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Chapter 1

Intoduction

In this course we want to develop the formalism of Quantum Field Theory
to describe:

e Loop computations: quantum corrections in perturbation theory.

e The origin of UV divergences and the method of renormalization.
e Renormalization scale indipendence and the renormalization group.
o Gauge invariance and unitarity for non-abelian gauge theories.

The course structure is: a brief review of QFT, the A\¢? theory, we will
study the loop computation methods, we will see how to renormalize the
QED and QCD to develop the formalism for the renormalization group,
but the last part of the course is unitarity, "cuts" and non-abelian gauge
invariance.

As presequisites we need to know how to derive Feynman rules and tree-
level ampludes, we must be familiar with LSZ formalism and the correction
between Green’s functions and S-matrix elements and we must have basic
knowledge of abelian, and non-abelian, gauge theory (QED and QCD).

Basic QFT history. In 1927 P. A. M. Dirac find a quantum theory
of electrons, but with one big problem, the electron self-energy is infinity.
Between 1947 and 1949 Feynman, Schwinger and Tomonaga develop the
renormalization of QED. We can think that in that moment they build the
QFT.

Note that was also contributions from Kramers, Bethe and Dyson.

Later on the physicist develop the Yang-Mills theory, the QCD, Weinberg
(and other in '67) develop the Standard Model and the EW unification, also
"T' Hooft and Veltman in '72 contributed to EW renormalization.

Between 1972 and 1975 has been developed by Wilson, based on preced-
ing work by Stwekelber, Peterman, Gell-Mann, Low and other, the renor-
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malization group theory.

Sometimes the philosophy behind the renormalization process is a little
bit confusing, but in the following sections we will see a brief overview to
try to understand what we will have to do in order to "fix" the Quantum
Field Theory. The (following) material in this chapter are inspired from ZA P
physics” Youtube video and it’s not part of the exam.

In the video he shows the problem of divergences, he make an easy anal-
ogy about the renormalization scheme from another problem and then he
shows how we can redefine the physical quantities and make our theories
useful. I took the image in the cover from his video.

It can be usefull to see the notes from MSc course Phenomenology of
fundamental interaction, where we use some of the concepts (regularization
and renormalization) applied to Fermi theory and QCD.

1.1 Overview

We already know, from previous courses, that we can do perturbation theory
of a particular process. For example, we can compute the Bhabha scattering:

o o n D3 P1 D3
P1— D3
® = p1+p2  + + ...
+ +
€ € b2 b b2 Pa

The problem, that arise quite easily in calculation, is that some of the dia-
grams diverges. Some of this infinities are nothing to worry about because
they cancel out considering other related processes, however there are some
infinities left over and seem to cause massive problem. For example, if we
compute the scattering cross section for a particular process, but it contains
one (or more) feynman diagram that diverges, it’s not a good thing have an
infinity probability to observe a process.

We can cure the theory to have a meaningful object in our hands, we
need to analyze the theory of renormalization. In particular we will study
the perturbative renormalization.

The renormalization is a little bit touchy at first sight, so it helps a lot
see an example from another math argument. But first let’s see from where
this divergences come from.


https://www.youtube.com/watch?v=0OQ7BhlfAJY&t=156s
https://www.youtube.com/watch?v=0OQ7BhlfAJY&t=156s
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1.2 The origin of the problem

Consider the Feynman diagram:

which is a second order correction to Bhabha scattering. We know that in
each vertex we have to conserve the momentum:

p1+ ks =k

p2 + ki = ko (1.2.1)

ko = ks + p3s + pa = ks +p1+ p2
And we also know that not all the momentum of internal lines are fixed; in
facts for each loop (closed) we have in the diagram, we get an unspecified
momentum, and since we have to add up all possibilities for internal state,
we have to integrate over k.

The integral is the reason why we get infinities and they can arise in
different region (of k). In particular we say:

e TR divergences: arise from region where k — 0.
e UV divergences: arise from region where k — co.

This divergences don’t arise in every diagram with a loop in it, but it depends
on the number (and type) of propagator (internal lines). We will talk during
the course about the superficial degree of divergence w, which help us to
understand if we have a divergence.

1.3 Singular perturbation theory

Let’s see an example, known as singular perturbation theory, to understand
the procedure we will follow during the renormalization process.

Consider the equation:
ex? —2x+1=0 with e<1 (1.3.1)

We want to solve for x but without use the quadratic formula. We can’t
solve it exactly, but we can do it perturbatively on . We guess:

T =0+ €er +xa+ ... (1.3.2)
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We can put z(€) in the original equation and see:

6(%04—6.%’1+625L‘2+...)2—2($0+6$1+621‘2—|—...)+1 =0 (1.3.3)
= (=2x0 + 1) + e(x? — 221) + (2021 — 229) +--- =0 (1.3.4)

So, we can solve this equation order by order in e:

1 1 1
= 20=75 , =3 :UQ:E y

5 - (1.3.5)

But we find just one solution and we know that the root of the original
equation are two.

What happened was that we take the limit for € — 0 in ez? — 2z +1 = 0,
so we get a linear equation with only one root.

But there is another way to get an equation, quadratic, that in € — 0
limit gives us the two root.

We have to redefine the variable = 0(€)y, where d(€) is a parameter
that depends on € and which we can fix in order to solve the problematic
behavior. We will solve the equation for y instead of x.

Note that () is completely arbitrary. We have the equation:

ed(e)’y? —26(e)y+1=0 (1.3.6)
where a good choice we can make is §(e) = % and then multiply all by e:
y?—2y+e=0 (1.3.7)

which is perfectly well behaved for ¢ — 0. Now, we can do the same thing
as before, so write for y a perturbative solution in e:

Yy=vyo+ey+eys+... (1.3.8)

and solve order by order:

= (y5 — 2y0) + €(2yoy1 — 2y1 + 1) + (YT + 2yoy2 — 2y2) +--- =0 (1.3.9)
w_¢€, ¢ 2 €_¢€

So, in this way, we recover our second root and to get the solution in x we
just multiply the roots by d(e):

1
$(1>:§+§+_,. o2 =2_-_ = + ... (1.3.11)

For the renormalization of QFT we will follow a similar scheme as the
previous example. The procedure was:

1 Re-define variable in terms of arbitrary scale parameter.
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N

Fix by hand behavior of the parameter in order to eliminate artificially
the problematic behavior.

(98]

Solve well behaved problem and factor back in the scale parameters to
get our true solution.

One more thing. The introduction of §(¢) was necessary to solve the
equation, but the choice §(e) = 1/e was completely arbitrary and we could
define it adding a finite constant a:

=0=40d(ca) = y=uylea) (1.3.12)

but a doesn’t appear in our original problem, so when we go back to x, it
cannot depend on a. We can write a differential equation about it:

de  d(dy) do dy
da da da”’ * 5da 0 (1.3.13)
dy do
0— =—— 1.3.14
= da da” ( )

Which have to be satisfied at any order in perturbation theory.

1.4 Renormalization in particle physics

Now, finally talk about particle physics. We know that in our theory we have
some parameter not fixed by the theory itself, like couplings (g...), masses
(m) and field normalizations. We usually call these un-fixed parameters bare
parameters. Some non technical talks are present in chapter §32 of Lancaster
and Bludell Let no one ignorant of geometry enter my door.Lancaster.

1.4.1 What are the physical quantities?

We've already seen in MSc course Foundation of QFT that the physical
quantities are not the ones we see in the lagrangian £, bet we need to dress
them with interaction. We saw that we needed to rescale the propagator
of the scalar theory (but this is valid in general) with a factor Z. The fact
that the quantities in £ is not the physical quantities is a huge problem,
because this means that we did perturbation theory about wrong masses
and coupling constants.

However, when we will analize the problem in QFT we won’t talk about
bare parameters or physical ones, instead we will talk about divergences.
Indeed, doing the well-known perturbation theory, with bare parameters,
we will find that some Feynman diagrams, in particular those with loops,
diverges in some regions for the loop momentum k. If we identify those
divergences to the parameters (masses and coupling constants) that we are
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using, so the bare ones, we can state that the bare parameters contains
some divergences, for this reason they are not the properties that we see in
laboratory, and we need to avoid these infinities to have a physical theory.

