ)&i ( - )
(q2]e lp1) = (q2lp1)(p1lg1) = e ez (5.33)

So then carrying out the Gaussian integral over p;:

i< m (qzét? 1kq2

?—%kqd)ot
<’7f|e ZHt|qz /qu]dp] /qu/dp] ( : q2> (5.34)

then recognizing that what is left in the exponential is just the action, we could write:
(qfleM)q;) = / Dge'® (5.35)

5.5 Deriving the Fermionic Path Integral
Now consider:

5= / dtyt (i, — m)yp = H=mp'p (5.36)

where % = 0. There is the ground state |0) annihilated by ¢, and the state with one particle, $*|0) = |1).
And then - we're done. We can’t keep acting on this state with §f, because this would give us zero. There
are only two states in the Hilbert space, defined by:

$|0) =0 (5.37)

$I1) = §9*10) = {, 9"} l0) = 10) (5.38)

What was crucial in the bosonic QHO derivation was the eigenstates of the annihilation/creation operators
- the coherent states. Here, we look at our defining relations, and ¢ annihilates |0) and sends |1) to |0),
which makes constructing an eigenstate... impossible, if we consider regular coefficients. But if we allow
for coefficients which are Grassman numbers, then we can do this! We can define:

Im) = 10) + 1)y (5.39)

where then:
Ply) =04 10) = 1)y (5.40)

if we let 72 = 0. So, with these interesting objects of Grassman numbers, we can build eigenstates of .
Similarly, we define:

('l = O+ 77 = (' [§" =" ("] (541)
What is the overlap between the fermionic coherent states? We calculate:

(mlm2) = (O] + 7] A1) + [1)72) = 1+ iy = ez (5.42)

Writing this as an exponential seems strange, but it is completely correct. If we taylor expand, all second
order terms and higher vanish as Grassman numbers square to zero. But this form does make the analogy
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with the bosonic case more clear. With this, we can now define the fermionic path integral:
it 5 T iHot| /ot
Wl 1) = [ TTagseg] .. (gale ™ g) (9l L)

j=1
= + imipT oot Ty (ot

= [ TTawduf ..o m 0 ol (9] g2)
i=1
- - ¢ (5.43)

— [TTdway}...e mitvteaitnm) :
j=1

- N
— / [ Jdy;. .. eWlita—p)-myiy)or
7 =1
Nzyeo / Dlleereifdtw*(iat—m)lp

and in fact we are done; in the scalar case we integrated out the momenta (p), here we keep it (1/)*). So, we
have our expression for a single fermion; on Thursday we will generalize this to the Dirac fermion.

6 Path Integral for Dirac QFT, Interacting Fermions

Last lecture, we found a path integral representation for fermionic quantum mechanics (wherein we had
to replace the variables being integrated over by Grassman numbers):

7 = /D¢Dlp+ei f dtl/)+(iaf—m)¢ (61)
6.1 Generating Functional + Two-Point Function for Dirac QFT
For the Dirac QFT, we can consider the generating functional:
Zln, 7] = / DyDyt el [ 8-yt iy 62)

From this, we can obtain the time-ordered two-point function (keeping in mind that these are Grassman
numbers, so introducing minus signs accordingly where we would need to move the derivative past a
grassman number) via:

OTYEPO)) = Z5g [ DAY P90

_ 1 1 9 __ O\ S plid—mypgyiy
= Z[0,0] J Pory (i&g(@) ( ién(o)) el o

1 52 B
Z0,0] sisn©) -

(6.3)

n=0
2
57 (x)an(0) 0841

n=0

We can thus compute fermionic correlation functions via a path integral (note that we compute the con-
nected correlation function above, which coincides with the disconnected correlation function here as the
one point functions vanish). We will find that we can exactly perform the integral for Z[y, ] and so
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this fully solves the theory; all correlation functions can then be obtained as functional derivatives of the
generating functional. Let’s carry out this integral:

] 4‘/’p( pm)p—Ppip—iipp

2,7 = / DyDy'e (6.4)

We complete the square; we want this to look like the Gaussian integral with argument x,(p + m)x,,
which motivates the definition of:

Xp=Wp—(p+ m)ilﬂp

_ - - (6.5)
Xp=p—mp(p" +m) 71"
where we note that:
()t = p (66)
which follows from:
()" =" (67)
Of course with this substitution we end up with a term quadratic in the #s:
Fp(=p +m)pp — Ppitp — fippp = Xp(p + m)xp = p(p +m) "1 (6.8)
so our generating functional becomes:
i ey \ S k) Ty ity ()
Zly i) = | [ Dxpxte =2 z[0,0)¢! @ P (69)
Thus:
_ . d4p _ 1
log Z[1, 7] = log Z[0, 0] +1/W;7,,(p+m) 1 (6.10)
Writing this in position space (and leaving off the constant log Z[0, 0]):
4., 14 / = p(x ~) / 4, 741 = / !
log Z[n,1j /d xd*x 77 (x ) o n(x):—/d xd*x'7j(x)Gp(x — x" )y (x") (6.11)

Thus taking two derivatives, we find (as we did found in the canonical quantization calculation we did
last class):
2

O[T 9(x)H(0)]0) = mlogzw — Ge() (6.12)

=0

6.2 Wick’s theorem for fermions

So we have rederived the expression for the two-point function, but we have done a lot more; we now
have a simple way to compute arbitrary correlation functions. We have shown the generating functional is
quadratic in %, implying a version of Wick’s theorem for fermions. For example, looking at the connected
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four-point function (which vanishes):

54
0= ——logZ
5182030 © /=0
9,7
= 91, 9,95 (%)
—9. 9 OpsOpsZ Oy 20y, Z (6.13)
-2 7 7
-9 8,728,738,74Z o 8,738,7428,722 . 8,728,73Z8,74Z+8,73ZB,728,74Z
m 7 72 72 72
_ 01,017,039y, Z B 011301, 20y, 0, Z B 011,013 20y, 0y, Z n 01,013 201,05 Z
Z Z? zZ2 zZ2

where in the fourth and fifth equality we use that the one-point function vanishes and hence we can
discard any terms of the form of 9,Z ‘ 0= 0. Note the sign of the last term in the fourth equality, which

arises from moving the d,, derivative past the d,,Z, which results in an extra negative sign as these are
anticommuting numbers - this is the only distinction from the analogous calculation we did for the scalar
QFT. Thus, writing the four-point function in terms of two point functions:

(Pr2atpa) = (Y192) (Ysa) + (Yoy3) (Yrypa) — (Yry3) (Yoya) (6.14)

which we can see is a sum over all pairings, except every time we have to move fermionic variables across
each other to pair them we introduce a minus sign. The above result hinges on the fact that:

(54

% loeZ| =0 6.15
011012013614 8 (615)

1=0

which is true for free Dirac theories (for which the generating functional is quadratic in the sources).
Of course, its worth noting that throughout we have suppressed the indices above, but each of the s
are spinors, so these are really all matrix equations.

6.3 Interacting Fermions - Yukawa Theory

There are many theories of interacting fermions in nature - the main focus of our study will be QED, but
we will look at a simpler theory first; namely coupling a scalar and a Dirac fermion.
To review, we have the Lagrangian for the free scalar:

Ly = —%(84))2 — %quﬁ (6.16)

and the Lagrangian for the free Dirac fermion:

Ly=(ip—m)y (6.17)

We can of course have these theories as independent/non-interacting, but let’'s make them talk to each
other! How can we couple the two? The simplest way we may couple the two is:

EYukawa = )L(Plpl,b (6.18)

which is indeed a Lorentz-invariant scalar, as we require. You will explore this theory in PS3. When
building a theory, it is good to start off with the simplest interactions possible (i.e. contain the least number
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of derivatives possible), as these are the most relevant interactions (as we can ascertain via dimensional
analysis).

This interaction will lead to a correlation, which we can compute perturbatively in the usual way using
the path integral formalism; to first order:

(0]¢p (1) (x2)P(x3)[0) = (iSinegp(x1)P(x2)P(x3) e
x () P() Y ()P (1) (x2)P(¥3) e
—iA / d*xGP (x — x1) (9 (x2) (x)p(x) P (x3) )

= i/\/d4xG£(x — xl)Gi(xz - x)Gi(x —x3)

|
3‘.
—
(S
B

(6.19)

We have contracted the two scalar fields together (the only nonvanishing contraction in the free theory),
as well as 1(xp) with ¢(x) and ¢(x) with (x3) such that the Feynman diagram is connected (and hence
nonvanishing). In position space, we can imagine this Feynman diagram as:

Xz

Or in momentum space:

—i —i —i
pPP+M2p+p +myp +m

(9o ) = iAGo(p)Gy(p+ P)Gy(p') = iA (6.20)

The amputated correlator <cpp1p1/3p/> = iAll will be related through LSZ to the 1—2 S-matrix, namely

am’
the decay of a scalar particle into an elecrt)ron/ positron pair. When is the scalar particle unstable? If we
imagine this in the rest frame of the scalar particle, this process requires M > 2m (to produce the fermion
and its antiparticle pair, plus giving the two kinetic energy) - when this condition is met ¢ is unstable,
allowing for ¢ — e~e™, with decay rate I' ~ A? (which you will compute in PS4).
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The decay rate also enters into the self-energy of the scalar, from which it is evident that I’ ~ A2.

X A

6.4 Heavy Scalar Limit of Yukawa Theory - Fermi EFT

Taking the limit where M is huge (larger beyond all other energy scales), we can study its effects by
integrating it out. Our full QFT has the generating functional:

7 = /Dlpfplpp(pgif¢(iV*m)¢+A¢¢¢*%¢(32+M2)¢ (6.21)

Note that if we just look at the ¢s (i.e. the ¢-sector), this is actually just a Gaussian theory! In our ultra-
heavy limit, the mass energy is much greater than the kinetic term, so we neglect %¢(a2)¢. Thus, writing
the ¢-part as:

1 A A 1A
_5(4’_ WIW’)M (fp_ W¢¢> TPy (6.22)
Thus writing ¢ = (¢ — I\%zﬁw), the above becomes:
s _ ( / D¢6_§43M¢) / Dyt Dyet | Fp-m ey 623)

So we can see that the ¢ generated an effective 4-fermion interaction! Free fermions do not scatter, but
we have the emergence of an interaction vertex, mediated by the ¢ particle (which creates an effective

. . A2 . .
Interaction 1g.¢ = 1%); we can picture this as:

Ve
o >
¢
LT
ﬁ\\

[ <L

R
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This was the first effective theory considered - this is Fermi’s effective field theory (EFT) of weak inter-
actions, to explain S-decay. Radioactive materials emit electrons from time to time, with more specifically a
neutron decaying into an electron, proton, and neutrino. This requires a 4-fermion interaction i1, P314.
The microscopics of the theory came later, but the first try at explaining this phenomena was this EFT.

/7&
o —>V

This PP interaction is irrelevant, or non-renormalizable. This is an energy that shrinks at small
energies/IR and grows at high energies/UV. It is thus not UV complete, and cannot be the microscopic
description of the theory. For us, the “UV completion” is the Yukawa theory (in Fermi’s case it was a little
more complicated, e.g. with Gauge fields). This effective interaction can be thought of as a force between
particles (here the fermions e, e™) that is mediated by the mysterious heavy particle. We can literally
write this interaction as a potential:

Hin = — oy [ a9 )99 p()
it = —53 _ (6.24)
_ / dxd*yp(x)p(x)V(x —y)P(y)p(y)
where:
)\2
V(x—y) :_W(sll(x_y) (6.25)

is a local interaction. In the problem set, you will find that this interaction is not a delta function (it is just
sharply peaked), but in this extreme limit we currently consider, it is completely local. Given a particle
at x’, because V < 0, it is energetically favourable to place another particle nearby. The Yukawa potential
allows scalar particles to generate attractive interactions between fermions.

A final comment; if we spell out ¥y, we find:

P ~ b +dtd. (6.26)

Thus, all the particles - both fermions and anti-fermions attract each other. Phrased another way:

Hine ~ [ (4 1)sV (x = ) (g + ) (627)
JXX

This is not how we see electrons behave (which of course repulse), which indicates to us that the scalar
particle is not what mediates the force between electrons. Instead, in QED we have that the force between
electrons is mediated by the photon/gauge field* A,. This does not couple ¢, ¢, but rather couples the
current j* = py*, and in particular:
7y =" —d'd (6.28)
So in QED:
Hint ~ —/ /(ﬂb — nd)xV(x — X/)(I’Zh — nd)x’ (629)
XX

which means particles of the same charge repel, and particles of opposite charge attract. We will return to
this soon!

4This wins out over the scalar mediation, as the photon is massles (and hence can mediate a long-range interaction), compared
to the scalar mediated interaction which is short-ranged
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Q (from me): Is it possible to look at the opposite limit where 2m > M (i.e. where the fermions are
much heavier than the scalar), and integrate out the fermions, since the fermion subsector of the Yukawa
Lagrangian is also Gaussian?

A (Luca): Yes; but note that this generates diagrams to all powers/orders of ¢, so is quite complicated.
But, this is what people do, e.g., when they do quantum monte carlo simulations, because fermions are in
general difficult to simulate (presumably due to sign problems).

7 Vector Fields and QED I - Classical E&M, Maxwell Equations, Gauge
Invariance, Coupling to Matter

We move to the next nontrivial representation of the Lorentz group! Namely the (%, %) representation with
spin-1, which transforms like a 4-vector. You have already encountered this previously in the form of the
photon in E&M. Today we will start from classical electromagnetism, and derive the Maxwell equations

from an action principle.