The way we fix the theory, cancelling the infinities, is via counterterms,
that contains the same bare parameter’s infinities. The counterterms are
some new terms that we need to add to the lagrangian of the theory, and
obviously it add some new Feynman rules. We will talk a little bit of coun-
terterms in the next subsection.

The main thing we need to understand is that adding the counterterms
to the theory we are not modifing the physics behind, but we are just re-
organizing the math to obtain physiscal quantities. Indeed, the new fields,
masses and coupling constants that we obtain are the real quantities that we
see in the experiments.

The first question that arise is: once we reabsorbed the divergences in
the bare parameters, with new terms in £, at a specific order of perturbation
theory, we could have new possible divergences at higher order, so we are
again at the starting point, but without the bare parameters that we want to
use to cure the theory. The answer, unfortunately, sometimes is that there
are some cases where we can absorbe the divergences of bare parameters
with some counterterms, but doing that we introduce in the theory some
new infinities, at higher order, and we have to repeat the process again, but
adding some pathological therms every time. One example of these non-
renormalizable theory are the Fermi theory.

Fortunately not all the lagrangian implies a never ending renormalization
process, and we can cure a lot of theory. In this kind of theory, that we
call renormalizable, we can absorbe all the divergences, at every order in
perturbation theory, only with the bare parameters in L.

The dimensionality of the coupling constants will contributes to the
renormalizable or not of the theory.

1.4.2 The counterterms
During the renormalization process we rescale these parameters:
1/2
go = Zggl mo = mel (f)o = Z¢ ¢1 (1.4.1)
and call gg, mo, ¢o the bare parameters, Z,, Z,,, Z, the renormalization con-
stants and g1, m1, @1 the dressed parameters.
Typically we write:

Zyg=1406Zy  Zp=1+6Zn Zy=1+02, (1.4.2)

where we call 07 counter-terms.
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With this procedure we can keep the Feynman rules, but with bare pa-
rameters replaced with the renormalized counterparts:

e ) e ANANANe >«MM (1.4.3)

However we have to add new Feynman rules, we didn’t have before, related
to counter term:

e e e

l
5Z¢,5Zm¢ (SZA g

Remember. We have the same theory as before, but we've just shuffled
things around to make it look slightly different (and solve some problems).

Note. The counter terms have the same role of d(¢) in the example.

Now, we have to fix these counter term to eliminate UV divergences (just
like we fixed & to eliminate singular behavior in 32 term).

When we consider a process with specific external lines, we can build the
similar for the counter terms. For example:

Yy

and if we require that this sum is finite we fix §Z, (to one-loop order). The
relation:

0Z = (UV divergence) + (finite) (1.4.4)

gives us the renormalization scheme (MS, MS or on-shell scheme).

Then we can do the same thing with the loop correction to the propaga-
tor:

7 5 + —» < =finite — fixes 67, (5me (1.4.5)

WQMA + ionnnn = finite  —  fixes 024 (1.4.6)



8 CHAPTER 1. Intoduction

So, at this point we have fixed all the counter-terms, so that they fix all
our divergences in our theory.

Coming back to Bhabha scattering we can do the calculation as before
but using the dressed parameters:

+ + + +... (147

Where we included all the diagrams with the counter term (up to a given
order). It’s easy in this example that we can pair the divergent diagram with
the correspondent counter term, and the sum gives us (because we impose
that) a finite quantity. So, at the end we get a finite amplitude for the
process.

So far what we did is:

[—=

Re-scale unspecified parameters in theory (go = (1+6Z4)g1...)

1N\)

Fix counter-terms to cancel specific UV divergences in the theory

w

“Multiply” by scale factors by including Feynman diagrams which in-
clude counterterm insertions.

With this procedure we can make the scattering amplitude finite.

1.4.3 The renormalization group

Unfortunately this is not the end of the story (we did a course for that).
When we have a divergent diagram, such as:

=0
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we still have important finite behaviors in it we need to consider (also the
structure of the divergence is important). So we have to regulate the diver-
gence somehow to force to give us a finite result. What we want to do is
separate the finite part and the infinite part, to keep the physical one and
reabsorb the other.

This regularization can be done in different ways, the most popular
are:

e Momentum cut-off A.

e Dimensional regularization: we go in arbitrary dimension d = 4 — 2¢
and take € — 0 at the end of calculation.

With these methods we introduce an energy scale, which is artificial.

So, to regulate integrals, and find the counter terms, we have to (some-
how) introduce a new artificial energy scale p, which, since it doesn’t appears
in the original theory, the bare parameters cannot depend on p (for the same
reason = couldn’t depend on a in the example). As before we get a set of
differential equations:

dg 1 dz, dm 1 dz,
= —M—
dlog i Zm dlog i

(1.4.8)

dlog 1 - _gigdlogu

This set of differential equations are called renormalization group equations.
These equations guarantee that physical quantities are completely indepen-
dent from the artificial energy scale.

Now we have that the renormalized parameters, in general, depend on
energy scale p, and when we do perturbation series, now in terms of g (not
go), can happen that even if g is small at some scale pg, at another scale 1,
g may become large and the perturbation theory break down in this region.
This is what happens for low-energy QCD.

In addition, to fix the UV divergence of our theory we can work with the
counter terms, as we saw. But it’s possible that some infinities remain in
the theory and that we have to include new interaction (new vertices). This
hasn’t to bother us because what we are saying adding this new interaction is
that in the energy region where we have the infinity, there are some process
that arise only there.

But we can have renormalizable theory, where we need to add a finite
number of new interaction, and non-renormalizable theory where we need to
add infinite new interaction.

Note. Adding new interaction we can build new counter-term that we
can use to regulate the theory.

The non-renormalizable theory are not useless, but we can define them
as effective field theory, so as theory valid up to a scale A (where the
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number of counter-terms we need to include are finite). For example the
Fermi theory for weak interactions.

To put it in a nutshell: bare parameters are unobservable and divergent,
but they exactly cancel out the loop divergences, leaving behind the finite,
physical values we actually measure in the laboratory.

Unfortunately, we cannot mathematically subtract co from co and get a
meaningful answer. Regularization (like dimensional regularization or Pauli-
Villars) acts as a mathematical scaffold. It temporarily tames the infinities
by introducing a parameter—Ilike € in d = 4 — € dimensions, and this allows
us to isolate the divergence explicitly (typically as poles like 1/€).

Once the divergence is isolated, we split our unobservable bare param-
eters (g, mo, go) into renormalized parameters (¢, m,g) and counterterms
(0, 0m;, 0g). We can write:

Ebare = Erenormalized + £Counterterms (149)

The Feynman rules generated by Leounterterms give rise to new vertices (coun-
terterm diagrams) that we add to our loop diagrams.

As we said, there is one detail to add to our understanding. While
the counterterm must cancel the divergent piece, we have some freedom
in how much of the finite piece it also absorbs. This choice is called a
renormalization scheme and we will see some of them.

So, while regularization identifies the divergence, an experimental mea-
surement or a convention (the scheme) is what ultimately fixes the exact
value of the counterterm.

At the end we need to request that our observable don’t depends on the
choise we made in our renormalization process.

1.5 Procedure to cure the theory

In Iliopoulos et al. Let no one ignorant of geometry enter my door.Iliopoulos
they show that the divergences in the theory arise because we applied incor-
rectly the quantisation rules. They tell us that we need to follow a precise
procedure, which we already saw in this chapter, to renormalize, so make
physically acceptable, the theory:

1. The power counting, which tells us, not only if a theory is renormaliz-
able, but either how many parameters we need to cure the infinities.

2. The regularization, which is a prescription to make every Feynman
diagram finite at the price of introducing a new parameter in the theory.
We will see that there are several method to make this.
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3. The renormalization, which is the mathematical procedure to remove
the regularization parameter and determine the value of counterterm,
which modify the fields’ coefficients in the lagrangian.
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Chapter 2

Loop correction in scalar
Quantum Field Theory

In this introductory chapter we review the formalism for perturbative scalar
field theory. You can see my lecture notes from the other two QFT course.

Note. In this chapter we will represent the Feynman diagrams for scalar
fields with solid lines, and not with dashed.