7.1 The Maxwell Equations

We can write Maxwell’s equations compactly in a Lorentz covariant way:

o F =" (7.1)
e"9,Fy, =0 (7.2)
with F,, = —F,, the antisymmetric Maxwell stress tensor, with % = 6 components; 3 for the electric and
3 for the magnetic field. In particular:
Foi = E;
o (7.3)
Fij = —€iB

Indeed, let’s see that this compact form of the Maxwell equations indeed reproduces the more familiar
form. Looking at Eq. (7.1) for v = 0:

p=;"=0F"=-0;F% = (-1)%9;Fy = V -E (7.4)

which is Gauss’ Law. For v = i:

ji = aoFOi + p]F]l = —doE; — el-]-ka]-Bk = *Ei + Gijka]'Bk (7.5)
or if we look at all components:
j=—E+VXxE (7.6)
which is Ampere’s Law.
Now looking at Eq. (7.2) for y = 0:
0= eifkaiF]-k = *Gijkejklal‘Bl = *(511'81']31 xV-B— 0=V_-B (7.7)

which gives the Magnetic Gauss’ law. Finally, for y = i:

0= GiV/\paVF)\p = Ginka()F]‘k + GijOka]‘FOk = GijkEjklaoBl + 2€ijka]‘Ek = 25;8031 + 2€ijkajEk — B+VXE=0

(7.8)
note in the second equality we have used the requirement that one of the indices be time (as the Levi-
Civita tensor is only nonzero when all four indices are different.) The last equation is Faraday’s Law, and
so we have reproduced the four familiar versions of Maxwell’s Law.
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One can check that F,,, transforms like a tensor under Lorentz transformations:

Fuu(x) = AN Fap(A1x) (7.9)

Intuitively, under a boost charges become currents and so we transform between the tensor components.
Writing things in terms of the electromagnetic tensor makes lorentz invariance manifest, provided j* is a
Lorentz 4-vector. Another feature - observe that the current j* also has to be conserved:

duj! = 3, FF =0 (7.10)

where we conclude things are zero because the derivatives are symmetric while F/*V is antisymmetric. This
property is very reminiscent of Noether’s theorem - it gives us the intuition that the electric/magnetic
fields will want to couple to field theories with a U(1) conservation law.

7.2 Action Principle for Free Maxwell Theory

Writing things in terms of E, B is not great because they transform into each other under Lorentz boosts
(the equations thus do not look Lorentz invariance). There is a further issue. The Magnetic Gauss’ Law
V - B = 0 implies that, locally, B is a curl:

B=VxA (7.11)
or equivalently:
Similarly, Faraday’s Law says:
0=V x (E+A) (7.13)
which tells us that locally, E + A is a gradient:
E+A = VA (7.14)
or:
Fip = 0;A¢ — dpA; (7.15)
In summary:
Fy =0,A) —9,A, (7.16)

Writing the field strength in this way, Eq. (7.2) is now automatic:
"M, Fy, = 269,04 Ay = 0 (7.17)

where we conclude that this vanishes as €#'*¢ is antisymmetric while 9,9, is symmetric. Where does Eq.
(7.1) come from in this perspective? We view it as arising as the equation of motion of an action. So, let’s
try to find an action principle for Maxwell’s equations. Let’s start without charged matter; o, F*" = 0.
Schematically, it looks like:

0 =9, F" ~ ddA ~ Klein-Gordon — L = %ABE)A (7.18)

Let’s be a little more precise. There are only two possible index contractions:
(a) 9, A 0" AY
(b) 9,Ak9,AY

(c) There is an apparent final contender d,A,0" A¥, but we can integrate by parts to swap derivatives,
which makes this term equivalent to (b).
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Thus, we have:

S = %a(BHAV)Z + b(0, AM)? (7.19)
so then the variation becomes:
5S = — / 09, A M SAY + b3, A3, 0 AV (7.20)
now integrating by parts to isolate the variation:
65 = [ A, [00," A, + b"3, A, (7.21)
Hence 6S = 0 for any variation J A, forces the term in brackets to be zero, i.e.:
ady, (0" AY) + b, (d"A') =0 (7.22)
This indeed yields the equation of motion:
0 =0,F" =0,(o" A" — 0" AF) (7.23)
in the case that b = —a. Thus, the action that produces Eq. (7.1) is:
5= —% / (9uA,)% — (3, AF)2 (7.24)

Integrating by parts the second term to swap the derivatives 9, A¥d, A" = 9, A¥9,, A", we obtain:
1 1
5= [0 @A —aa,) = — [oAE, (7.25)

Since d¥ A" is contracted with an antisymmetric tensor, we can replace it with its antisymmetric part,
which is just the maxwell tensor again:

oAV antisyrimetric %(E)FAV . ayAy) — %F;w (7.26)
and thus: 1
s=-4 / d*XE,, F1 (7.27)

we have thus obtained an action principle for the Maxwell equations with no matter.

7.3 Adding Charged Matter
What we really want is not 0, F*¥ = 0, but rather 9, F"" = j*, or equivalently:
uF — ' =0 (7.28)

We already have the first term from S that we constructed above, we just need another term in the action
for which 6S'/5A, gives the current. We need:

58" = — / SA, = §' = — / Ayj (7.29)
and thus the total action is:
1
S[A] = — / g (Fu)? + Ayt (7.30)
with the additional equation:
| Fuw = 9uAv — 0y Ay | (7.31)

from these we can reproduce everything from classical electromagnetism.
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7.4 Gauge Invariance

In addition to Lorentz and translation symmetry, the above theory has a strange “symmetry” known as
Gauge invariance (not a true symmetry, just an invariance of the action). This symmetry acts on the vector
field as follows:

Ay(x) — Ap(x) +9,A(x) (7.32)

where A(x) is an arbitrary scalar function of spacetime. How do we see that this indeed leaves the action
invariant? Indeed:

Fuv = 33 Ay — 9y Ay — 3pAy — 9y Ay — (3udA — 3,2uA) = 94 Ay — 3y Ay = Fuy (7.33)

where the term in brackets vanishes due to the symmetry of the derivatives. Writing the field strength as
a curl hence picks up a kind of redundancy. Moreover, we can see that the second part of the action is also
invariant:

- /ijﬂ . /ij” +o At —/Ap,jﬂ — A0, = —/Ap,jﬂ (7.34)

where in the last equality we use that d,j" = 0, as we couple to conserved currents.

This is a bit different from a symmetry - it should be thought of as a redundancy of our description.
Several different choices of A, can give rise to the same physics. Loosely, we can think of it as one
“component” of A, does not appear in the action. One can fix this redundancy by choosing/fixing a

gauge.
(@) Ap = 0 (Temporal gauge)
(b) V- A =0 (Coloumb gauge)
(c) 9, A" = 0 (Lorenz gauge)

To understand what is left of the dynamics of our system, let us pick one gauge and then study what is
left. For now, we will choose the Coloumb gauge, which is one that you may have already played with in
your E&M class (it is a useful choice for working with electrostatics). Let’s see the impact of this choice
on the action.

17, 1 o o
5= —E/F - —Z/—ZFOI-F’—FZ-]-P”

1 1
= / E(aoAl — aiAo)(aoAi — al'Ao) =+ EalA]<alA] — a]Al>
= /1(3 AP+ 1(a-A )% — 1(aA-)2 .-
7 0414 5 \i 0 5 it

1 1
— / EAl(—a% + ajz)Al — §A0V2AO

where in the third line we note that the use of IBP gives 0;4; = V - A = 0 by our choice of gauge for some
of the terms. We see here that the equation of motion for A is:

VA0 =0 (7.36)

i.e. A in this gauge is not a propagating degree of freedom. It’s fixed by the charge density profile.
To review; we started with A, which has 4 degrees of freedom. This was a bit redundant, because the
action was invariant under a transformation A, — A, +dyA. We fixed a gauge (Coloumb) so that we

had A, V - A =0, i.e. we now have 3 degrees of freedom. This gave an additional constraint, namely A°

being fixed by j°. Hence by the end we were left with 2 degrees of freedom. This is what we expected; 2
is the DoFs for a massless field (the 2 helicities), as you saw on a former homework.
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7.5 Coupling Maxwell to Dirac

So, we have our Maxwell theory:
1 .

where we have renormalized A — eA implying 9, F"" = ¢j". It needs to be coupled to a conserved current
dyj# = 0. Dirac fermions have precisely such a current. Namely, with the action:

S = /@(ia ~m)y (7.38)
we have the symmetry ¢ — e"*¢) which the Noether procedure gives the current:
=ty (7.39)
The full Maxwell + matter (Dirac) action is thus:
. - 1
5= /q;(za —m)p — Aupyy — @(Fw)2 (7.40)

Something we can do in this theory (and something that one often does) is to package the interaction
Ayt into the derivative:

. 1
5= /lP(ll?) —m)p — @(FHV)Z (7.41)
where we have defined a covariant derivative:
Dy, = 8;1 +iAy (7.42)
so then:
Dy = w‘(ay + iAH)l[) =dy+ l'Ay’)’Vl,U (7.43)

So, we have our action for QED! We have our Dirac theory, our Maxwell theory, and then our interac-
tion, which leads to many interesting effects. The presence of this interaction makes the theory unsolvable,
but quite interesting and subtle.

We can ask why did we package the derivative in this strange way. We do this because this coupled
theory still retains the gauge invariance of Maxwell theory. Namely, the action is invariant under the
transformations:

Ay — Ay + 9, (x)

b = N0y (7.44)

Interestingly, this is still an invariance of the action when A(x) is a fully arbitrary (real) scalar function
of spacetime. Let’s check that this is true. The F? invariance carries over from the maxwell theory, and
mpip is also easy to see (the e*™*s cancel). What about the kinetic term $ilfy? Well, looking at how the

covariant derivative transforms:
Dy = dup +iAup — 3, (M) +iA, M — i, My .
= 0, Ae™Mp — idAeMp + M0, + ALy = MDDy

Thus we see that D, — ei/\(x)Dylp, which is why we wanted to package things this way to get this easy
transformation rule. Thus the kinetic term is easily seen to be invariant:

FYDytp — pe” e Y Dyip = gy Dy (7.46)
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Thus - as in the case with pure Maxwell theory, it is still true that the photon carries less degrees of
freedom than as it first appears. The degrees of freedom available here will be the 2 helicities of the
photon and the Dirac field.

Note; here we have chosen to couple Dirac with Maxwell, but we can choose any theory with a
conserved current; for example the scalar theory:

s= [@)+ (@9)* (7.47)

has the shift symmetry ¢ — ¢ + c. In this model the covariant derivative will look different. We have the
gauge transformations:

— ¢+ A(x
¢ — ¢+ A(x) (7.48)
Ay — Ay — 9, (x)
So then the correct way to make a covariant derivative is:
Dy¢p =0, — Ay — 0 — Ay (7.49)
So we have the action: .
§=— [(D§)*+(Dg)* + P (7.50)

which actually turns out to describe a superconductor! We won't discuss this in lecture in too much detail,
but you may see it show up on a future homework.

8 Electron Dipole Moment, Path Integral for Gauge Fields

Last lecture, we found the QED action:

S = / d4xp(id — m)p + APyt + ;?@W)Z - / A3 (il — m)p — 41?# (8.1)
where in the second equality we introduce the covariant derivative:
Dyyp = 0, +iAyuy (8.2)
which is useful because it makes the action manifestly gauge invariant (you can observe that under a U(1)
transformation, the covariant derivative only picks up a phase).

8.1 Magnetic dipole of the electron

We do not yet know how to treat the gauge fields at a quantum-mechanical level. But even before going
there, we can already make some predictions, just via treating the gauge fields classically. Namely, the
electron is not just a point charge, but it also couples to the magnetic field, and we will see the prediction
for its magnetic moment come out of the QED action.
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For a non-relativistic particle, we could consider a Zeeman coupling:

(p+A)?
2m

H= +uB-o (8.3)

wherein the particle eigenstates |p,s = +) are based on the particle momenta p and spin s. y is the free
parameter, which tells us the energy splitting between the two spin states (as a function of B):

6

Let’s study the modified/gauged Dirac equation (the equation of motion in QED):
0= (D +m)p (8.4)

and square it, in the way we derived Klein-Gordon equation from the regular dirac equation (This is how
we derived the spectrum of free dirac fermions to be E = /p? + m?):

0=(iD+m)(—iD+m)yp

— (DD + m?)y (8.5)
= (Y"7'DuDy + m)y

Now we write: 1 1
Py = 2t ] = - —2ist (8.6)

with: :
gHv — ihﬂ,yv] (8.7)

Thus:

0 = (~D? — iS"2D,, D, + n) (88)

If we had no background (A — 0), then the derivatives of D, D, commute (hence symmetric), and its
multiplied by an antisymmetric S*V and so the entire term vanishes. We are just left with the Klein-
Gordon equation, as we expect. Since 2D, Dy is contracted with SV, let us write it as:

2D, Dy = (DD, — DyDy,)y (8.9)
where:
DuDyp = (0 +iAu) (v +iAyp) = 0,0, + A9y +i0, Ay + 1Ay — Ay Avp (8.10)

So the difference becomes (notice that most of the terms here are symmetric and cancel, with the exception
of the i0, A, ):
[D;u DVWJ - i(auAv - avAy)lP = iFyvlp (8.11)

This is nice! Covariant derivatives are gauge invariant, and the thing we get out here is indeed a gauge
invariant quantity.
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Thus, returning to our equation of motion:
0= (—D?*+S"FE,, +m?)y (8.12)

Now, we want to study the energies of solutions to this equation when there is a magnetic field. We
set Ao =0and B =V Xx A. Only F; are activated. What are the 5"

Sii — i[,yi,,yj] _ i ( (Si g) ( (S] %’) — (o) = i ([(716(7]] [t'fi?‘fj]> (8.13)

Then looking at the relations that the Paulis satisfy:

(0, ] = 2ie* o, (8.14)
we conclude:
T S |
ij — = qijk
S 5€ (0 ak> (8.15)
Thus:
i 1 ik O'k 0 U'kBk 0
S”F[]' = 5611 (0 0'k> (alA] — a]A,) = < 0 O'kBk (8.16)
So we have the full differential equation - to get the energies now all we need to do is fourier transform:
2 2 2 c-B 0
E°=(p+A) +m +< 0 UB) (8.17)

So the energy in the non-relativistic limit (wherein m? > (p + A)?) becomes:

_ (p+A?2 1 (¢c-B 0\ _ (p+A? 1 (¢c-B 0

With the normalization of A — e¢A (the more familiar normalization from E&M):

_(pteA)? e
E—m= o + o B (8.19)
and thus:
e
— 2
= (820)
This is a nice and simple prediction, and one can compare it to experiments; we find:
e
= —-1.0011597... 21
=5 001159 (8.21)

which is very close, but off! Why is it off? We treat the photon classically here, and there are quantum
corrections. Pictorially, we can imagine that these corrections may look like (with the leftmost diagram
the classical prediction):
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/7_*7 +_d%3_ +-C1r
A4 L ~loop

The 1-loop corrections give the 0.00115, and if you are braver and have a lot more time you can keep
going, and the current agreement of theory and experiment is 10~!3 (wow!) The dimensionless coupling
in QED turns out to be small, which is why the perturbative expansion is useful here.