2.1 Basic formalism

The lagrangian density for a real scalar field, in 4d Minkowski spacetime
using diagonal metric:

g" = diag(1,—-1,—-1,-1) (2.1.1)
with an arbitrary potential V(¢) is:

1
L= $0,00"6 — V(6) (2.1.2)
where ¢ = ¢(z#) con z* is a 4-vector in Minkowski spacetime. We will take
the convention h = ¢ = 1 (you can read the Appendix A) throughout. The

classical equation of motion (Euler-Lagrange equations) are:

oL oL ov
% (o) 35 =0 = wrergme @1y

As we learn, we can quantize the theory by imposing canonical commu-
tation relations between equal time fields and canonical momenta 7(x*):

oL
0(009)

m(zh) = (2.1.4)

13
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that we choose:

o(t,2),0(t,7")] =0 (2.1.5)
w(t,T),n(t, )] =0 (2.1.6)
[7(t, @), ¢(t, 7)) = —i6® (& — 7). (2.1.7)
The hamiltonian is then:
) 34\2
H= /d% (2 + (af) —|—V(¢)> (2.1.8)
with:
3
(99)% = (3:9)(0'0) = > _(0;9)°. (2.1.9)
=1

Doing so, the field ¢ is now interpreted as an operator on Hilbert space:

A~

¢ — ¢ (2.1.10)

satisfying the Heisenberg equation of motion:

9o [,
i 22 H} 2.1.11
= s (2.1.11)
Remember, we assume that, not only exist a Poincaré invariant vacuum
state, but also that the solution of the theory (¢ and the Fock space) may
be obtain using the n-point correlation functions between fields:

Gu(z1, ... 2n) = (0| T[b(z1), ..., d(zn)] |0) (2.1.12)

where T represents time ordering. For the two point function the equations
of motion imply:

&&Gz(:ﬁm) +{0|T Kg‘;) (1) ¢>(x2)] 0) = —i6@ (zg — z1)
(2.1.13)

Oz, Go(21, w2) + (0| T [V (21)$(22)] [0) = —i6™ (22 — 21)
(2.1.14)

or for the general case:

0w, Gn (21, ..., 20) + (O] T [V'(21) ... ¢(z0)] [0) =
= —i0W (29 — 21)Gno1 (22, ..., 2p). (2.1.15)
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2.1.1 The generating functional for correlation functions

Let us remind ourselves of the solution for G2 in the free theory:

G, 22) = (0| T [¢(21)p(22)] |0) (2.1.16)
= Dp(xl — .212’2) (2.1.17)

d4k eik(xzfxl)
_ / T (2.1.18)

where Dp(x1 — 22) indicates this is the Feynman propagator for a particle
of mass m (using V(¢) = 3m?¢?) and we have introduced a small positive

immaginary term ¢+ in the denominator to resolve the poles on the real axis.

For the interacting theory we may write (thanks its semplicity) the solu-
tion using the path integral formalism:

fD o(x1)p(x2) ex Zfit die L
(0T [¢(21)¢(w2)] [0) = lim e Q.f{ }
o /Dy eXp{z I d4x£}

which we can solve using a generating functional Z[.J] with a source term J:

(2.1.19)

20 = / D, exp{i / d'z (£ + J(m)gb(:v))} (2.1.20)

so the correlation function, Gao(x1, z2), is obtained via functional derivatives
of Z[J] with respect to the source term J:

Ga(ar, 22) = (0] T [(a1) ()] [0) (2.1.21)
1 ) .0
_ZM<ﬂM®ﬂ>C%ﬂmQZM

2.2 Two point correlation function for ¢* theory in
position and momentum space

(2.1.22)

J=0

Now, let’s see an example that helps us to identify the problem which arise
in QFT. We will only consider perturbative solutions here. Let us specify
a particular interaction, the ¢® theory, in the coordinates and momentum
space. We take:

L=Lo+ Ly (2.2.1)
Lo = % ,pOHp — %mzqﬁz (2.2.2)

A
Lr= —§¢3. (2.2.3)
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We may expand Z[J] as follows:

217] = / Dy exp{z’ / A (Lo + L1) + J¢} (2.2.4)
= /D¢ exp{i/d4x£]} exp{i/d4x£0 +J<Z>} (2.2.5)
- / Dy exp{iSi[¢]} exp{i / dz Lo +J¢} (2.2.6)

_ /D¢ ioi' (iS1]e])" exp{i/d4x Lo+ J¢}. (2.2.7)

For the free theory one can derive the 2-point correlation function from the
relation:

Zold) = Z[0 exp{—; [tz atys@)Dete - y)J(y>} (228)
= Gao(z1,22) = Dp(21 — x2) (2.2.9)

S0, to solve the interacting theory we can expand around the free propagator:

16 ) ix [ 5 \*
Zo[0] 0 (21) 6. (v2) (1 "6 / . <6J<z1>> v

=0
+ <2>2/ dad’e; <6sz1>>3 (6J?Z2)>3 i "')Z“m

= DF(a:1 — ZEQ)—

)\2
— ? d421d42’2 DF(J/‘l — Zl)DF(Zl — 22)2DF(22 — $2)+
+ 0\ (2.2.11)

=+—O—+O(A4)

where we didn’t draw the disconnected diagrams.

We already have an issue with this expression since the point z; = 2z
causes a singularity. The divergence is simpler to see in momentum space,
so we take the Fourier transform of Ga(z1,x2) (recalling the espression for
Dp(z1 — x9) (2.1.18)) to see:

DF(iL'l — Zl)DF(Zl — ZQ)QDF(ZQ — $2) =

d4ki eikl (Zl 711)67;]62 (ZQ*CC:[)eik3(22721)eik4(z27f2)
= 2.2.12
/ (H (27r)4> [Tiy (k7 —m? + ") | |
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where we can rewrite the argument of the exponential to collect on z; and
z9:

exp{izl (kl — kz — k3) — iZQ(k4 — ]{53 — ]CQ) - iklscl + ik4l‘2} (2.2.13)
in this way we can compute Go by evaluating the integral in z; and zp in
(2.2.11). In particular [d*z; gives us (2m)*6™) (ky — ko — k3), that with
[ d%ks3/(2m)" sets k3 = k1 — ko, then [ d*zy gives (27)*0) (k4 — k1) and then
[ d*ky/(27m)* sets ky = k1. Putting everithing together:

Ga(p®,m?) =/d45:eipi" G, T2) (2.2.14)

with Z = 21 — x5 and:

Ga(z1,22) = Dp(z1 — 22)—

)\2 d4k31 d4/€2 6—ik1(x1—a:2) 0915
B 2/ (2m)% (27)2 D(ky,m)2 D(kg, m) D(ki — kg, m) (22.15)

where we introduce:
D(k,m) = k*—m?+ig". (2.2.16)

Now, the integral over & = x; — 2o can be performed giving a 6 (p— k1)
factor, followed by the integral in d*k; fixing k1 = p, so gives us:

~ 2 2\ 4
GQ(p , M )_ D(p,m)+

(=iN? (i NP [d%k i 4
T (D(p,m)> /(27r)4 D(k’m)D(k,_p’m)‘FO()\ ). (2.2.17)

We like this result, but we know, from other courses, that Feynman
introduced a diagrammatic way to arrive at the same expression avoiding
the lenght algebra. For the A¢® theory we have the Feynman rules:

e Interaction vertex:

= —i)

e Internal lines: .
)

D(k,m)

e Divide by the symmetry factor of the diagram.
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In this way we have easly the expression for the correlation function up to
O(A\?):

Go(p?,m?) = b—— + (1 + O\
where we have used the notation ——— to indicate this is a correlations
function and so propagators are included on external lines, unlike the case of
S-matrix elements where diagrams are amputated.
Note that we must include the symmetry factor of 1/2 (to the loop) when
applying the Feynman rules.
2.3 Identifying the problem - The self energy

The one-loop correction to the propagator, usually reffered to ad one-loop

self energy, is:
SO m?) =i —( )

where (using the Feynman rule):

2 d*k 1
20 (p? 2_1/ 2.3.1
Wm) =5 | @i Do) Dk = pm) (2:3.1)
so that (2.2.17) became:
. ' £ (p?, m?)
Gop?m?) = ——— [1+ == L ooy ). 2.3.2

Wrote this we can explicit the limit |k| — oo:

- 0 3 SQ [e%¢)
sM @2 m?) — ZA/ 7d|k||k|4d o</ dlk| (2.3.3)
2 Jo |K| L]

hence the self-energy has a logaritmic divergence in the UV, and we must
include a cut-off to compute the integral:

/5A C}‘Iﬁ = log </;> (2.3.4)

Understanding how to treat such UV divergences through renormalizzation',
will be the main topic of this course.