8.2 Path Integral for Gauge Fields - First attempt

Quantizing gauge fields is important not just for a more accurate prediction of the electron dipole, but in
various aspects of particle and condensed matter physics. To do this, we jump straight to the path integral
formulation. A good reference for this is Peskin 9.4, as well as Fradkin 9.5. We follow the approach by
Fadeev and Popov approach. There are several advantages:

¢ Path integrals! Much easier to calculate things
* Lorentz invariance is manifest
¢ Generalizes easily to quantization of non-abelian gauge fields

There are however alternatives you can read about, e.g. Gupta-Bleuler.
The naive guess for the path integral would be:

Z = / DAGD A DAyD AzeiSmlA] (8.22)

with: ,
SmlA] = —; / dAxF2 (8.23)

and indeed this is not too far off. But it has some issues - namely due to gauge invariance. Loosely, gauge
invariance tells us that there is a component of the gauge fields that does not enter into the action. So, one
of the four integrals is over nothing. If this was it, it wouldn’t be a huge problem, but there is a related
larger problem; namely the kinetic term ~ AddA ~ ADA is not invertible (which is what we usually do
to get the propagator). How do we see this? Well, looking at the Maxwell action:

SmlA] = —%/XFZ - —% /XBVAV(B”AV _ VA, = /xAv(aZ;yW — M)A, (8.24)

and in momentum space this becomes:
SmlA] =~ / (Z:Z))z;AM(P)(P%?W — PP ) Au(p) (8.25)
with “D" = (p?>n#" — p#p"). Usually, we solve theories in the path integral formalism by coupling the

theory to sources (say, A,J#) and complete the square to get something of the form JD~!]. But here, D is
not invertible; indeed, we see this by acting D on p#:

(P*n" —pi'p")p" = p*p" — pPp" =0 (8.26)
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i.e. p# is in the kernel of this matrix, and hence the matrix is not invertible. The underlying reason for
this is due to the gauge invariance - “Pure gauge configurations” A, (x) = d,A(x) have zero action and
we should remove them/not be integrating over them.

A visual intuition; the space of gauge fields A, is large, but many of these fields are related via gauge
transformations, and we integrate over these as well. The resolution is to choose a slice satisfying gauge
fixing.

/
Ay ace: /
A /\ Toiii oF

rx, Tl finchons

8.3 Gauge Fixing in the Path Integral
Consider a gauge-fixing condition:
g(Ay) = V- A (Coloumb), g(A,) =9,A" (Lorenz),... (8.27)

After we fix a gauge, we can no longer relate different fields via gauge transformations, and we only

integrate over “true” degrees of freedom. To this end would like to introduce something like §(g¢(A)) in

the path integral. This will enforce that only configurations along a slice would enter the path integral.
To not mess things up, we will insert:

0g(A
1—/m5 (A,)) det gf”\“ (8.28)
where given A, A = Ay + 9d,A. The above expression is in analog to the single-variable function case,

where 1 = [dxé(f ( DIF (x)]. So, our path integral then becomes:

Z= / DADAJ(g(AA))det%eiSM[A] (8.29)
A comments; the path integral we started with is independent of any g, but since we insert 1, we don't
introduce g dependence (as should be the case, since we shouldn’t expect fixing a gauge to change any
of the physics). The introduction of this gauge fixing path integral will allow us to isolate the infin-
ity/redundancy from the original path integral. Carrying on, note that the Maxwell equation is gauge
invariant, so we can replace A — A,. Therein only A, appears in the integrand, so we can instead re-
place all variables with A, leaving the integrand A-independent (note that the derivative term is also A
independent, as we evaluate it at A after taking the functional derivative):

7 - < / m) / DAS(g 55’2‘;” ¢iSmlA] (8.30)
A

Thus we have isolated the integral [ DA over gauge orbits (that gives a factor of infinity) in a way that we

can manifestly see it does nothing. Now we have an integral over A with a delta function, which picks
out a “slice” in gauge field space.
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Now, this doesn’t quite look like our regular Gaussian path integral, so we may have cause for worry.
We will deal with this §(g(A)) by averaging over carefully chosen gauges. We consider:

Sw(A) = 9, AV —w(x) (8.31)

the Lorenz gauge plus a function of spacetime. We average over these gauges with Gaussian weight:

. w?(x)
o x5 (8.32)

This trick will produce a Gaussian path integral!
[ @) i
7= / DADwe 3 5(0, A1 — w) det(8?)e i LT (8.33)
An aside; the det(9?) term becomes much more interesting in the context of Non-Abelian gauge theories,

as it then retains some dependence on A. Now, the w integral is easy to evaluate, because we have a ¢
function fixing it:

Z = / DA JeaF o @uAl)? (8.34)
So what was the effect of all of this? We get an updated action:
/ iyl i 20 LAY (8.35)

What's the point of doing this? Now, the kinetic term turns out to be invertible! Fourier transforming:

4
5=- / %Au(—iﬂ)(n””rlz —plp¥(1— é))AV(p) (8.36)

Let’s find an inverse of: 1
M= gt p? — plp¥ (1 - 7 (8.37)

via guessing; we want units of inverse p?> and we want it to be Lorentz covariant with two indices, so our
general guess is:

_ 1
(D M = ?(WV +zxp’;p") (8.38)
Multiplying this out:
O D = (4 e = BB 1 - 1) = (- (1= ) ) BB —a- DEEL 839)
p* p xi 4 p ¢ p?

and we want the last terms to cancel which yields « = ¢ — 1. This gives a propagator we can invert, we
can get the two-point function of the photon from this, and so on. We shall continue the discussion next
week.

9 Path Integral for Gauge Fields II, Radiative Corrections I

9.1 Review: The Photon propagator

We revisit our path integral for the photon. We have action:
L[
~4 / d*xF 9.1)
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Then:

Z = / DA

A
= /DAD/\&(g(AA)) det 55'((5‘: ) isial g(A) = 3, A" — w(x)
- ( / m) / DAS(3, A" — w) det(—d?)eSIA 9.2)
= /dw /DAeif%é(ayA” — w)e'SHAl

= / DAeS

with the new (Gaussian) action:

/d4x Pt s (04"

dtp 1
= _/ﬁEAy(_P)

4
_ /%;AH(—P)MW(P)AH(P)

w2 UV _1
"yt —pfp <1 §> Au(p) (9.3)

with ¢ € R. The gauges we have chosen here are called the Rz gauges. The matrix M*" appearing above
has an inverse (this was not true when we had p?7*¥ — ptp¥ !)

_ 1 Pubv
M;wl(P) =2 (77141/ -(1-2¢) Zz ) (94)

The Feynman'’s Green’s function for the photon is then:

Gho ()= [ atze P (OIT { Au()44(0)}0) =~ + (6 = ) 2Y) ©95)

Note that this is not gauge invariant, as we can see the gauge-dependent ¢ term appearing in the expression
for the Feynman propagator. But whenever we calculate true (gauge-invariant) observables, this should
drop out (as a quick exercise, you can verify that the 2-point function of F is gauge invaeraint, where
the antisymmetrization of F makes the gauge-dependent term drop out). The presence of ¢ is useful not
just as a consistency check, but also because we have the freedom to fix it when doing a calculation, e.g.
¢ = 0,1 depending on the calculation we do may simplify things appreciably.

9.2 Photon-Mediated Interactions between Fermions

We have the following path integral for QED:
7 — /DADlngl_Jeiflp(iw_m)lp 1F =5z (0, A1) (9.6)

Note that there is an interaction/non-Gaussian term in the above §iId1, so this is not solvable exactly. But
we can take a similar approach as in Yukawa theory; the boson (now A,) mediates a force between the
fermions. The gauge field part of the action is:

SC— / 5 p)M* (p)Ay(p) +eAu(—p)j*(p) = square + %ezﬂ’(—P)Mw (p)i*(p) 9.7)
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so then writing out the action after integrating out the gauge field terms as:

oudy
Nuv+(§-1) }82 'v

Z= /D¢D¢ I (9.8)

note the ¢ term drops out as we have coupled to a current (by Noether’s theorem), thus:

P 2 .y .
— /Dthﬁelj Plid—m)p—5 5 (9.9)
This is in principle difficult to work with because it is nonlocal and counterterms are nonlocal... but it
can still tell us something about how the electron-electron interaction is mediated. We look at the non-
relativistic limit of this action, like we did for Yukawa theory. In this limit 22 < p;, and we get the
interaction Hamiltonian:

2
3 € (301 0
Hint = /d xjt = ]y:—zl/d Xj ﬁj (9.10)
We can recycle our result from Yukawa:
X [y ) = 27 [ xiPurVix— ) f) ©.11)
with: 1
= _ —Mix|
Wukawa (1‘) 47‘E|r| e (9.12)
we basically have the same expression with M = 0 in this case, wherein we get the Coloumb potential:
. 1
Vcoloumb (r) == 1\1/}?0 Wukawa (X - y) = _m (9.13)

Note that we have an overall negative sign on teh Coloumb potential as well, and this (in comparison to
the attractive Yukawa) results in a repulsive interaction between electrons, and an attractive interaction
between electrons and positrons.

9.3 Radiative corrections in QED - the electron dipole moment

A nice reference for this section is Schwartz 17.
Consider the following correlator:
(" ()9 (y)$(0)) (9.14)

with:
=ty (9.15)
Note that this has a lot of information - it has a spacetime index ¢ and we have two sets of spinor indices

(which we supress). We call this the vertex function, because it probes the vertex coupling the photon A,
to the electron. Pictorially, we have:
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Let us first compute it in the free theory, using Wick contractions:

G () $(0)) = (P(x)r" () (y)$(0)) (9.16)

The only connected correlators come from pairing ¢ (y) with {(x) (moving this fermion observable to pair
them requires two moves, so no overall negative sign) and (x) with {(0) and thus we obtain:

U@ ()#(0)) = Gy — x)7"G(x) (9.17)
Let us Fourier transform this (as this is where the Green’s functions look simple):
<]Z¢p,1p> = /d4xd4yefipxe*ip’yG(y—x)’Y”G(x) y%Zj)yfx/ e*i?’xe*ii’”(”x)G(Z)'y”G(x) — G(P’)’YVG(P-i-p')
zx

(9.18)
So in the free theory our vertex function looks like:

We can look at the “amputated” vertex, which will simply be obtained by multiplying the above by
G(p')"'G(p + p') ", which yields:

<J’2’¢pﬂl3>amp =M (9.19)

So, we have the tree-level result. We are now interested in corrections to this answer. What kind of
diagrams will give corrections to this vertex? At one loop we have three diagrams:
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In the interacting theory, the vertex function will take on a different form than the free theory. One can
show that the most general form that it can take is:

o P>\ equwPvp PP
(1909) 5y = 75 ) 57 o
with: )
St = i[v}‘,vv] (9.21)

2 2
In the free theory we had Fy(£;) = 1 and F(£;) = 0, but as we add corrections these functions will come
alive. The F; are called “form factors”. You can think about the above correlation function as probing the
structure of the electron through:

<J’51/Jp'¢> ~ (p+7plj"p")- (9.22)
Intuitively, the first term measures the renormalization of the charge e. The second term produces an

“anomalous” electron dipole moment (which corrects for the classical prediction). How do we see this?
One would get an F, contribution at tree level from a vertex:

S a - " a -

Su = | 5 FunlS"p = — [ L0, 4,5"y 9.23)
with 9, A, giving ip, and a ~ F,(0). Compare this with A,y#¢ which was our original vertex. Let’s see
how this term produces a dipole moment via studying the equation of motion:

éS a
= — = (1 — J— wv
0 5% (i —m+ szWS )% (9.24)
If we multiply this by the EOM with flipped sign:
. a , a
0= (iD+m— %Fws”“)(zm —m+ %FWSW)QU

2 a v
- - (m - %FHVS} )2)1*[] (925)

(
(

~ (=% — m? 4 aFy, SM) g
(=D* —m?+ (1 +a)F,S™)yp

Recall that > = D2 — F,,S", and this second term gave rise to the leading order electron dipole moment.
So, the a simply adds to this dipole moment, yielding:

p= ﬁ(l + F(0)) (9.26)

All of this to show that the new feature gives rise to the anomalous dipole moment.
Note that some qualities of the electron do not change via corrections (e.g. the number is protected)
but others do (e.g. the dipole moment, for which we obtain small corrections in perturbation theory).

9.4 Ward Identities for QED

The vertex function is constrained by the Ward identity:

I (M () p(y)P(0)) = (6*(x) = &*(x —)) (W(y)H(0)) (9.27)

this is very useful as it relates the 4-point function to a 2-point function, and moreover, it holds non-
perturbatively. Writing it in momentum space:

—pu (jb9p®) = 1G() ~ Glp + )] (9.28)
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Thus, p, dotted with the four-point function just gives us the difference of two propagators (in the inter-
acting theory, of course both sides of this equation become more complicated, but the identity still holds).
Let’s check this in the free theory as a consistency check. We consider the amputated versions here. On
the LHS, we get —p, and on the RHS we have:

Li N — ! 1 =i 1 _ 1 — M_K/ - _
G )= el <G<p+p'> G(p/)) (i i) st

so the ward identity checks out.

9.5 Proof of the form of the vertex function

Let us call the fermion momenta g4; and 4. Using lorentz invariance we set g = —p — g1, and then we
write down a general form:
<J'5%147qz>amp =g\ fi + a5 f2 + f7"' (9.30)
where the f; are matrices that depend only on lorentz covariant quantities:
fild, a3 a1 92,91, 9,) 9.31)

This is a bit of a mess, it depends on too many parameters. To start, we put the fermions on shell 42 =
q5 = —m?. We will further sandwich it with spinors for which (p + m)u(p) = 0, these are precisely the
spinors that we obtained when solving the Dirac equation, so sandwiching the above with ii(g7) ... u(g2):

(1) (b ) (a2 9:32)

this has a simple general form. Namely, we can move the 4,s to act them on the u(q2), giving g,u(q2) =
—mu(qy) (and vise versa for g1), which gives:

(1) (jion bz ) 1(32) = 1(00) (a fi + a5 fo + F57)u(2) (9.33)

so we are down to three functions, and the f; are now just truly scalar functions rather than matrices, with
fi = fi(q1 - q2). We are almost there, but we have three functions rather than the desired 2. Finally, we will
use the fact that the vertex function must satisfy Ward identities, namely if we act on the above with —p,,
we get:

() (G(lqz) - G(lq1)> u(g) =0 939
Which tells us that if we act on the vertex function with p,, it must vanish, hence:
0= (p-qufi +p-q2f2)u(g1)u(q2) + fsii(g1) pu(qz) (9.35)
The last term satisfies the Ward identity on its own; p = —gq, — ¢,, acting the two parts on the opposite
sides, we find it vanishes:
1(q1) (=41 = g2)u(q2) = @(q)(=m +m)u(q2) =0 (9:36)
Thus:
0=(q1+q2) qufi + (1 +q2) - g2fa = (-2m* +291-02)(fi+ o) = fo=—hi (9:37)
where we have used p? = (g1 +42)?> = —2m? +24; - g2. And thus we only have two independent functions:
2 2
a(q1) (i P ) w(a2) = (1) (wm,’;) +(af - ‘75”2(512)) u(q2) 938)

This is a very powerful statement because it is true non-perturbatively; it is always true!
On Thursday we continue the calculations by computing the corrections to the electron dipole moment
at one loop.
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10 Radiative Corrections II

10.1 The Goal: One-Loop Correction to the Electron Dipole Moment
Today we do the calculation to determine the correction to the electron dipole moment:

e 4 2
_ & el 10.1
p= 5 (14 5= +0(e)) (10.1)
with: 5 )
o 1 e 1 e
_— = = — —) = U. 11 “ee 1 '2
2m 22w 2m4dmeghc 0.00116 (102)

These are the promised 5 extra digits of precision that we obtain by going to one loop.
To find this, we will evaluate the correction to the vertex function:

0 <J'51/“l7p'>amp = G(lerp,)5 <J'5¢ll3pf> G(lp,) (10.3)
When the electron is on-shell, i.e. p? = —m? = (—p — p’)? and we sandwich the expression with
ia(p+p’)...u(p’), this has the general form:
s(fody),, = R(Ey) s () 5 109
We will be particularly interested in:
H= 5o (14 B(0)) (10.5)

10.2 Which diagrams contribute?

The diagram that produces F, is the one that is not a self-energy correction:

The self-energy correction to the dirac propagator only gives ¥#, as it renormalizes G(p') = p'(...) +
I(...). The identity term gives the v* and the first term (when sandwiching with the us, which are
solutions to the dirac equation and thus (g +m)u(q) =0 = 1(q)(g + m)) gives —m.

49



The self-energy correction to the photon also only gives y*. It renormalizes G, (p) = 1 (.. .) + pupu(...),
the 7, piece giving us 7*, the p,p, piece giving zero (why? i(p + p’)p)u(p’) = 0, because we can write
p =p+p' — p’ and then acting on the left/right we get ==m which cancel.

These diagrams will matter for other things - when we look at the renormalization and f function of
QED they are important (and you will look at the second diagram in the homework). But, for the e~
dipole moment we only need consider the one diagram. Unfortunately, it is the most complicated, namely
because we have a loop with three propagators.

10.3 Evaluating the 1-loop correction

Graphically, the diagram (in momentum space) looks like:
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So our correction is of the form:
2 2
5 (fhwdy) = 5 (hwiy(Sm)?) = =5 <<¢v’*¢>p ( /. Awﬁv”‘tﬁ) ( /. Amﬁvﬁw) l/n/?pf> (10.6)

We contract the ¢ in the current with ¢ in the x; integral (2 possible choices, so factor of 2), and then ¢
in the current with i in the x; integral (we get a — sign), then remaining ¢ in x, with the i on the right
(another —1 sign) and ¢ in the x; with ¢ on the right. When the smoke clears, we have:

o= d4l / / / o /
5 () =~ [ raClp + PPPC(p+p + 07"l +17G(p ) Cap(1) (107)

with the last term being the photon propagator (we have 4 dirac propagators and 1 photon propagator).
We amputate this to make our lives simpler, which removes the G(p + p’) and G(p’):

Mo T d4l / 1 / o
S (i) o =2 | Gt S+ P+ DY+ DY Gupl) (10.8)

Inserting our known expressions for the propagators (allowing ourselves to gauge fix with ¢ = 1 such that
we just have Gus(1) = 77 1ap)

T o fopmip I —m) i —m) =i
S(0) e =~ P e I T T T e (109)

we will treat this in the usual way using Feynman parameters - with two propagators we used 1 Feynman
parameter, with three propagators we shall use 2. We will use the identity (see Srednicki for the n-
propagator version):

1 5 1 i 1—x i 1
ABC ~ /0 x/o YA+ yB+ (1—x—y)C]°

where we integrate over a triangle in the xy plane.

(10.10)
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7

Ui,

X
Applying this identity:
—i(p+p' + 1 —m)yt - —i(p' + 1 —m)y™ - —inag

222 [ / 10.11
<]”W” © Ly P y) T+ pPxt (p o+ p)2y +20px 1 20(p+ Py (101

Now writing the denominator as:

3

(14 Py + (p+ PP+ (x+y) + P2+ (p+ )2 = [Py + (p+ PP (10.12)

Renaming [l + p'y + (p + p')x] = g and A(x,y) = m*(x +y) + p?y+ (p+ p')2x — [p'y + (p + p')x]?, we
have:

4 <]zlplpp’ >amp =

—2i¢? / V(A=) +p) —yp + g —m)r" (A —y)p'—x(p+p') + 4 —m)7
xy [4* + AP
(10.13)
we have made the numerator terrible at expense of making the denominator simple, but the odd-in-q parts
will integrate to zero via parity symmetry.

10.4 UV divergent part

Does this integral have a UV divergence? Indeed, it goes as ~ [ d4qZ—z which is a logarithmic divergence.
In more detail, the UV divergent part looks like:

& g o ft
5 { i, :72'2/ /M 10.14
<]p4’¢’p >amp o )y TR TP (10.14)
and now using the identity:
V' PKgve = 29Kp (10.15)
we have (taking the derivative w.r.t. k) and the case where p = g:
YAV v = 29779 = 29 (— 97" —29") = 297" — 44" (10.16)
Thus: ) 5
Top, ) = —4ie Y —29"9" v _ 4.0 //M””—Zq”q”
5<]p1,b1,bp >amp = —4ie /xy /q 2+ AP = —4ie“yy w )y [P EAP (10.17)
Since the integral is isotropic, we can replace the second term:
97" = 17"”0723 (10.18)
and so: )
b — _9j2 q
) <]pl/Jl/Jp/>amp = —2ie“yy /xy € 2+ AP (10.19)
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so, we notice that the entire UV divergent term is « * and as such does not enter the correction to
the electron dipole moment. It will be relevant for renormalizing the electron charge. But, let’s still
compute this because we will still care about this when we study RG for QED. We recover the —ie in the

denominator: )

g — _je? T
o <]P lpl/}p/>amp = e T ./xy S [q2 +A— ie}3 (10-20)

which shifts the poles of g off the real axis, and we can choose an appropriate contour (see below)

%

which gives us the Wick rotation g9 — iqg , allowing us to compute the (real) integral:

272 3 q5 62’)/V
— M Iz —
S0 )y = 27" [, | ey =2 | Gy ERP T (1021

In Wilsonian RG, we integrate bA < g < A with A > m,p,p/, A2, 50 we obtain:

24 A d 2
Mgy )  =—0 / / i . 10.22
é <Jp¢¢p >amp e N SN v g(b) (10.22)
where he xy integral is now trivial and gives 1/2. This thus gives the renormalization of charge:
1+ S 10g(L) (10.23)
8 b

note there are other diagrams that contribute here, which we will need when we do RG. We did this with
a cutoff here, but it is not a good idea to do here as it breaks gauge invariance. In the HW you will look
at dimensional regularization. The log( ;) gets replaced with — where € is the regulated dimension.

10.5 Back to the electron dipole moment

So, we found that the O(4%) term only matters when we do RG and not for the dipole moment. Further,
the O(q) terms go to 0 by g <+ —g symmetry. So, we can just set 4 = 0 and see what remains; after Wick
rotation:

_26//7 (L=x)(p+p) —yp —m)y*(p'(L—y) —x(p +p') —m)7a (1024)
xy

<JP¢’¢’P (72 + AP

Now the g-integral is easy because only the denominator has g dependence:

/ 1 2 /°° dgg® 1 1 g~ dss 1 1 (10.25)
[2+ AP (2m)4 2+ AP 8m2AJo (s2+1)3  32m2A '

So then:

amp

T e? 1 x / / / !
5 (fhwdy) :foyg(’)’ (A=x)(p+p) —yp =m)y"(p' (L —y) =x(p+p) =m)v) (10.26)
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Let’s look at the numerator. We showed that it has to take the form:
" ! / M pz uv v Pv pZ !
a(p+p') .. u(p) = a(p+p)V' R 7) +iS" (5 )u(p’) (10.27)

So, lets take this numerator and simplify this when we sandwich it via us. Let’s invoke the 7 matrix
technology:

Y Pave =4p-q (10.28)
Y Pra =2p (10.29)

sothenwitha=(1—x)(p+p)—yp, b=0-y)p' —y(p+7).
Y — )y (B — m)yy = 289" g — 4(a¥ + b*)m + 2m>H (10.30)

we can drop the 7 terms (again these do not contribute to the F, term). Now using the EOM of the
spinors:

(p'+mu(p’) =0=ia(p+p)(p+p +m) (10.31)
The first term of Eq. (10.30) becomes:

2By =2((1 = y)p" +xm)y" (1 = x)(p + p) + ym)

2,4 U U / ! ! (10'32)
= 2aym™y" + 2y(L = y)py" + 29" (p + p)x(1 = 2)m +2(1 = y) (1 = x)p"y"(p + p')
We can drop the « y* term. Using more Dirac algebra, we can write this as:
2by* ¢ = (number)y* — 4im(1 —x —y)(x +y)S* py (10.33)
So our final integral is:
s - ie’m 1-x-y)(x+y)
s(jhwdy) =St [ 1034
(5985 ) mp 472 P Ly AGoyp ) .
We are interested in the low energy limit where p — 0 so p”> — —m?, (p + p')?> = —m? (finite p would
tell you about the shape beyond the dipole) then A = m?(x? + y?) and so:
2 v P52 v 2 sgQuv
Mo _ de” SP‘p/ l1-x—-y 7&5”171/76715”}?1/
S (bt ) 4 e T (10.35)
So we find:
B (0) = e 1, (10.36)
2T 82 T 2 '
and so:
e bt
y—2m<1+2n+...> (10.37)

which is what we set out to show!

11 QED B-function

QED is an interacting quantum field theory, which has a dimensionless coupling between the photons and
fermions. This means that interesting things can happen. Classically, the effect seems marginal, but we
know that these statements do not survive quantum corrections. So, we study how these couplings flow
under the renormalization group, which tells us the regime in which perturbation theory is valid.
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Recall the QED path integral in the Rz gauge:
1

g 1
Z= /DADlpexp(z/tlJ(zD —m)p — 1132 ~ %

(0,A")) = [ DADyelS 5
with:

The only non-Gaussian (and hence interaction) term in the action is:
Simt = —¢ [ Auliry

11.1 Review of the Renormalization Group

(11.1)

(11.2)

(11.3)

Last quarter, we saw how to do renormalization in the Wilsonian style, where we assume that some modes
above some momentum A have been already integrated out (removing any UV divergences), and then we
perform an additional step of integrating out modes bA < p < A (with 0 < 1 -0 < 1) and see how
the couplings evolve under the process. This will tell us whether terms in the action will become more

important or not.

A

AN

Ky

Recall that in the scalar field case, we had:
Px) = /P<A e_ipx% N /p<bA e_ipx% * bA<p<A Eipx% =g td
We then consider splitting the functional integral:
Z = /DcpAeiS[‘P]
_ / Dpp el / De'SoldoiSiml9]
= /D(PbAeiSo[d?] (eif55eff[¢]>
- / Dy pe’Setl9)

In the final step, we rescale coordinates such that:

Seff:/d4x...:/d4f...

<A

where:
f=xb = p=

S

and canonically normalize.