!Note that including a cut-off is only one way (of many) to dominate the infinity.
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2.3.1 The self energy in d dimensions
We can repeat the argument in d-dimension concerning the UV divergence

of the one loop self-energy:

2
B2, m?) = i D1 (2:3.5)

where we write the integral:

1
I(l)[cu_/ 2.3.6
2 = ) D m)D—pm) (230
with:
/_/ d%k
v ) @of
In the limit |k| — oo we have:
(1)[d] d|k| ‘k\dilddflﬁ
I 2.3.7
e [ (230
5 dd—lQ
:/d\kuk\d 5/ @i (2.3.8)
e — |

therefore the integral underlined for any dimension d > 4 diverges, and its
divergence in d = 4 is logarithmic.

Since there is non-zero mass m there is a natural lower band for the
energy |k| integral, so using a (upper) cut-off regularisation scale A we can
get:

|k|—o00 m2

2
OB 2 m?) —  clog <A ) (2.3.9)

with ¢ a constant and we use A as a UV regulator. We can easly imagine
that if we are in the massless limit (notice that this is the problem we can
find doing the calculation for a soft Bremsstrahlung in QED) we have some
problem even in the lower intagration region.

We could ask ourselves what is the meaning of X7 Taking ¢?, so a vertex
with 3 fields. The conservation delta we have in each vertex of the theory
imposes us that not all the particle that meet in it are on-shell. Indeed, if a
physical particle came with momentum p; and mass m, and decades in two
final particle, which have to have momentum po = —p3 and mass m. Now,
if we impose the mass-shell on the final state we obtain:

Ey = +/|p2* + m? = E3

but this break the energy conservation because in the initial state we have
FE1 = m and in the final 2F> > m. So, the final state particle are not on-shell,
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they can propagate only for a finite time and space, are not physical, cannot
be detected and are quantum fluctuations of the field ¢. In the experiments
we can see something only if these un-physical particles recombine, in another
vertex, and give an on-shell particle. These intermediate particle are called
virtual particle.

As we know, we have to integrate over all possible path, so even on
those which do not satisfy p?> = m?, that are the non-physical solution. The
non-physical state contribute less to the path integral. We saw that the
problematic configuration are those with large momentum %, so when we
consider high energy for very non physical particle.

What we are saying is that: we are considering an high energy theory, but
in practice we cannot compute all the contribution to some propagator at
that energy. Indeeed, if we increase the energy, for example to a propagator
of a photon, does not contribute only a virtual ete™, but a virtual ¢q either,
and increasing more the energy we have the gravity too; which unfortunately
we are not able to quantize. So, what we are doing is to consider just one
contribution to the propagator correction, ignoring all the other infinite pos-
sibilities, and is reasonable thet the theory breaks down (remember the KLN
theorem from the MSc course Phenomenology of Fundamental Interaction).



Chapter 3

A¢> theory at 1 loop

Now that we’ve identified the problem we will consider our study of ¢ theory.
This time we specify a generale space-time dimension, d, so we have:

S = /dd:rﬁ (3.0.1)
with the same lagrangian as before:
1 1 A
_ = wae - 2,2 N3
L= 5 Moloiato) 5™ 10) 3!¢ . (3.0.2)
The metric is taken to be mostly minus hence:
g = diag{1,-1,...,—1}. (3.0.3)

Before finding a resolution to the problem of UV divergences our first
task is to classify the possible divergent graph.

In particular we will see how to renormalize UV divergences in ¢ in 4d,
with a mass shift (and redefining (¢)), we will introduce methods for loop
integrals, like dimensional regularization and Feynman parameters. We will
see how renormalized perturbation theory depends on an arbitrary scale upg
at fixed order.

Note. In this chapter, as the previous one, we will represent the Feynman
diagrams for scalar fields with solid lines, and not with dashed.

3.1 Superficial degree of divengence

We can perform this analysis for a general one particle irreducible, 1P1, graph
I'rg(n, L) where:

e I the number of external lines

21
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e n the number of internal lines
e [ the number of loops.

We didn’t defined what are 1PI graphs; we can say that one particle
wrreducible graphs are the ones which cannot be divided in sub-graphs which
are 1PI too. For example, the graph:

-O-

is 1PI, while the graph:

OOV )
NN

is not. The UV power counting gives us the superficial degree of divergence!,

w(FE):
w(lg)=dL—2n (3.1.1)

which can be seen as the power of momentum in the integral (we have dL
power from d%k and a k=2 from the internal propagator). The extension
to higer loop assumes scaling all internal momenta to co at the same rate.
So, if w(I'g) tells us the power of the momentum integrated, we may try to
conclude:

o w(I'g) < 0 means convergence.
e w(I'g) = 0 means logarithmic divergence.
e w(I'g) > 0 means power low divergence.

This statement can be made concrete by considering also the superficial de-
gree of divergence of each subgraph:

Weinberg’s Theorem: A graph I' is convergent in the UV if w(T') < 0
and w(Tgyp) < 0 for every subgraph I'g,;, of T'.

NB. The superficial degree of divergence does not account of potential
cancellations between graphs with the same number of external legs and loop
order, so contributing to the same correlation function G,,.

We call it superficial because the actual degree of divergence can e complicated in
gauge theory and some pathological cases. You can see Peskin Let no one ignorant of
geometry enter my door.Peskin section §10.1 for detail.



3.1. Superficial degree of divengence 23

Examples of divergences:

n
( \— E=2 i wlg)=d—4

L=1

n=23
A B9

L=2
n=>5
E=2 ;o w(le) =2d—10=2(d —5)
L=2

in this last case we might be tempted to say convergent in d = 4, but sub-
graph diverges in d = 4 (the one-loop in the upper line), so the Weinberg’s
theorem is not satisfied.

We may express w in terms of the dimensions of the fields and couplings.
For a good general scalar theory with p-point interaction, so:

A
Lint = ——'gbp (3.1.2)
p!
we find that the number of loops are:
V—-F
L=n-V+1 , n=2 . (3.1.3)

so the number of internal lines (n) minus the number of vertices V' (because
we have in each vertex one conservation delta) minus one global conservation
delta. So we can get:

w(l') =dL —2n
=dn—-V+1)—2n
=(d- 1)M —dV +d (3.1.6)
d—2 d—2
:d—E<2> —V(d—p(2>> (3.1.7)
_g_ple A (3.1.8)

[m]  [m]
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where we have used, from the lagrangian:

[m*¢?] = 2[m] + 2[¢] = d[m] (3.1.9)

— =2 (3.1.10)

[A@P] = d[m)] (3.1.11)

= [\ +pl¢] = d[m] (3.1.12)
DLy (d=2

W_d < 5 >p. (3.1.13)

Our ability to renormalize will rely on the number of UV divergences
that we may encounter in the correlation functions. We would like a finite
number of divergent (sub)-graph. In terms of the dimension of A we classify
cases as:

e Super-renormalizable: if [A]/[m] > 0 and a graph I" has w(I") < 0,
at loop order L, then the additional loop correction to I' (some values
for d, E, [¢]/[m], higher L mean higher V') will also be convergent (will
decrease w(I")), so this means a finite number of divergent graphs.

e Renormalizable: if [\]/[m] = 0 then we have co number of divergent
graphs, but only for limited number of extenal lines. However, the
number of divergent sub-graphs is finite.

e Non-renormalizable: if [A]/[m] < 0. Every 1PI graph is divergent
if we go to a sufficiently high loop order; as we can see in the relation
(3.1.8), where at fixed dimension and external legs we can get w(I') > 0
simply increasing the number of vertices, so the number of loops.