(11.4)

(11.5)

(11.6)

(11.7)



11.2 Applying RG to QED

Before this final step, we expect the effective QED action will look like:

. - - 14632
Seit = [ (1 82)pidy — (m+ Sm)p — (14 6)e Aty — —=2 + .. (11.8)
X
where the ... denotes irrelevant terms. We now rescale x = %/b (and drop thes):
Zy . m + om Zle Z3 2.,
Sui = [ S3iBY = TP — Ay - 5+ (11.9)
We then canonically normalize:
p3/2 A b A ( )
N ’ N 11.10
v V2 4 VZ3
in order to normalize the kinetic terms. We then obtain:
- m+om 5
= — Py — =
S = [ iy~ " gy - SO Ay - (P (L1
so we then have the new mass and coupling;:
m(b) = ml:rzém
2
Zie (11.12)

Zo\/Z5

We can thus obtain the scale dependence of the couplings. Starting with m, which already has scale
dependence at tree level (Z — 1,0m — 0):

dm(b) dm(b)

B = Togh b=, = —m(b) <0 (11.13)

so m is relevant (this was already clear from dimensional analysis). At lower and lower energies, mass
matters more and more. The much more interesting thing to figure out is the scale dependence of e - we
already knew it was dimensionless from dimensional analysis, and this manifests in the e(b) expression
where there are no explicit factors of b present. At tree level, f, = 0 (marginal). Beyond tree level:

_d Z _ o d 144 ~e @ 1
Pe = dlogb <z2,ﬁz3> €= edlogb (1+6)(1+63)172 edlogb (1 o= 253) (1114

11.3 Dimensional Regularization

It is possible to study this with sharp cutoffs, but this breaks gauge invariance. So, it's not the best
choice. A more convenient regulator in QED is is dimensional regularization - because dimension enters
analytically in all of our formulas and loop integrals, we can analytically continue into d = 4 — €. As you
saw in your homework, log A divergences that come from dimensionless couplings with sharp cutoffs get
replaced by % divergences (¢ — 0 to get back to 4 dimensions, so €~! holds the UV divergences). More

precisely, in RG, something like [ d;Tp becomes (with a sharp cutoff):

Adp A 1
./bA v log A log 5 (11.15)
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vs. with dimensional regularization:

©dp o 1 _,
/o pp R

so in the RG setting log %s get replaced with %s. As an example, we perform the following Feynman
integral via the sharp cutoff method:

u = %efel"g” ~ %(1 —elogp+...)= % —logu (11.16)

A A 2
pdp 1 5 A+ A 1
/bA ea = glosl )| 1og7(bA)2+A Nlog(b)—l—ClogA—l—... (11.17)
and via the dim reg method:
1-€
pfdp mw 1 _¢ 1 € 1 1
== ATl ———— 1—zlogA+...) =-—-logA+... 11.1
0o p>+A  2sin(f) ’ €+ 0(e3) 2 088 e 29887 (11.18)

The dim reg method provides the same results, but does allow us to compute things without breaking
gauge invariance.
11.4 Renormalizing the QED Coupling

We start by computing Z3, which corresponds to the renormalization of the photon propagator. You
already did this in your homework, and we will see that Z; = Z, via a Ward identity, so this actually is
the most important part. The diagram of interest is the one loop ((j#j")) diagram:

Z,

We have: B
Sint[p, §] D —e APyt (11.19)

as the fermions get integrated out, so:

Z:/DW%M/D@%MﬂﬁM} (11.20)
expanding out the interacting action as a power series, the first contributing term is:

1'2 2 (32 " = u = =

5= =5 | Adrd [ Ay (a1.21)

1 A2

So:

[P s = 1a | / A(an) Ay (x2) G (20 (32))

00 11.22
2/ o P A=p) (1) (p) (1122
= 10Seff [lPr A]
In your homework, you found that the current two point function was:
iy i1
() () = (0™ = P"P") 5 (11.23)
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Therefore: R .
—— e 11 d p _ 2 UV UV
Seft = ~¢ 325 (271)414;{( p)Av(p)(p=n"" = p¥'p") (11.24)

This looks identical to the Maxwell term:
o> —+ AL AY (p?nhV — plpY) (11.25)
0 2 p petp p1 ptp .
which is perhaps not surprising; we have a gauge invariant regulator, so we should get a gauge invariant

result. We could have generated other gauge invariant terms, but these would contain higher derivatives;
we focus on the terms that have a chance of being relevant. From this, we can identify the renormalization

term Zs:
1 e? 1
— 1+ —-| | F 11.2
Sei 4< +6n2€>/x (11.26)
e 1 e?
So we have the key ingredient in:
Be = d 2, (11.28)

dlogb Z,\/Z3
We still need to calculate Z;, Z,.

But the ward identity implies they are equal (this will be the last thing we do this lecture). Thus the
ratio drops out, and we end up with:

d e d 1 e dés &3
Pe= Fogh vzz ~ Cdiogh ' T2%) T "2 dlogs ~ 122 " (11.29)

Thus! B, > 0 and so the coupling is irrelevant under RG. Therefore, the interactions shrink at lower and
lower energies. This also makes sense that it was one of the first QFTs to be discovered; we have access to
low energies, and this is a regime where perturbation theory is controlled.

Conversely, interactions grow at higher energies, which tells us that QED is not UV complete. In nature,
this is UV-completed by the theory of non-abelian gauge fields.

11.5 Last Step - Ward Identity

We go through the argument of the Ward identity implying Z; = Z,. We had shown that a consequence
of the Ward identity was:

0y <J'51P¢’pf> =G(p) - G(p+p) (11.30)
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and in the amputated case:
- 1 1
. U , _ -
i0), <]p1,b1,bp >amp Crry) GO (11.31)

Where in the free theory:

prp+m  p4m

; —— =ip (11.32)

ipyy! =1ip =
In the interacting theory, the vertex gets renormalized,so the LHS becomes:
Y21 = ("GP s (11.33)
and the fermion propagator gets normalized:

—i

so the RHS becomes:
Zrip (11.35)
This implies:
ipZy =ipZy = 721 = Zy. (11.36)

This is not at all obvious from looking at the Feynman diagrams leading to these two terms; they look
different and the 1-loop calculations are tedious. Such is the power of symmetry!

Thus, we’ve deduced the fate of QED. Next, we will slightly switch gears, and study scattering in QED
(where the setting is richer, e.g. due to particles having spin). Further, there is a subtlety when looking
at scattering of massless particles - the existence of a mass gap was crucial for well-separating the single-
particle excitations from the two-particle continuum. We don’t have this in QED due to the photons being
gapless. So the S-matrix of QED does not formally exist. So what have people been doing for the last
century? It is possible to work out these subtleties, which we will go through. The fundamental problem
is we can’t distinguish whether we have a particle or n super low energy photons. Naively we get IR
divergences (large wavelength phenomena) which gets out of control. We'll see how to control it, next.

12 Scattering in QED

12.1 LSZ for Fermions

Today we move to the last big topic in QFT II! We’ll derive the LSZ formula for Dirac fermion and photons.
We will go back to our Hamiltonian expressions to derive it, and then after deriving, compute the S-matrix
amplitudes via path integrals.

We recall the solutions to the Dirac equation found via mode expansion:

&p i + —i
= [ — px 1px
P(x) s;/ I [bs,pus(p)e™ +ds yus(p)e P (12.1)
with:
1
0
us(0) = vm | | |/ (12.2)
0
and:
{bsp, bs/p/} = 2e,(271)%8% (p — )05 (12.3)
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We also inverted these equations to get b/d in terms of the quantum field :
by = [ 3 (x) us(p)

: ' (12.4)
By = [ e (p)1"p(x)
Note the time dependence present in the exponential (with p? = €p = \/p? + m?) gets cancelled with the
time dependent part of ¢ to make the overall expressions time-independent.
In the free theory, these operators are time-independent, and these operators create single-particle
states:

b:,p = |p,s,e) (12.5)
i, = p,s,—e)

In the free theory, these states are boring - the states are time-independent and nothing happens to them.
In the interacting theory, we would like to build scattering states. The b;r,p(t) and d;p(t) defined via Eq.
iHt

(12.4) will have time-dependence in the interacting theory (because we don’t know how ¢'"** acts in the

interacting theory). Put another way:
bip(D)I0) # bip(+)[0) (12.6)

for t # t'. We want to construct single-particle states for early and late times. The intuition is that at a
specific time, b;r,P ()]0) “looks” like a single-particle state, even though it may time evolve nontrivially.
So - our states that are simple at asymptotically early times (the “in’-states here for two fermions) are:

i) = bl (—o0)bl  (—00)|0) (12.7)

51,P1 52,P2
And the states that are simple at late times (the “out”-states) are:

The reason this works is that even though we have not identified the true multi-particle states, our guess
has some overlap with the true multi-particle states.

(p,s,e[bl,|0) #0 (12.9)

so we may appropriately normalize and use our ansatz as the in/out states. The intuition is that well-
separated wavepackets are non-interacting.
We also require that overlap with multiparticle states vanishes:

(p,s,p,s'|b]p(—00)|0) =0 (12.10)
this crucially hinges on the existence of a finite mass gap between the single particle states and the multi-

particle continuum. Indeed this will cause trouble in QED, as though the electrons have mass, the photons
are massless.
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So, let’s find a formula for the probability that a given in state goes to a given out state, p(i — f),
given by the (square of) the matrix elements S¢; = (f[i. As for the scalar field, we work out the difference
between two creation operators:

b p(0) ~ by (—c0) = [ dtdib
= / d*x9y (e (x)7"us (p)) (12.11)
= [ e (ipo + 20)§(x)2us (p)
the above equation reminds us of (p + m)us(p) = 0, so then:

blp(00) — bl (—00) = / (907 — ipry’ — im)us(p)e? (12.12)

_>
If we now integrate by parts (in space); we can replace ip; = 9; with —E and so:

bl p(00) = blp(—00) = [ dxp(p — im)us(p)e™
(12.13)
= —z/d4x1/J i'p +m)us(p)eP?
Taking the conjugate of this expression, we similarly find:
bs,p(00) — bsp(—00) = z/d4xe P (p)(—id +m)y (12.14)

So now we did the same thing we did for our scalar field theory. We plug these expressions into the
expression for the S-matrix elements:

(F1i) = (0] T bsy,py (00)bsy py (00)5, p, (—00)bL, b, (—00)[0) (12.15)

where we have introduced a time-ordering operator for free - we can now replace the b, bs with the
differences that we computed above, which are equivalent due to the time ordering (time ordering kills
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the other terms by virtue of b|0) = (0|b" = 0 - the mass gap assumption guarantees that the annihilation
operators still annihilate the vacuum of the theory). We are left with:

iy =it [ (i )l (i, )OI T (33) P (50) By ) s (x2) 0

v — . )
0By ), (p1)]y (19 2, + m)ug, (pg)|seP11 P22
(12.16)

This looks complicated, but the extra factors actually end up being useful - they amputate the external
propagators and put the particle on-shell. This condition drastically reduces the dependencies on the
variables - for the scalar case we reduced things to Mandelstam variables s,t,u (only of which 2 were
independent), and although things are more complicated here due to the presence of spin indices, again
things will simplify.

The expression actually looks much simpler in momentum space. Like for scalars (f|i) = &;r + Tif, we
can use momentum conservation to write:

iTi = (2m)*6* (p1 + p2 — p3 — pa)iM(p1p2 — paps) (12.17)
which leaves us with:
iM(p1p2 = pspa) =

3 (3) (P + 1)1, (P) (s + )] { T (03 0 (P) P (PP ) [y + )t (P [(py + )ty (P2l
(12.18)

where we see that the expressions in brackets [-| are just the inverse propagators, which amputate the
external legs.

12.2 LSZ for photons

We saw that photons have two propagating degrees of freedom, which we labelled with helicity +1. We
expect naively:

(...]p,h) = eﬁ(pziy”” +(E-1)p'p")(TA,...) (12.19)

Naively, it looks like we could choose 4 polarizations, €, = (50,5}’5,5%5;. We will see that due to Gauge
invariance, only two polarizations are physical.
Let’s set p* = (p,0,0, p), with p* = p®, and (p*)? = 0 as required. Helicity is an eigenvalue under J3
(v)

with this choice. Now consider eg,x) =/d,and € = (5%. These vectors get exchanged under |, rotation:

(x) 0 ino (x)

€ cos sin €

(e(y)> - <— sinf cos 9) <€(y)> (12.20)
So we have the eigenvectors eF = eﬁx) F ieﬁy ) ; to see this:

H
eilx) :Fie}(ly) — cos et + sin ) Ti(cos Be¥) —sinBe™)) = (cos O +isinB) (e FieW)) = T (12.21)
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These are the states we expect to be physical. They have an important property that they are orthogonal
to the wavevector:
ep =0 (12.22)

which tells us that this is gauge invariant. One way to be orthogonal to p* is to take p,, but elf are not
the null vector; they are vectors orthogonal in the Minkowski metric that are orthogonal to momentum
without being the momentum itself.

Our guess for the LSZ formula thus simplifies (as the gauge dependent part gets killed):

(...|p.h) = elip* (TAF...) (12.23)

What happens to the other polarizations? They do produce physical states, but correspond to the pure
gauge component A, ~ d,A and the constrained variable.

e =(1,0,0,1) « p* (12.24)
ey =(1,0,0,—1) (12.25)
e;f vanishes, since it gives p¥ p? <AH . > which vanishes via the Ward identity. eg probes the pure gauge

piece, since €} (& — 1)pupv # 0, and hence is not gauge invariant (and hence unphysical).

So, the LSZ formula for ¢y — 7y scattering is:

. -4 1 — - 2 32 32 32
Al =it [ e @2 02 08 0 et elelSels (T (1) Ay (32) Ay (12 Ay (20))

(12.26)
Again this has a cleaner form when we Fourier transform:

iM = pip3papies eh e ent (0) T Au (P1) Ay (P2) Aps (p3) Ay (p4)10)c (12.27)

Much like in the scalar and fermion case, we have that the external legs are amputated.

12.3 Do Photons Scatter?

The simplest diagram that contributes to M looks like:
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(4]
Wa

) Wy

QED tells us that the superposition principle is incorrect; we have nonlinear effects that cause photons
to scatter. But, this diagram is very small, so the superposition principle is approximately correct. Let’s

estimate how small this is. We have:

2
% ~ 10%Hz (12.28)

while visible light has:
w ~ 10"*Hz (12.29)

the diagram goes as ~ ;—izxZ ~ 10732,

In deriving the photo% LSZ formula, we made a leap of faith, postulating the form of it assuming that
there was a mass gap. But of course there is not. The approach we will take is to ignore it until we cannot
ignore it - things will eventually go wrong. At tree level, scattering in QED looks fine. But once we start
studying loops, things will not make sense. When we have loops, we have higher powers of the coupling,
so we start including terms with more external photons, wherein we will have to return to this problem.

13 Scattering in QED II

Recall the LSZ formula we found fore e~ — e e~

iM(p1p2 = papa) = i*[is(py+m)s[a@s(ps +m)], <7'1P5(P4)¢v(P3)¢ﬁ(P2)lPa(P1)>C [(py +m)ualpl(p; +m)u]a

(13.1)
One can similarly show that for eTe™ — eTe™ (you will show this on the pset - though we can guess the
solution. ¥ ~ b +d*, so):

iM(p1p2 = papa) = i*[(=py+m)osll(—py +m)oaly ( Ta(pa) iy (pa) s (p2)u(p1) )  [(py +m)uals(py +m)us]a
(13.2)

13.1 ete” — p~puT scattering

The first scattering observable we will study is ete™ — pu~u'. The muon p~ is also a Dirac fermion
with charge 1, so it couples to photons in a very similar way to electrons. However it is heavier, with
me ~ 0.5MeV and m, ~ 100MeV. We will also look at electron-positron to electron-positron scattering,
but this turns out to be easier since electrons and muons are distinguishable.
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The action of our system is:

5— / PelilD — me) e+ GuiID — )y — %# (133)

with:
Dy o, +ieAyp (13.4)

The LSZ formula tells us how to relate M to a connected 4-point function:

iM = i*[(—p, + m)ols[az(ps + my)]y <7'll3§’(P4)IP$(P3)¢E(P2)¢§(P1)>C [02(=py +m)]pl(py +m)ur]a
(13.5)
Now, we calculate the correlation function using our knowledge of QED. The electrons and muons are
connected via the photon field, which they are both coupled to. We will use the vertex:

Sint = —¢ / Ay (P e + Purgy) (13.6)

We will go to second order (intuitively - we need two powers in order to connect the ¥, and 1, fields),
and study the cross-terms:

l'2

e? . . . .
Esiznt: _j/A'Oe +]y)/A‘(]e+];t) ) _EZ/A']e/A']y (13.7)

We can drop the (Aj.)?, (Ajy)?* terms as they do not contribute to our observable of interest.

Tine
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The leading contribution is thus:

(FFvhupis) = - << [ At 008 (o)W (pa) s (p2)F o) [ AWWE)} (138)

free

and now we evaluate this via Wick contractions in the free theory; electrons must contract with electrons
and muons must contract with muons. We contract ¥° with §5(p1) (two exchanges so no minus) and
lp;( p2) with ¢, which yields:

[G(=p2)7"G(p1)]pa (13.9)

Doing the same story on the left with the muons (note there is now a minus sign to fermion exchanges),
we get:
—[G(=p3)7°G(pa)lqs (13.10)

Finally we contract the photons, and so at the end of the day we end up with (note that this was the
unique possible choice of contractions):

(Fhwhwsds ) = +eG(=pa)1 G (pa)l1sGor (p1 + p2)[G(—p2)7* G (p1)]a (13.11)

This is the expression for the 4-point function. Dotting it with the (p + m) factors will simplify things
because the Green'’s function is precisely the inverse!

iM = e (137 04) G (p1 + p2) (G271 1)

(on + (6= 1) (P14 p2)p(p1+p2)a

(p1+ p2)?

= é* (137 v
= e“(i137” 4)(

;71—:71;72)2 )(G27"u1) (13.12)

ie? ) B
= ?(uw 04)(?]2%”1)

where u; = us;(p;), and in the third equality we use the fact that 7,(p, + p,)us = 92(—m +m)u; = 0 to
kill the ¢-dependent term. In the last equality we have recalled the definition of the Mandelstam variable

(p1+ p2)? = —s.

13.2 Comparing to the scalar, e et — e~ e™ scattering

Compare this to the scattering we found for the scalar:

S 2P S
.".* :I‘-¢ Tt \\ r'

1
ko

1
o

-t B 7

where:

1 1 1
2
~ 13.13
M g(s+M2+t+Mz+u+M2) (13.13)

we note that with our QED scattering, the only contribution is from the s-channel, and since the photon
is massless we do not have M? terms as we did for the massive (®)-scalar mediated scattering. The third
difference is that we have the 1/vs which depend on the external spin and momenta.
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What about e”e" — e et scattering? The same diagram is allowed, but there is another allowed
diagram now coming from the fact that the we have two electron vertices (we get a f-channel t = —(p; —
p3)? in addition to the s channel s = —(p; + p2)?). This comes out of the Wick contractions, but pictorially
we imagine that this second diagram corresponds to the electron staying as an electron, but radiating a
photon which hits an incoming positron (as opposed to the s-channel diagram, which corresponds to an
electron/positron pair “becoming” a muon/antimuon pair)

So in summary we expect:

2 _ ez ]
M-t oot = ;(”37;)04)(027‘]”1) + 7(027‘)04)(”3%”1) (13.14)
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and you check this on the homework.

13.3 efe” — p~ ™ - Summing over spins

Going back to our result for the ete™ — p~u™, if we know the momenta and all the spins, our result
Eq. (13.12) is the final answer. A simpler answer arises if we sum over spins. This is also experimentally
relevant if the spin of the particles is not measured.

The probability of an event is « | M |?. Let’s sum the probability for any outgoing set of spins:

4
MP =S (usvpm)(vn u3) (G2ypu1) (1171 02) (13.15)

Let’s sum over the outgoing states s3,s4 using the completeness relations:

Zi s, (P3)ils; (P3) = (—p5 + M) (13.16)
Zi vs, (Pa)0s,(pa) = (4 + M) (13.17)

with M = m,,. We can now convert the sum over spins into taking the trace of a matrix:
et _ _
Y IMP = STe( (py + M) (ps — M) (927p111) (1172 02) (13.18)
53,54

. . . 1 .
Now we also average over all incoming spins 7}, s,:

fDMF © (19 (p, + M)YA (py — M) Te(rp(py — m)7a(py + ) (13.19)

with m = m,. Now let’s deal with the traces:

Te(7 (4 + M)y (K = M) = = Te (v99") + qukgTe (2P 77" 2F) (13.20)
= 4m*yP" + 4(g°k* + *K° — kqnP™) |

We have two traces, and the results are subsequently contracted, so:

11
2T CTC) = (M2 4 il + phps — 1P ps - pallmPnon + (PppR + Papg + ' Pip)

= 4m*M? + M?(=2)p1 - p2+ m*(=2)p3 - pa+2(p3 - p1)(p2 - pa) +2(p3 - p2) (p1 - pa) — 4(p3 - pa) (p1 - p2) -

= 4mM? — 2(M?p1y + m*pas) + 2(p13pas + prap2s)
(13.21)

Thus the probability of scattering, ignoring spin, is proportional to:
2 IM|? = 2m2M2 (M?p12 + m*p3s) + (p13pas + p1ap2s)] (13.22)
51525394

Indeed this is independent of spin and only depends on Lorentz-invariant contractions of four-momenta
pij = pi - pj- Finally, let us convert to Mandelstam variables:

p—conservation

—(p1+p2)* =m? —2ppy = —(p3 4 ps)? = 2M? —2p3y (13.23)
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p—conservation

t=—(p1—p3)=m?+ M +2p13° = —(pp—ps) =m*+M +2py (13.24)
—conservation
u=—(pr—pa)?=m>+ M4 2pyy "= —(p1 — p3)? = m* + M? + 2py3 (13.25)
Thus replacing the p;; in our probability expression:
1 2 8%, 2 2 2 212
- Y M| :S—z[t +u? +ds(m* + M?) — 2(m? + M?)?] (13.26)
51,52,53,54

Last quarter, we saw how to get a differential cross section out of this; as we obtained for scalars; at
high-energies with p > M, m this yields:

do et
— = Const. - —— (1 + cos? ) (13.27)
dQ EZ\p

7

/”'+

See Schwartz (13.78) for details. What is the intuition for this expression? For scalars we found that

M = A and % = }5’\2—2, coming from:
M

PN

Now, we have angle dependence. Why? It has to do with the spin. Because the electron/positron pair
must create a photon to mediate their interaction, we need their helicities to align a helicity-1 photon state.
If the helicities are all pointing out of the page/normal to the direction of propagation, we have exactly
what we want. If instead they point in the plane of the collision, the helicities of muon no longer quite
align and hence we get a « (cos #)? dependence.

w ,>7\

et
—=> e -+ A ~L
! e” et

&"/J e
v

A

¥ n-
W S2Y-) }1
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14 Soft and Collinear divergences in QED

We're about to begin out last topic! It’s slightly advanced - it’s dealing with the fact that S-matrix cannot
be formally defined in a theory without a mass gap. This technique is crucial if you continue on in particle
physics, physics of jets, colliders etc. In QED, the photon is a massless particle, causing the problem; the
precise issue is that single particle states cannot be distinguished from the multi-particle continuum; few
particle “out” states look the same as few particle “out” states + soft/low-energy photons.

14.1 Sketching the problem

The dispersion if we only had electron looks like:

9o

—>p

i.e. the theory has a gap, allowing us to define the S-matrix. But in QED, we now have photons, so we
have a continuum of electron + photon states:

3

In equations, an e~ at momentum p has energy:

E=\/p2+m? (14.1)

And a e” + v state at total momentum p has e~ with momentum p — k and y with momentum k, so
the energy is:

E=/(p— K2+ m+ k| = \/p? + m? + O(|K|) (142)
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and crucially, there is no gap because k — 0 continuously in infinite volume. For finite size, k = 2%

becomes quantized; this is a hint for the resolution.

One cannot ignore this issue; loop corrections to matrix elements will have IR divergences, also known
as “soft” divergences. These are divergences of a very different type as UV divergences we have seen prior.
Either we have an EFT which the UV divergence indicates that there is a scale which the theory breaks
down, or the theory is UV-complete in which the case that the divergences can be regulated /removed by
counterterms.

What does the IR divergence tell us about the theory? It doesn’t tell us that the theory has a problem
(indeed we found that QED is IR-free from our RG analysis)! Rather, it tells us that the observables we
are choosing are bad. Here, we will see that the divergences arise in the step of putting the external
particles/legs on shell in LSZ. The “off-shell” correlators that we have been studying (e.g. (7 ...).) that
we have been studying are always well-defined; it is only when we take specific limits (in order to put
external legs on shell) that problems arise.

These will get resolved if we accept the fact that we cannot distinguish [i) of interest with |¢ +
soft photons). Fortunately, we will not have to consider an arbitrary number of soft photons. For example
at 1-loop order the cross-section ¢ is finite if we include states with one extra soft photon. Diagramatically:

fﬂ

Specifically, we will see that the cross-section:
ole e s u ut)+ole et = uputy) (14.3)
is IR finite. At higher orders, diagrams with more soft ys must be included - we do not need to include

them all at once because we look at perturbation theory in powers of e. Note that the calculation we did
last lecture was at tree-level and hence we did not have to worry about soft divergences there.

|

We use the above scattering cross section as an example, but really, IR divergences are everywhere.
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SOFT DIVERGENCES

It is easy to see that there will be an IR issue in the diagram:

Ksof4

Because this diagram contains the propagator:

_i(M + Pyt ksoft) P421=:_M —i(. . ) 1

(P4 + ksof’c)2 + M? kgoft + 2ksoft - P4 Ksoft - P4

G¢(P4 + ksoft) = (14'4)
which diverges as kg — 0.

14.2 One-loop corrections at e e™ — u~u™

What are the 1-loop corrections to M(e"e™ — u~u™)? We have the 6 diagrams (in addition to the single
tree-level diagram we had previously):

O
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®

i

(2) drops out/does not contribute to the cross-section as the leg gets amputated. But this still looks
pretty bad - 5 diagrams to calculate. But let’s be a bit clever. Let’s slightly modify QED and assign different
charges Q,, Qy # 1 to the electron and muon. The reason to do this is:

94
X

Sint = —e / Av(QeEl_Je’)’vlpe + QyTI}y’lepy) (14.5)

What is the motivation? Divergences in the electron and muon degrees of freedom have to cancel inde-
pendently. Although we are interested in Q, = Q, = 1, this property nontheless carries over.

We start with looking at the effect the tree-level M, which looking at diagram (0) we see Mgy « Q.Qy
(each fermion vertex contributes a power of the respective charge). Let’s look at the other diagrams.
(1) is proportional to QEQHQ,ZC because the fermion correction to the photon energy could come from
any mystery fermion x (it thus must cancel itself). (2) is not in M. (3) is proportional to Qle,, (4) is
proportional to Q3Qy, (5) is proportional to Q2 Q%l, and (6) is proportional to Q2 Q%,.

IR divergences proportional to any Qg Q;,” have to cancel independently. We will focus on the QQQC;
part/diagram (3) and look at its contribution to o « | M ?:

M=+

Qe &[,9;143

M= [y] o) Y)

b

This correction indeed competes with the o(e” et — u~uT7y) cross-section, because looking at the
diagrams with the soft photon:
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b Ksort
ABel,*

(note that we can only put the soft photon on the muon leg) we see:
oleet = pmpty) ~ IMP~ QRO (14.6)

This trick with introducing fictitious charges is nice because it simplifies the analysis to specific dia-
grams. Let’s now hone in and see how the divergences cancel.

14.3 Computing the one-loop correction

So, the only loop diagram we will have to consider is (3). The leading diagram is:

N7,
0 N\
. ie? B
iMy= ?(02’)/‘)”1)(”3%04) (14.7)

the 1-loop correction is:’

ie
5

iMigop = — (027 u1) (3T pvy) (14.8)

with:
Tp= <jp(P1 + Pz)lPlP(—P4)> (14.9)

amputated, 1-loop

this is just an old friend! We will notice that this actually has IR divergences when we put the external
legs on-shell, as is required by LSZ. Why didn’t we notice? In RG we didn’t put the external legs on shell,
so we didn’t see it. When we computed the electron dipole moment, we only looked at the terms which
were IR safe. This is why many of the early calculations were successful, even though they didn’t yet
know how to handle these IR singularities.

Let’s compute the diagram:
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We then have:
o 2 3
L= S @0 [ A1 o) ([ s 0)0d-p) ) (1410

Wick contractions in order to get a connected diagram:

-1

7
S 1 ~ L
(5 P, ($157%) (S35
=+ ' ’__’l‘ !
Thus:
Ty = —¢ [ G(pa)1PG(ps + 177Gl = pa)7*G(—pa) Gap (1) (14:11)
If we amputate the external legs:
Ty = —¢ [1#G(ps + 177Gl = pa) 763G (1) (14.12)

Then we are left with (recalling that G(p) = — M’_i ;= _;ngl\;f ) and Gap(l) = l%i?]aﬁ choosing ¢ = 1):

4 _ o
Fp:—ieZ/(dl YoM+ 1+ p )y (M+1 —p,)y 1413)

27)4 12((1 + p3)? + M2)((I = ps)? + M?)

so with p§ = p] = —M? (on shell) the denominator becomes I?(I?> + 21 - p3)(I> — 2 - p4) so as | — 0 this
goes as I?(1 - p3)(I - p4) which implies:

(14.14)

which is a (log) IR divergence. We can manifestly see how this arose from setting the momenta to be
on-shell. This is actually a bit too quick. The above analysis looks like just a log divergence. But actually it
can be even smaller, if [ is collinear with p3,4 wherein the dot product vanishes. So when we integrate, we
will see additional singularities arise from collinear momenta. This will lead to log> singularities, which
cannot be resummed via RG.