We can notice that the expression (3.1.7), with d = 4, gives us:
wl)=4—-—FE—-V(4-p) (3.1.14)

which tells us that the superficial degree of divergence is the dimension of the
operator that is present inside the loop-integral. So, if we want some w(T)
we can consider, together the dimension of spece-time, just the dimension of
the different operator that figure inside the integral (fermion, boson, vector).

We will use this fact for QED (5.1.28) and QCD (6.1.83).

3.2 Computing £V in dimensional regularization

Having estabilshed, in the section §2.3.1, that the self-energy is divergent we
may calculate it only after introducing a regularization method.

We’ve saw that loop integral contains infinities; the regularisation meth-
ods try to quantify the information contained in the diagrams and continuing
doing physics keeping these infinities.
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We already demonstrated a simple cut-off would render the integral fi-
nite, but unfortunately it breaks Poincaré invariance, so is not predered. We
can perform dimensional reqularization where d is analytically continued to
be non-integer:

d=4-2 |, €<0 (3.2.1)

note that instead 4 we can use dy as the dimension for £. Dimensional
regularization is an analytic continuation to a continuous dimension, and it
preserves many symmetries (Poincaré, abelian and non-abelian gauge) and
so it can be generalizes well to QED and QCD. For this reason we may as
well introduce it immediately. Later on in the chapter we will list other
possibilities.

What we are doing in dimensional regularisation is to change the di-
mension from 4 to a general non integer d, using the parameter €, ad it’s
convenient because some integral are easier to compute and the results, with
its divergences, will be in term of e. The dimensional regularisation has been
introduced because we’'ve saw that our problem came from the dimensional-
ity of the space-time.

Now, we can now simply compute:

2
s(Wld _i%jél)[d} (3.2.2)

where:

d 1
_Ap(k,m)p(k—p,m)' (3.2.3)

3.2.1 Feynman and Schwinger parameters

Feynman, and similarly Schwinger?, notice that it was convenient to observe
(you can try it in Mathematica) the relation:

1—0&1—@2)
24
AB /dal/ doz (AT anB)? (a1 A+ agB)?’ (3:24)

We will study the generalization to more denominators with arbitrary powers
later, but for now consider just 2 denominator. We write, computing the
delta for convenience (so we get « = g = 1 — aq):

(1)l _ N
g / / W GDk—pm) <1—a>D<k,m)>2 (3.2.5)

2Note that some author, such as Smirnov Let no one ignorant of geometry enter my
door.Smirnov, call the Schwinger parameters alpha parameters.
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completing the square in the denominatos yields:

a((k—p)? —m?+id) + (1 — ) (k> —m? + i) = (3.2.6)
= k2 —m?+if" - 2ak - p+ ap? (3.2.7)
= (k—ap)? — ap® + o?p> —m? +ig" (3.2.8)
=) -A (3.2.9)
where we define:
A=—a(l—a)p’+m?—if" (3.2.10)
K =k — ap. (3.2.11)

We can now re-order integration in a and k (changing variable from &’ to k)

to write: .
(Wd _ 1
I, —/0 da/k(kQ_ 2 (3.2.12)

Note. If the numerator has dependence on k we would pick up « depen-
dence in the numerator due to the shift ¥’ = k — ap.

3.2.2 The tadpole integral

In Iél)[d] (3.2.12) we have a standard integral that we can solve; for this
reason we can consider a general tadpole integral defined as:

Ti(A) =/k(k2_A)n. (3.2.13)

A tadpole graph would look like:

—C

The first step to solve (3.2.13) is to Wick rotate into Euclidean kinematics:

=ik ,  k=kg (3.2.14)
such that:
k2 = (k%)? — |k[? (3.2.15)
= —(k%)* — |kl (3.2.16)
= —k% (3.2.17)
and:

dk = id%kg. (3.2.18)
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The tranformation (remember that the Wick rotation rotate the axis in anti-
clock sense) does not cross the poles from the denominator?, see fig. 3.1, and
note that we get the denominator:

= (K°)? — |k|* - (3.2.22)

me+A :mNM+RﬁA}¢m+ kY. (3.2.23)
Im{ko}

Re{k0}

Figure 3.1: Wick rotation.

3Note that this is more than a replacement. See Peskin Let no one ignorant of ge-
ometry enter my door.Peskin and Sterman Let no one ignorant of geometry enter my
door.Sterman. When we perform the Wick rotation we must do it in anti-clock direction.
This ensures that the contour transitions from the real axis to the imaginary axis through
the 1st and 3rd quadrants, avoiding the poles at k° = w F ie. See fig. 3.1. By Cauchy’s
theorem, since no poles are enclosed by the closed contour formed by the real axis, the
imaginary axis, and the connecting arcs at infinity (which vanish), we have:

7{ dk®=0 , withk’ecC (3.2.19)
C

but we can write the closed path as:

+o00 —100
7{ dk’ = / dk° + / dk® + / dk’ =0 (3.2.20)
e “+ioco

arc

so the sum of the integral on the real axis, the infinite arc Care (which goes to zero) and
the immaginary axis (followed backwards). Since the integral on Cyr. vanishes, we get

the Wick rotation as:
“+oo “+ioco
/ dk’ :/ dk° (3.2.21)

which is the relation (3.2.18) if we set k® = ik, (where k% is real and goes from —oo to
+00).
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Therefore:
d?k 1
TI(A) :i(—l)"/ £ (3.2.24)
2m)d (kL + A)n
. |k‘E‘d71 d|]€E| d4-10
=(—1)" 3.2.25
i [ sy | @ (3.2.25)

_ (_1>n ‘kE‘d_l d|kE| 27Td/2
- (ke + A)» T(d/2)

(3.2.26)

where we used the well-known angular integral:

dd—lQ 27Td/2
/ 2m)d ~ T(d/2)

where we have the Gamma function:

F(m):/ dzz*le™2,
0

We can see that the integration in |kg| in (3.2.26) is also straightforward,

because we can call |kg| = z, then do the sostitution 2 = ¢ and then
y=A/(t+ A) to get:
> zd-1 0o gp  4d/2-1
A T A . 5 2 A 2.2
1

1
— 2/ dy Ad/2—n yn—l—d/2 (1 _ y)d/2—1 (3228)
0

we can reconize the Euler beta function, defined as:

B(a,b) = /Old:z:x“_l(l —x)bt (3.2.29)
_ T(a)I'(b)
= Taib) (3.2.30)

so, with @ =n — d/2 and b = d/2, we have:

lkp|dtdlkg|  AY* T (n—d/2)T (d/2)
(kg2 +2a) 2 I'(n)

(3.2.31)

so, putting this relation inside (3.2.26), we have a result for the tadpole:

Tod)(A) = (Zi;)l;; Ad/Z—”F(”F(_n;l/Q). (3.2.32)
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3.2.3 The self-energy in the massless case

Before completing Iél)[d] (p?,m?) we can try the simpler case, at one loop in
d dimension, with m = 0. We have to use the result (3.2.32) in d dimension
with n = 2, so noticing that (3.2.10) became:

A =—a(l—a)p? (3.2.33)
dropping i, we have:

1 (=al1 = o) = g (ol —a)?) P EEESE 2y

so the integral in the self energy is:
M2 0) = /01 daTi(A) (3.2.35)
_ W /01 daw (—a(1—a)p?)”*?  (3.2.36)
= @mi)d/? (—p?) /22T (2 - g) B (;l ~1, g - 1> (3.2.37)
_ (47Ti)d/2 ()it 2 _F%Fj 2()31 Y (3.2.38)

where we have used the relation between the Beta function and the Gamma
(3.2.30). In d = 4 — 2¢ dimensions, we have:
d 4 — 2¢

——n —
2n

so, computing (3.2.38) for d = 4 — 2¢ we have:

i _T(eT%(1—e)
(4m)2—< (") T2 2¢)

V202 0y = (3.2.39)

where the UV pole can be made explicit through use of the property:
I(1+z)=2zI(2)
in particular:

I(e) = F(ljﬁ) T2 -20=(1-20T(1—2)  (3.2.40)

so we can conclude:

[él)[4—26] (p270) _ 57:;2(1_126)6(_172)6 (3.2.41)
T(1+e)2(1—e¢)

with the coefficient: Cr = (4m)~T(1 = 2)
™ —2¢

(3.2.42)
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This is not the end of the story because we may also expand in € to observe
the analytic structure:

—2¢ l 1
14252,0) = o (L 20+ loglam) g (-57) +0(0)
(3.2.43)
where we expand (—p?)~¢, and (47)¢, with the log:

2\ € 2
(4?_) = exp{—elog <4fr> } (3.2.44)
~1- e[log (—p?) — log (4@} (3.2.45)
and we have the Euler-Mascheroni’s constant:
g = 0.57721 (3.2.46)
that comes from the expansion of Gamma function:
1
T(e) ~ - E + O(e) (3.2.47)
in particular we have to use:
1
I’(l—i—e):ef‘(e)we(—'m) =1—eyp
€

F(1- 9 = (-~ —¢ (-1 =8 =L+ e

— T*(1-¢~(1+eyp) ~1+2e8

(1= 2€) = (—26)0(~2€) ~ (—2) <—21€ - 7E> — 14 2eyp.

3.2.4 The self-energy with mass dependence

Now focus on the same problem, with n = 2 in d dimension, but with m # 0;
we have (dropping again ¢ in A):

1O (2 2) = /ldaTz[d]<— o(1 - a)p? + m?) (3.2.48)
e §) -
(3.2.49)

putting d = 4 — 2e:

i 1 2\ °
IR ) = () [ da (1 —a(l - a>5ﬂ>
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we can reconize the same UV divergence:
1
I'(e) = -T(1+¢) (3.2.51)
€

and the integral in « is finite so we can expand it in € (using the same method
of (3.2.44)), and then integrate in a:

1 A~ = 1 a1 - elog (A
/OdaA _/0 d (1 1g(A)+...) (3.2.52)
i 1 .
L2 (2 m?) = Gl ) C— /0 da log(A)+O(e))
(3.2.53)

deriving a closed form for the integral over « is a straightforward exercise
(you can see the linked file).

Exercise 1.

1. From the definitions:

Bi:%(liﬁ) , B=4/1—— (3.2.54)

show that 3,3 = m?/p?.

2. Use the transformation o = y + 84 to show:

A y(y + B)

B+ B

3. Complete the integration over y to show:

/Oldozlog<A> = —2+ Blog <—g+> .

The final result (thanks to the exercise) is therefore:

9 (1 21
g mt) = TR (2 - o (—ﬁf)) +0()

1

(4)?
— Blog <—5+>) +O(e). (3.2.56)

1
(E + 2 + log (471) — v — log (m?)—
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Putting this into the definition of (1) (3.2.2) we find (at the first order):

A1
ROE=2 2 2y = 2 (=1 0() ) . 3.2.57
whm) = 5 £+ O) (3257
The result is valid for every value of p (which is contained inside the £4),
even if the expression:
2
A p
gives us problem in the region p?> — oo, because it compared inside a square
root, making it immaginary. We don’t have problem because we can take

the result (3.2.57) and analitically continue it in the region problematic.

We can also see that the logarithm in the result is:

V91—
R (3.2.59)
V1-4m g

and we can have a cut, due to the square root, for k2 > 4m?, but this is not
surprising and this has a physical meaning very interesting. Indeed, if we
remember the Lehmann-Kéllén representation (LK) for the propagator:

Z o p(p?)
Ap = —— F—— du2
F kz—m%+ie+Am2 ’uk:Q—uz—H'e

log

where the cut begins exactly at 4m2?. We also recall that 4m? was the
threshold for creating (in the center of mass) two real, on-shell particles at
rest. We will coming back to this value for the cut when we will talk about
the Cutkowski rules in the last chapter. What we have is:

e For k? < 4m?, our particle is stable (it cannot decay), the self-energy
is real, and we are in the region of virtual "vacuum fluctuations" which
are reabsorbed almost instantaneously.

o In the region k2 > 4m?, the particle can easily decay into two particles,
and this is equivalent, per LK, to no longer having a single isolated
particle state, but rather a continuum of many-particle states.

So we have a threshold which gives us a different behavior if we are above
or below it. Passing the threshold we goes from virtual correction to real
process. Remember, when we have immaginary parts we are in presence of
real particle production.

In particular, from the optical theorem, we have that the imaginary part
of the self-energy is linked to the cross section (or width of decay). Knowing
also that p(u?) gives us the probability to find states with invariant mass .
The analytical manifestation of ¥’s cut (from log) is due to the fact that,
physically, at that energy a new channel of creation of new particles opens.
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3.3 Interpretation of the divergence: renormalized
2-point function

Let’s return to the perturbative expansion of G:
Gop?m?) = —— + —( —1 + —O—O—i+

+}—<D—1+...
— )

where we have the 1PI contribution:
2 2 2
O - (—)' 2

S(p?,m?) =Y 2B (P m?) (3.3.1)
L=1

with:

which is the self-energy containing all not facturisable diagrams (1PI). This
way we obtain:

- y 22
Go(p?, m?) = — <1+ + +> 3.3.2
27", m”) D(p.m) D(p,m) ~ D(p,m)? (3:3.2)
i 1
_ 3.3.3)
D SRR (
(p.m) 1 —

where we are re-summing to all order (Dyson):
Ga(p*,m?) = i
’ p? —m? = X(p?, m?) + i

(3.3.4)

So the self-energy, containing the UV divergence, can be interpreted as a
mass shift to the tree-level propagator. So, in the end X(p?, m?) shifts the
propagator’s pole.

It is therefore possible to absorb the divergence into a re-defined mass
parameter mp, which is the only physical quantity (that we measure in the
experiments), to fix finite terms:

m% = m? — dm?(k) (3.3.5)

where k is the (generic) scheme dependence which cancel the divergence in ¥
and m is the bare mass. But with the result (3.2.57) we are able to compute
dm?(k) up to one-loop. In facts, writing:

om?(rk) = i om2 ) (k) (3.3.6)
L=1
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and:
m? + 3 (p*, m?) = my +om* W (k) + SO P*,md) + O\ (3.3.7)

where we impose the cancellation of divergences:

sm? M (k) + 2 (p%, m?) = UV finite (3.3.8)
A2 1
= om*“\Y (k) 342 < ; + /i> (3.3.9)

and in order to make a physical prediction we must fix «, so we must define
a renormalization scheme.

So, just to clarify, we have some indefinite integral, we rewrite them us-
ing the regularisation, which allows us to rewrite the integral keeping the
divergences and see the finite parts, we define the counterterms to absorb
these divergences, but doing that we have an entire family of parametriza-
tion. We fix the parameter in the counterterms with the renormalization
scheme, which fix a value for k.

We must also address the mass dimension of our loop corrections. There
is a new dimension hidden inside the coupling in dimensional regularisation.

Recall (3.1.13):
B (a-s(%52)) pam

=, (1+e (3.3.11)

so we can make the scale explicit by using:
ARiR = A (3.3.12)
where:

[Ar] = [m] , [ur] = [m] (3.3.13)
so we have Ar with the same dimension of bare coupling in d = 4. The finite,
renormalized, 2-point correlation function (3.3.4) is therefore (in 4d taking
e—0): )

Gaor = —iTyp (3.3.14)

where we have:

.o+
F2,R(F27 m%a R, H%? )‘%2) = p2 - m%ﬂ + ZQ +

+ lo 'uz]i _ 8 o) -t +

+O(\g) (3.3.15)
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where we can still choose a specific value, so a renormalization scheme, for
K.

3.3.1 Renormalization of the lagrangian and counter-terms

We may apply the change of parameters already at the level of the lagrangian:
1 1 A
L= 50.00"¢ — §m8¢2 - §¢>3 (3.3.16)

where we have now specified mg and Ay ad bare quantities. After the trans-
formation:

mé = m% + om? (3.3.17)
we obtain: .
_ = 2.2
L=L s 2(5m 10} (3.3.19)
AoHARME

where, computing with Feynman rules, the first term gives us the same
contribute as before: )

i
D(p,mp)

= —IARUR

but the second term gives us:
— @ = —i0m?

which is the UV counter-term from local operator. Hence we generate renor-
malized (finite) quantities order by order:

—+ —{ —+ 4
n (1) Tt (2) +...

where we identify the order:

— = 0o\ (3.3.20)

{} oW = ook (3.3.21)
% - A%L = OO\ (3.3.22)
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3.3.2 Renormalization schemes

We see that our finite ég, r still has an ambiguity that must be fixed before
the procedure is predictive. Indeed, we saw that the parameter mg is not
the physical mass but we must specify how mpg is connected to a physical
quantity, which will fix the scheme, so x and ug.