Before we show that this cancels with the other diagram, we need a way to compute it. In order to do
this, we need to be able to regulate it. We will choose a simple but ugly IR regulator, i.e. giving the photon
a mass 1. A more physical (but slighty harder to work with) regulator is to put things in a finite volume
which gives the photon a maximum possible wavelength. In any case, with our choice of regulator the
photon propagator transforms as:

1 1

172_>l2+m%

(14.15)
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Focusing on the IR divergences, take | < M, p3, ps. For simplicity, we further assume high-energy scatter-

ing, i.e. p3, p4 > M. Then:

YaP3 Y P4Y" 2p,YPps

F§iez/ 5 > :1?2/ 22 2
1 (12 +m3)(12+21- p3) (12 =21 - py) 1 (12 +m3)(12+ 21 p3) (12 =21 - py)

If we sandwich the numerator with ii3(...)vy then:
132 ,7° P30 = 203,77 P50
= ~203(2P5p, + paps1’)0s
= —2173(2MP§ — PaPaY’ —2p3 - par’)vs
= —2u3(2M(p§ — ply) + M?9F = 2p3 - pan’)vs
PS/P4>>M _ _
~ 4p3 * PaU3zv4 = —2SM3U4

where in the last line we use:

s=(—ps+ps)? =2M>—2p3-ps~ —2p3 - ps

So at the end of the day, our I', looks like:

If = —21'65/ 'l 1
(2m)* (12 +m3) (12 +21 - p3) (12 — 21 - py)

So introducing Feynman parameeters with x = 2 421 - p3 and y = I> — 2 - p5 we have:

1 1—x 1
TP — _4 /d/ d/
Ch Tl VTP 2 — pay) + 2 (12— )P
gies [ dx [ d !
= —41es X
/o /o y/l [(1+ pax — pay)? + m3 (1 — x —y) — (p3x — pay)?]?

= —4ies/ /¥
B xy g (g2 +4)3

Which we can compute via Wick rotation:

Wick 212 > dgg?
— 4 / /
e xy (27‘[)4 0 (q2 + A)3

es 1 1—x 1
r,== [ 4 dy—
P 87'[/0 x/o L

So then:

(14.16)

(14.17)

(14.18)

(14.19)

(14.20)

(14.21)

(14.22)

We will finish the calculation next week, but the A is ~ m% + xys, the first integral gives ~ M and the

second gives log?(...), which is how the collinear singularities manifest, as we discussed. We will see that

the result is ~ log(%)Z.

15 Soft Divergences II

15.1 1-Loop correction to eTe™ — u™u~, continued

We were computing the 1-loop correction to the ete™ — uu~ cross section:
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ie?

iM = (027 ur) (#3(7p + To)va) (15.1)

where we found:

with:

- g/ldx/l_xds (15.2)
_%)8712 0 0 yA ’

Tp = (jo(ps + pa)pi(—pa))

amp|1-loop
with:
A=mi(1—x—y) = (xps—yps)® = mi(1—x —y) + (x +y*)M? + 2p3 - paxy

R~ m%(l —X—Y)+2p3 - paxy (15.3)

:m%(l—x—y) — sxy
where we focus on high E (E >> M) scattering in the second-to-last line, and in the last line we use the
approximate expression for the Mandelstam variable:

s = *(}73 + p4)2 =2M? — 2p3 - pa = —2p3 - pa (15.4)

Let’s look at these final two integrals. They will do something unusual. They can be computed exactly (as

you will see on PS8), and the leading m.,, — 0 singularity is:

2 m

. M2

N

' 1 "
N —5(1087)

this is quite unusual. These logarithms are called the Sudhakov double-logarithm. They are unlike what
we saw in RG, which were logarithms which we were able to resum.

Let’s sketch the computation of this integral. If we send m% — 0, + becomes singular for x — 0 or
y — 0. Let’s take a look at these regions:

s 1 1—x 1 1 1 1
fyz=hf W ~ o
S(1=x—y)—xy = — Xy

2
My _
s

1 1
_/0 dx; log( xy)

, 0 , (15.6)
= /01 dx% [log(n:y —x) —log ﬂ?]
= /01 dx% log(1 — mi%x)

Now using the identity that 4. log?(z) = 1082 \ve find that the above integral evaluates to ~ % log?.

de z
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Hence, our matrix element becomes:

2 2 2\ 2
(M 4+ M) = (0901 (37p00) |1 s (log =L ) +... (15.7)
s e 1672 s

where - nicely - the spins structure is exactly the same! So whatever we did for the tree level piece carries
over. We thus find that:

+p— + 1 2 et 2 ¢ ¢ m ’
olete = utu ):/EDMWHUPSZQM M- = 1= (log =L ) +...| (58)
b S

15.2 Real emission processes

Clearly this cross section doesn’t make sense. It involves an unphysical parameter, and if we send m% —0
it diverges. So it can’t possibly be the final answer to anything physical. But what we noticed last
week is that there are other types of diagrams involving soft photons (that we would usually associate
to different scattering events) that had the same dependence on parameters/charges. We may have hope
that these extra processes - known as real emission processes - may help us out here, and cancel out the
IR divergences. Let us thus study an “inclusive” cross-section that includes these soft photons. Thus:

* Yoo s utuy)+... (15.9)

Ot = 0(eTe” = uTu") +ole

where we only need to consider one soft photon as at this order we have the o ~ ¢®/same order.

3 [ 6
~E
Mmé/

Let’s draw the two relevant diagrams for e*e™ — "y~ 7y, where we have a soft photon emitted from
the muon.

Py

(y {s /"(
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These are just tree-level diagrams with no integrals. Where do the divergences come from? The
intuition is that we had a singular result in the no-photon case because our detector was insensitive to

3
emitted photons. For the photon cross-section, we need to integrate over all photon momenta [ (;;% -
v

this indeed has a chance of introducing singularities.
The full derivation is tedious, and is in Schwarz Ch. 20 for your reference. Let’s start with the nontrivial
key step (which is one of the final ones). We have matrix element:
1 1

~ —

SPa-Py

(15.10)

where the % comes from the photon propagator and the ﬁ comes from the Dirac propagator. The
square of this gives:

M? ~ l# (15.11)
% (pa-py)?
To get the cross section, we integrate:
g~ /dHLIp5|M|2 (15.12)

so let us integrate over the photon phase space d°p,. Say we choose our coordinate system such that
ps = (E,0,0,E). We can then take:
py = py(cos 02 + sin 0%) (15.13)

with the ¢-integral giving 27.

Putting the photon on-shell, the Oth component is given by;

P =\/p3+mi=¢) (15.14)

Pa-py = E(\/W + pycos0) (15.15)
So then the integral gives:

. d3 d 2
UN/( Py / dcosG/ PrPy (15.16)

2m 326 +m2+p cos6)? - /p3 +m?

Which if m, — 0 then we get [ dpij ~ log m%, with if we did the two integrals carefully, we would get

So then:

(log m%)z. Hence we will see the divergences cancel out.”

5Though we didn’t compute the finite part/the important part of the 1-loop correction, we certainly could have, and we would
see that the infinities/IR divergences cancel while the finite part persists.
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15.3 Cross section with soft photons, more carefully

From the two diagrams with soft photons, we compute:

iM= <TAH(Pv)ll_’a(P4>1/Jc(P3)1/Jb(P2)l/_Ja(P1)>C (15.17)

Now the various fields in this diagram become: [62(—p, + m)], (and other relevant v/u for the fermion
fields), and e;h) pgr for the photon helicity.

To construct the relevant diagrams with three vertices, we will insert % (Sint)3 and contract with various
places. The % cancels with combinatorics, and we are left with:

(-)e = (ie)® <A#(P7)/A/\1I3’YV‘P (/Apll?“rplp) ¢d(P4)¢C(P3)le(P2)lpa(Pl)/AM/;'YA‘/J> (15.18)

where we can now contract the electro fields. The external photon and electron propagators cancel in the
LSZ formula, so we find:

iM = Pel! [ (py + M)Lel(=py + M)osla(@27 1) - (ie)? <<¢vvw><pv>¢d<m>wc<p3> ([ 4879 ) Ar(r + P2)>

(15.19)
Now we can contract the last two remaining photon fields. Further, we can contract . (p3) with the ¢ of
the soft photon, ¥ of the p, contracts with the rest of the vertex, and and the remaining i contracts with
P4(pa). Each of these gives a minus sign (three minus signs, so leads to —1). Option 2 is to contract ;(pa)
with the soft photon vertex. You can work it out to see that this also gives —1. Writing this out, we obtain:

. . _ B} i} —ifp)
iM = ie!)e> (1397 G(—pa — py)7"04 + 137" G(p3 + py )1 0a) (327 uy) —
. (h _ _ _ —i
= iel)e? (1377 G(—ps — py) ¥ vs + 1137 ' G(p3 + py )1 04) (02%“1)?
15.20
_ —ie3(z727pu1)123 ’)/‘D;'YV + ,)/V;?P 04161(/h) ( )
M_p4_;ﬂ7 M+p3+;ﬂ7 5
ie? h
= —?(52%“1)(%]’7”04)65 )
So then:
2 66 _ — — v = I/, / (h) (h)*
|IM|* = 57(02%3“1)(”17,3/02)(“3]P 04)(04]" P uz)ey '€, (15.21)
We can now sum over spins to simplify:
Yulal=—p, +m (15.22)
S
Y vior = p,+m (15.23)
S

So averaging over incoming spins (and dropping the ms under the assumption of high-energy scattering)
and summing over the out spins, we get:

1 66 v Vo' *
1 L ST p)rep) T g (< py)eley) (15.24)
51,52/53,54
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We now sum over the photon helicities (we must do this! because we do not measure the state of the
outgoing soft photon):

Y eel =g (15.25)
h=+

This looks like a completeness relation in 4-dimensions, even though we only have two helicities! How is
this possible? It is in fact true within a matrix element. What is really true is:

M = Y &€l + Clplpl, + p i) (15.26)
h=+

The first term gives diag(0, 1,1, 0). For the second term, we recall p,, = (E,,0,0, E,) and p, = (E,.0,0, —E,),
the first of which was decoupled, the second of which picked up the gauge-dependent piece and so was
unphysical. Hopefully we can then see that the second term gives diag(—l,O, 0,1). But in fact this piece
cancels in matrix elements via the Ward identity. For example consider the diagram:

h
Tf =/-v

(vl?f)“f)ﬁ)

Pl 41

Wherein:
(vz'yAul)eE\h) copitr v2(p, +p1)u1 = 0. (15.27)
Thus we have found;
o= /%S|M|2dHLIPS = ze;iTr(%Vl’Y/sz)/Tr(fmmﬂyliﬂg)dnups (15.28)

and in this integral we will see the IR divergence arise! The rest is just tedious/simple calculations.

16 Non-Abelian Gauge Theory, Yang-Mills & QCD

For the remaining lectures of this class, we can discuss some aspects of non-Abelian gauge theory, touching
on some ideas of Yang-Mills and QCD. This is in some sense the one missing puzzle piece we need to
construct all QFTs (well, other than perhaps gravity).

Non-abelian gauge fields arise in a number of settings:

Particle physics: Electroweak sector, QCD.

Condensed Matter: Non-Abelian quantum hall states (2+1d QFT).

Quantum Gravity: N = 4SU(N) super Yang-Mills; our best understood models of gauge-gravity
duality.

Also: Weakly coupled RG fixed points in 3+1d (Bankz-Zaks fixed points).

Mathematical perspective: Connections on fiber bundles.
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16.1 A simple QFT with U(N) symmetry

We'll follow an approach similar to QED, starting with a theory that has a global non-Abelian symmetry.
Specifically, we consider N Dirac fermions:

N
S— ; / A (id — m)y; (16.1)

These Dirac fermions have two indices ;,; « is the usual spinor index we usually suppress, i is now the
flavour, or colour index, which ranges fromi =1,... N.
What are the symmetries of this model? We consider:

%}
. P2
=1 . | =>Uyp (16.2)
YN
and:
¢t — ptut (16.3)
which implies:
§ =ty =put (16.4)
in order for this action to be invaraint, we require that:
P — PpUTUY = pU Uy (16.5)
which requires that:
utu=1 (16.6)

in other words, U € U(N), i.e. the group of unitary N x N matrices. This is a continuous symmetry.
How many symmetries is this? It’s easier to think about unitary matrices as matrix exponentials:

u=eT (16.7)

where Ut = ¢=T" and U~! = ¢~iT, s0 in order for U € U(N) we require T* = T, i.e. T is Hermitian.

This is much easier to count; T is Hermitian so on the diagonal we have all real numbers, t;; € IR and
for off diagonals we have t;; = t]*l This gives us N? parameters/symmetries (each matrix element provides
one real parameter). Compare this to the U(1) case, where we had a single symmetry/single complex
number/phase.

Let T,,a = 1,...,N? be a basis of generators of the algebra u(N). Now, we can write U € U(N) as
eMTe = U, with A” € R real parameters.

After U(1), the next simplest example is U(2). We consider a set of 4 2 x 2 Hermitian matrices u(2).
We then have T, = {I,0;}, so then;

U = ehoeihiv' ¢ U(2) (16.8)
So we notice that the identity part actually commutes with the rest! So, we can actually break up the
group. Note that I has a pure trace and o; are traceless, so the exponential has determinant 1. Thus we
can write:

U(2) = U(1) x SU(2) (16.9)

And more generally:
U(N) = U(1) x SU(N) (16.10)
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the SU(N) part contains the Non-Abelian character of the group:
[Ta, Ty] # 0 (16.11)

We then note that:
[TarTb]+ = [TJ,T;] = [TbrTa} = _[TarTh] (16.12)

using that the T, are Hermitian, This implies that the commutator is anti-Hermitian:

[Ta, Ty] = if Tc (16.13)
the f, are known as structure factors. For SU(2), we have:

07, 07] = i€ijroy (16.14)

so the structure factor of SU(2) is €.