We define the physical mass m,, to be at the pole of the 2-point function:

i

_— 3.3.23
p?—m?+ i ( )

Gap =
and now consider options for the scheme.

1. Minimal subtraction (MS) Only poles from divergent graphs re-
tained, so we fix kjrg = 0. We can then state that:

—iGop = T2 phys (3.3.24)
with:
lim Ty puys = i (3.3.25)
p2om?,
phys

which we match to the renormalized function:
Lo s (P, m; i, AR) (3.3.26)

as follows:
lim  Tors(p?, my; uh, A\R) = i " (3.3.27)

2 2
pPomyy

where, from before we have (3.3.15), so:

2

A u?
2 2 R R
Mphys — Mi + 2{dr)? <2 + log (47) — g + log <m%{)

— DBphys log <—gphy+>) = O(\}) (3.3.28)

phys—

where we have to use the expressions (3.2.54):
2
dmi,

P) ) /B phys+ =
phys

5phys = 1-

(1 + /Bphys) . (3.3.29)

N

m

So we have fixed the scheme to a measurement at p?> = m and found a

2h
phys
(relatively complicated) relation between m%% v and mg. At leading order:

Mh s = Mppys + O(AR) (3.3.30)
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so we simplify the relation above by replacing mgr with mppys inside the
terms at O(\%):

)\2 M2
m%MS = m?)hys + (42 4R 5 (2 + log (47) — vg + log 2R —
( ﬂ) phys
s
—— ) + 0} 3.3.31
75) +O0h) (3:3.31)
where, as we can see, we have®:
B+ m
Blo <— = —. 3.3.32
g /8— p2:mghys \/g ( )
m%:m}%hys

So, this scheme, although it’s the simplest, gives us a physical mass a lot
different from the renormalized one.

2. Modified minimal subtraction (MS) We can also include some
additional constants in the choice of the k which may help to include an
additional finite constant in dm?2®):

kg = log (4m) — g (3.3.33)
which can also be seen as a change in normalisation subtracting:

(4m)e=E

€

(3.3.34)

rather than 1/e. This relation between m%m and mlz)hys is particularly
useful for higher order correction, ad it is: ’
A2 u? s
2 R R
= +—"L=-(2+1o — 3.3.35
" = Mos ¥ 3y ( : (mihys i) e

instead (3.3.31).

3. Fixed momentum subtraction (MOM) These are scheme where we
fix the momentum p?, in this way the variable became the difference between
the momentum and the scale choosen.

“Because we can see that Bpnys = 1v/3 and we have:

Bohyst 1403 2e'7/3

— 67,'71' i
ﬂphysf 1-— Z\/g ( ) 2e—im/3

which has to be put inside the (natural) logarithm.

_ efiw/S
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In this case we fix the 2-point function at a value® p> = —M? and impose:
Ty nron (—M?,m%; knronr, o, %) = —M? —m% + iff - (3.3.36)

from which we determine:

2
ko = 2 + log (47) — g + log (:;;) — B log <—§Z+> (3.3.37)
2 -

and so:

Do nonm (p? mp; —M2, \%) = p* —m¥% + i "+

+7)\% (—B lo <—BR+>+ﬁ lo <—5M+>>+O(/\4) (3.3.38)
2(47‘r)2 R log Br_ M 108 Bar R) 3.

The relation to the physical mass can be determined as before:

lim  Doaron (p?, mi; M2 Ag) = iff (3.3.39)

p2*>mphys

so we have:

2 2 o 4
My MOM = Mphys + 20m2z\ ﬁ—i_

ﬂ—k(_MZ,mphyS)
B— (_M27 mphys)

+ B(=M?, myppys) log <— >) +0(\%). (3.3.40)

So, it’s diassapeared the scale pg, but we gain the scale —M?; indeed, these
kind of scheme allow us to change the scale.

4. On-shell subtraction In this scheme we impose m%% = mihysz

lim F27R(p2,m%%; HOS,M%, )\QR) =" (3.3.41)
p2—mp
so we have:
kos = 2+ log (4w) — vg + log (,u%) - (3.3.42)
m% V3

NB. For theories like QCD where mppys is not in the perturbative regime
we cannote use the on-shell scheme. Indeed if we put the quark in on-shell
scheme we are in the confinement regime, so in the non perturbative region.

5The minus sign is important, because doing so we don’t worry about the branch-cut
in the logaritm and there are not immaginary parts.
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3.4 Complete renormalization of ¢° in 4d

Having completed our analysis of the two point function we need to consider
all other potentially divergent graph. The result so far for the lagrangian
in terms of renormalized mass and coupling is (remember the results (3.3.9)

and (3.3.19)):

1 1 ARUS 1
L= 28,00"¢ — ~mpe* — “ELR 43 | —5m2¢? (3.4.1)
2 2 3! 2
where:
om? o Ly +O(\}R) (3.4.2)
m° = ~—+kK 4.
2(4m)? \ e R
which cancel the divergence in @2, so that C~¥27 g is finite. In d = 4 we know
we have [Ar|] = [m], so we only have a finite number of divergent graph.
Remember:
wl)=4—-FE-V (3.4.3)

we have, at 1-loop:

so no further 1-loop divergences. At 2-loop:
w < —@7 ) =-2 ; w = -2

but has one-loop divergent subgraph which is cancelled

exactly by the counter-term insertion into the one-loop graph:

@ + @ — finite (3.4.4)
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therefore we can determine that ém2® = 0, so:

(2) =0 however.
4®7

This pattern continues, to all-loop orders, so the one-loop counter-term is
sufficient to render all correlation function finite; so we find ém? is complete
at one-loop.

There is one subtlety, which is:

w<{)):4—1—1:2 (3.4.5)

so we have that the tadpole graph is also divergent; indeed:

l)\R
- A
e / (T (3.4.6)
Y ;
= 2R RI( 2 (3.4.7)
ArT(—1+¢€ 1 e .
:_27’% (F(l) )<4ﬂ)2_6(m%)1 1% (3.4.8)
_idpppmE (1 +¢) ﬁ ‘
o 204m)? (1—e)e \m% (3-4.9)
A 1
— 12(T§)2m% <6 + (’)(é’)) (3.4.10)

where we applied the relation I'(z + 1) = 2I'(z) and its expansion (3.2.47).
This graph contributes to the vacuum expectation value:

<O’ ¢ ’O>free =0 (3411)

and we know for an interacting theory:

(01 ¢ 10) i = (O] @ Sint (&) [0) gree + - - - (3.4.12)

=—O +... (3.4.13)

Due to the fact that (3.4.10) is non zero we have to add to the theory a
term that absorb its divergence. Indeed, the vacuum energy represents a
physical observable and therefore we may renormalize the divergence into
the vacuum. We would like to:

(019 10) g = ()phys (3.4.14)
=0 (3.4.15)

- O+ —® =0 (3.4.16)
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where we have taken —— the tadpole counter-term to cancel completly
the divergence. The counter-term is introduced as a linear term into the
lagrangian:

L= 20,000 — gmk” — “BURGS 5w 4 s(o)s  (3417)

where:
o) = — = - —O (3.4.18)

in order to cancel the quantum corrections exactly.

Usually this process, to cancel the tadpole’s contribute, works so well
that we don’t consider it and we don’t modify the lagrangian; but, in the
Standard Model it’s not always true.

3.5 Alternative regularisation scheme

Historically, dimensional regularization, analized starting from the section
§3.2, was introduced in 1972 (from 't Hooft, Veltman and Giandiagi, Bollini).
Other options are listed below.