16.2 Noether Currents for U(N) symmetry

To find the associated Noether currents for these symmetries, let us perform:

U(x) = e™OT 1 4iA*(0) T, + ... (16.15)
The change in the action then is:
S5 = / AU (x) (id — m)U (x)y (16.16)
The change in the action only comes from the term where the derivative hits U(x), so:
55=5—§=— / dxfyha, AT (2) T = — / 429, A% () Py T (16.17)
So we can identify:
ji =y Ty (16.18)

fora =1,...,N? as the Noether currents.

16.3 Gauging the symmetry

Let us try to make this theory more interesting by “gauging” the U(N) symmetry, in other words turning
the global U(N) symmetry into a local U(N) symmetry. The problem comes in with the kinetic term (the
mass term is already invariant - hence we saw it dropped out of the current). Let’s try to make the kinetic
term gauge invariant by adding a term j} A to L:

jRAL = AL Tap = Pyt AL T = Py AL Ty (16.19)

where we define a Hermitian matrix A,. The action then becomes:

5= /lPi'r”(ay FiA) Y — /lpiwu*l(ay +iA Uy

(16.20)
— / in (U9, U + U AL UL + §idy
We wish for this to be Gauge invariant, which requires:
U—'9,Uu+UiA,U = iA, (16.21)
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So:
Ay — A, =UAU +iU(U 9, )U " = UA U +i(@,U)u! (16.22)

Now noticing that:
0=0,uut)y=o,uu ! +uo,u'’ (16.23)

(and a similar relation holds for (U~1U)) we can write:
Ay — A, =UAU —ilo, U™ = U(A, —io,)U™! (16.24)
To check that we’ve done this right, we can recall in the U(1) case that we had U = ¢'* (a scalar) for which:
Ay — Ay — 9y (16.25)

which is consistent with our general formula.
The transformation of A allows us to build a covariant derivative:

Dutp = (0 + iAu) Y — [9y +i(U(A, —i0, ) U ) Uy

= Uduyp + (0, U)p +iUA,p + U0, U Uy

= U0y + (9, U)y + iUAp + —0, Uy (16.26)
= U(0y +iAu)Y

= UD,y

With this building block, it is easy to build gauge-invariant actions:

5= / A (il — m)p (16.27)

if we hide the flavour indices, looks just like QED again.

16.4 Building up a field strength

There is a slight subtlety - can we build a gauge invariant term out of A} only? We may be tempted to
consider the field strength, as we did in QED:

F2, = 9,A% — 3, AL

. (16.28)

But this turns out not to work:
Fi To = Fu = 04Ay — 9y Ay — 9, (U(A—id, )U™") — (> v)
= U 10,4y — AU + [0, UAU ! —id,Ud, U " + UAQ, U — (< v)]
= U"'E, U+ +[9,UA U™ —id,Ud, U™ + UAQ, U™ — (1 <> V)]s
(16.29)

so we have unfortunately a bit of a mess. To find the correct expression for F, let us find something that is
0 for a pure gauge configuration:
oy = —illo,U! (16.30)

which we can see is gauge equivalent to A, = 0. If F is gauge invariant, it better be zero when we hand it
the above.
Let’s compute our naive guess for this object - does it vanish?

Aty — Ay = —id, U, U™ — (<> v)
=illo, U 'Uo, U ' — (u+v) (16.31)
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This doesn’t vanish, but if we take the difference we get something that does equal zero for a pure gauge
configuration:

Fuv = duAv +iAuAy — (u & v) | (16.32)

this vanishes if A, =, = —illd, U ! a pure gauge. Spelling the above, nonlinear field strength out:
Fy = 0yAy — 0y A, +i[Ay, Ayl (16.33)

for which the commutator vanishes if we have an Abelian gauge theory. Let’s see if this field strength is
indeed gauge invariant:

Fu — U(04 Ay — 0y AU + [ Ju + [{U(Ay — i0, ) U 'U(Ay —id,)U ' — (4 > V)] (16.34)

Let’s look at the third term; we have a U(AMAV — AVA},)U’1 which teams up with the first term to give
us the field strength. The other contributions from it cancel out perfectly what is in *:

U9, U uA U™ + UA,U ™" —illd, U Ua, U™ — (4 4> v)

(16.35)
= =0, UAU ' + Uppo, U ' —id,Uo, U — (u > 1)
Thus the transformation of the field strength is:
Fu = U(04 Ay +iA A, — (< v))U !t = UF, U™ (16.36)

So we’ve improved things, but it is not quite gauge invariant. However, by our construction we know F,
only transforms via unitary conjugation/a basis transformation, so we know that traces and higher powers
of it are fully gauge invariant:

Tr(Fu), Te(FuyFyg), Te(FFF ... F), Te(F ... DF ... F) (16.37)

However we can’t put these into the action directly because they have free Lorentz indices. The simplest
LI term is then the trace of F contracted with itself:

Tr(F,, F™) (16.38)

Finally, we arrive at our QCD action:
Y 1
s— / Gl —m) — @Tr(FWF}“’) (16.39)

in QCD, the fermions ; are quarks and the gauge fields Aj, are gluons. It looks deceptively similar to QED
(fermions, gauge fields, a dimensionless coupling g), but it as a crucial difference. Namely, even without
the fermions (i.e. the absence of matter), the gauge sector is interacting/non-linear. It is sometimes called
“pure glue”. Even the theory of “pure glue” is highly interacting/non-trivial! It is called Yang-Mills
theory:

Sym = —4;2 / d*xTr(F, M) (16.40)

which contains terms/diagrams:
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and is an unsolved theory. You'll get a million dollars/a Millenium prize if you can figure out if
it confines at low energies - good luck. We can treat it with RG, however, and this approach has been
met with success (though perturbation theory breaks down in the strongly interacting regime - this has
motivated the bootstrap approach to QFT).

Next week, we will quantize this theory, following a similar procedure as we did for the photon, with
one small change.

17 Path Integral quantization of non-Abelian gauge theories

17.1 Photon/Abelian case refesher

We had: .
5= —E/# (17.1)

where the generating functional was:

| Ay
7= / DA, = / DA, / DAS(g(AM)) det ‘Sg(f ) gis(a’] (17.2)

with Ai} = Ay — 9,A. For example g(A) = 9, A¥(x) — w(x). In the above step, all that we use is a sort of
completeness relation to introduce 1. We then see that the integrand can be made independent of A, so:

Hy .
7= (/ m) | PAG@ A"~ w) det ‘53(/{4 ) gislA)

" Hy .
= [ DA~ w) det BUD st (17.3)

-2
g [ @
o Dwe i 2

Thus:
7= / DA A det%‘“) (17.4)
e S'[A] = — / Y 1, any (17.5)
N 4 20t :
ogA) ¢ _ 6g(A) _
Ay oA (BHA”(x) - 82/\(x)) = -0%*(x —y) = det ) det(—9?6*(x —y)) (17.6)

which is independent of A, as it should be.
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17.2 Path integral for U(N) gauge field

We apply the same strategy to our N> U(N) gauge fields A%, a = 1,..., N2 We gauge fix each one;
g'(A) = FAY — "

Then (introducing an integral of 1 N? times):
7= / DALESIAl — / A / DA”H& b(aM)) det 28147) ( 1) gista (17.7)
Again the integral f DA? evaluates to 1, so:
z— / DAY AM) de t%’“)eﬁm - / Dwe " 2TH@?) (17.8)

with w = w?T,. ThusL

A
7= / DA% 4] det % (17.9)
with: 1 1
S'IA] = — / )+ T (3 A)?) (17.10)
The determinant piece is now more interesting. Let us expand out the gauge transformed A:
A =M (Ay =09y )eh m Ay —0uA +i[A, Ay (17.11)
or:
ALT = AL =9\ — f,IAVAS, (17.12)
The last term is what is new, and it will cause all the trouble. Computing the functional derivative:
(5ga (x) J U a apc\yb u a a g c\ 54
Vi)~ gy (I AIADA ) =~ (3,0 + £l ADx — )| (17.13)
we see that this depends on A, in contrast to the Abelian case! So then:
zZ= / DAY det ( 0" |00 + ol AL (x — )] ) ¢iSml4] (17.14)
What can produce a determinant from an integral? Let us recall that:
1,T C
dxe 20 MY = 17.15
/ VdetM ( )
Getting rid of the square root is easy; we can just do the same integral twice, or we can do an integral over
complex numbers:
dze =Mz = 17.1
/ % det M (17.16)
For Grassman variables (where we can just Taylor expand to first order because they square to zero):
/ dpe= 1™ — C\/det M (17.17)
or with complex grassman variables:
/ dydiie ™1 = C det M (17.18)
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so we can get determinants, and this is just a nice, Gaussian action! So, let’s apply this trick; it will
introduce some funny fermions into our path integral:

det(—"(8,0L + f, 2 A)0* (x —y / DeDeel [ @ Oyt ful Ay (17.19)

This introduces new fields! Specifically, it introduces 2N? fermionic “ghosts” ¢,_; 2 and &,.
So, our final result:

7= / D ADcDeelSrm (17.20)

with:

1
Sva fnat = = [ 3T + 5= Tr((,41) + 00 (10,0] + £yl A5)cr) (17.21)

¢

We get ghosts appearing in the diagrams which previously only contained gluons, as follows:

W /VYVL@/; NG N
2

Wwe could have very well done this for the Abelian case, but note that the structure factor f,'Ajy
vanishes in that case.
So - we have obtained our fully quantum description of QCD:

Z = / DADFDYDEDee!Sc, fna (17.22)

with:
5Qc, final = / (i) — m) Y + Sym, final (17.23)

one can look at the B function for this theory - interestingly, depending on what N is and how many
fermions we have, we can change the sign of the B function. So there is a rich landscape of non-Abeliean
gauge theories, leading to lots of interesting phenomena. For example in QCD one finds that the § function
is the opposite of QED; the theory is UV-complete; it can predict everything microscopically, but at low
energies it becomes strongly coupled and it is difficult to study quantitatively. Thus, it is a topic of current
research to find techniques for QCD beyond perturbation theory.

17.3 Wilson Lines

We’ve figured out how to build gauge-invariant actions. We have local terms {(x)y(x). How do we come
up with gauge-invariant terms for, e.g., quarks that are spatially separated? We do know how to create
semi-local gauge invariant operators via using covariant derivatives, such as ¢D, ¢ and ¢ D, Dyp.

Let’s try to build a field §y,(x2) that transforms like ¢(x1). Currently, we have (x2) — U(xq)9p(x2)
which is not what we want, we want ¢y, (x2) — U(x1) Py, (x2).
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X| KZ, X

Let’s Taylor expand (x;) around x;:
X —x1)"
P(x2) =) (&2 —n)t o ) o P (x2) (17.24)
n>0 :
which transforms like U(x7)(x2), again not what we want. Let’s now replace the derivatives above with
covariant derivatives Dy = dy + iAy:
. xp —x1)"
Py (x2) = ) 2 —x)" , ) Dy, (x1) (17.25)
=0 n!
This transforms like U (x1 )9y, (x2) as desired. This is because:
Diy(x1) — U(x1)Dip(xq). (17.26)
We can now construct a gauge-invariant non-local/extended operator:
Plx1)ry (x2) = Prn)U (1)U (x1) P, (x2) (17.27)

Let’s try to get a nicer expression for ¥, (x2). Consider:

B , _ n—1
3y ey (12) = ¥ %axl D w(n) = 2 (xz<n—X11)>'D’” P
n>0 ’ n=1 '
_y o)t o n
T 20 0 Dgpiay 728
= ¥ 2o A (1) Dy ()
n>0 ’
= —iAx(xl)l:Exl (x2)

so the operators obey a very simple evolution equation. This is fairly analogous to the time-dependent
Schrodinger equation:

orp(t) = iH(t)y(t) (17.29)

whose solution is the time-ordered exponential:
_:rh Ny
Pp(tr) = Te o 1O gy (17.30)

So for us, the solution is just the path-ordered exponential:

~ i / AN
Py, (x2) = Pe g AX(X)lPxQ(xZ) (17.31)

but, Py, (x2) = P(x2) (from the definition, we can see that all but the n = 0 term vanishes). So, our
gauge-invariant object is:

T = h —i [T dxAy
P(x1) P, (32) = ) Pe S T () (17.32)
where we define the Wilson-line operator:
Wy, x, = Pe ' J2 2¥A) (17.33)
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¥ Xe
W
7 1
Since P (x1)9x, (x2) is Gauge invariant, this tells us that the Wilson line operator transforms as:
Wa xy — U(x1) W, U (22) (17.34)
We can generalize this construction to arbitrary paths:
Wp = PeH p " A0 s 1 (e ) WplU Y (x2) (17.35)

/

A

z

1

—

%

We can also define this for a closed loop:
We = Pe i fe @ Auld) _y 11(x)Well 2 (x) (17.36)

Where the Wilson-loop observables:
We = Tr(Pe ! fo @3 An) (17.37)

are gauge invariant!

C

A few comments:
¢ For very small loops C, they reduce to gauge-invariant local observables; using Stokes’ theorem (this

is done in Peskin 15.3):

Wc ~ 1 — iTr(Fy,)Area(C) + const.Tr(Fy,Fyy) (Area(C))? + ... (17.38)

90



e They can be used as order parameters; if we have (W) ~ e~2€(C) then we are in the confined
phase (there is tension), and if (W,) ~ e~perimeter(C) then we are in the deconfined phase, without
membrane tension. In modern language, we would associate this with the spontaneous breaking of
higher-form symmetries.

* Wilson loops play a key role in topological phases/QFTs. They have the property that (WeWer)
linking(C, C’):

50 O G

O

N

And that (W) o self-linking(C):

They are very useful as probes in theories where the characteristics are non-local/local order param-
eters do not exist.

This is the end of QFT II - it’s been a fun ride, and QFT has many many more beautiful aspects and
topics. I hope you keep learning!
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