Cut-off regularisation (e.g. Schwinger, Feynman etc.) In this scheme
we impose an upper limit for the momentum; in this scheme Wick rotation
and Feynman parametrisation work in the same way and we have:

by _ 1
B /k D(k,m)D(k — p,m) (3.5.1)

B /1da/Ak2d4k2 (3.5.2)
B / / d;LIZELIZE’?) QW) (3.5.3)
B /oda 1617r / dy @Jr%)z (3.5.4)

16;2/01 da <log (f) - 1) (3.5.5)

where in (3.5.3) we perform the Wick rotation and compute the integral for
the angular coordinate.

%

Lattice regularisation We can apply this scheme discretizing space-time
(minimum spacing implies maximum energy), because also this procedure
regulates UV divergences. Indeed, if we have a finite spacing we cannot go
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to infinite energy. You can see the M. Nebbia’s notes for detail. We can keep
gauge invariance but we break Poincaré invariance. If we write:

(1)d] _ 1 1 1
{1t mt = | (D(k,mw(k “pm) Dk D?(k,m) (3:5.6)

by subtracting at fixed scale u, then the divergent integral:

/k D2(§<:,u) x log (@) (3.5.7)

with z# = n*a, where we indicate a like the lattice spacing, and we have
—7/a < A < 7/a.

Pauli-Villars regularisation In this method we introduce new, large
mass, states such the each propagator becomes:

LG S —— (35.8)
D(p,m) D(p,m)  D(p,M) o
m2 _ M2
_ (3.5.9)

D(p,m)D(p, M)

The additional propagator factors enter the Feynman parameters and regu-
late the integrals but all expressions depend on M. In facts the additional
power of momentum downstairs give us faster UV convergence, and we can
still proceed with Feynman parameters, so keep integral in 4d, and they will
depend on M.

For QED, with this method, we can maintain gauge invariance.

Analytic regularisation (see Bogolinbov, Zinnermann etc.) We start
from the observation that:

9

op?
is finite. From here we can begin to differentiate under the integral. We have
the relation:

SO (2, m2) (3.5.10)

o pt 0
0 1 (k’—p)u
— = 5.12
op* D(k —p,m)  D(k —p,m)? (3:5.12)
9, —iA? 1 d*k - (k—p)
Yo soMn2 2y - T - p p
apﬂz (p*,m?) 5 2p2/(2w)4D(k,m)D(kp,m)2' (3.5.13)

The additional powers of k downstairs are sufficient to regulate the diver-
gence in the UV. We can perform the Feynman parametrisation via:

1 1 1
—— =2 .5.14
2B /0 doos T A= a)Byp (3:5.14)
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which bring us to:

/kD(k:,m) (k(k pp, —2/ daa/ Fop)? )3 (3.5.15)

with:

A= —a(l —a)p? +m? (3.5.16)

and so:

/ka k e / / k+o‘p p) (3.5.17)

Now rewrite (3.5.10), so we get:

0 72)\2 k-p— 1 —a)p
o _ / / 5.1
52w m e (3.5.18)
but we have an antisymmetric 1ntegrand over a symmetric mtegration range,
so we can state: i
P
— =0 3.5.19
/k (k2 — Ay (351
and we obtain:
0 X
»n(DH — 1— )T 9
> s /0 daa(l —a) Tl (3.5.20)
ixz ! —i 1
— 1— - 5.21
>, daaf a)<(4ﬂ)42A> (3.5.21)
)\2

1 o [t
= 1 —a(l — 2 2 .5.22
1 (47r)28p2/0 do og( a(l —a)p +m) (3.5.22)

where we revrite 1/A as the derivative of a logaritm. In the end we have
that the self energy is equal to a finite integral:

)\2
4(47)?
where in C, the constant that contains the boundary value, we have the

divergence. We can fix the constant using the renormalization scheme con-
dition, e.g. thew on-shell scheme:

SO (m2 m?) =0 (3.5.24)

sl _ _

/1 da log (A) +C (3.5.23)
0

so we get:

(3.5.25)

—A2 gt 1—a(l-a)Z
:4(477)2/0 da log< 1_2[(1_21’" ) (3.5.26)




44 CHAPTER 3. A\¢? theory at 1 loop

Baikov’s method and Mellin-Barnes representation This part is
apart from the exam’s material, but I prepared some notes about Mellin-
Bernes representation, the Integration by Parts method and the Baikov’s
method, which can be used to calculate some Feynman diagrams; you can
see them in my personal page.

3.6 Renormalization of ¢* in 6d at one-loop

Now we can study how to renormalize in 6 dimension the ¢ theory. We can
notice that in 6 dimension the coupling constant, A, is dimensionless, so for
what we said at the end of the section §3.1, the theory is renormalizable, but
in a more intricate way than in 4d. We start with the bare lagrangian:

1 1 A
Ezgu%w%—yﬁ%—ﬁﬁ (3.6.1)

in which all quantities are denoted a bare using a subscript zero. The super-
ficial degree of divergence is:

w(l)=6—2E (3.6.2)

SO:

w =0 and < 0 for £ > 0.

w»; o0

This means we must also take care of divergence in the 3-point vertex func-
tion. Since w is independent from the number of vertices (V') the higher
loop corrections to the 1-; 2- and 3- point functions also diverge (not just

subgraphs), e.g.
w (%) 2. (3.6.3)

We will first compute the divergent graphs and then show how they may be
absorbed into a redefinition of the fields and parameters in the lagrangian.

3.6.1 Divergent graphs at 1-loop

In this section we will compute directly using the bare lagrangian.
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Let’s start with the tadpole:

4@ _ _%iTl[G—%](m%) (3.6.4)
:);)M;;E(mg)zew (3.6.5)
___ido ()T + emg(mg) = (3.6.6)

2(4m)3 e(l—e)(2—¢
= —i)\202(417r)3mé (1 g vE + log (47) — log (m?) + (’)(e)) .
(3.6.7)

We can analize the bubble (using the Wick rotation and the Feynman
parametrization):

—(O— _ (iN)? /1 da Z-2T2[6726} (—a(l—a)p® +md) (3.6.8)
0

—> —

P 2
- 2@?)3 <1 <_m3 + pg) + (9(60)) (3.6.9)

for the term O(e”) see Mathematica. Now we can see that the divergence has
a kinematic dependence, so changing dimension change the kinematic depen-
dence. We will fix this momentum dependence, which can be problematic,
later.

For the triangle we have:

Z'3

= (—3 3
= (=) /k D(k,m)D(k — p1,m)D(k — p1 — po,

(3.6.10)
we can use the relation (we have a 3 point function, so we need 3 Feynman

parameters):
2(5 1—0[1—0&2—0&3)
3.6.11
ABC /H OqA + a9 B + 0430) ( )
1—an
= .6.12
)\0/ qu / dOéQ/ Ag) (3 6 )

Az =mg — (1 — ar)aipi — (1 — ag)agps — 2a1aap; - p2 (3.6.13)

so we have:

where we write:

m)
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SO:
1 1—ay 9
- _u32/ dal/ dan T 2(Ag) (3.6.14)
0 0
) . oar 1 11— 3
= (—Z)\())(—Z)\%)W_(:%(g)/o dOél/O dOQ Age (3615)

expanding up to O(e) is quite difficult in closed form (arise polylogarithms
with complicated arguments), but keeping just 1/e the result is quite simple:

~ (=id)Ag (1
2(4m)3 (

and again see Mathematica for the other orders.

3.6.2 Counter-terms and the renormalized lagrangian

Even in 6 dimensions the tadpole divergence is absorbed into the vacuum
expectation value, as in the d = 4 case, imposed by introducing a linear
counter-term matching the tadpole graph:

O+ —® =0 (3.6.17)

where, as we saw before, the counter term introduces a linear term in £, that
we denote as 6(¢). The bubble divergence has changed it’s functional form
and is no longer absorbed by a simple mass shift (because now we have a
kinematic dependence). We saw in (3.6.9):

—O— ~ % <_mg + p62> (3.6.18)

where the first term can be obtained via a redefinition of the mass and a
mass counter-term ~ dm?¢?, while the second term, dependent on the mo-
mentum, can be obtained from a redefinition® of the field ¢ and a counter-
term ~ 0,00"$pd¢p. These re-definition are called mass and wave-function

5Note that this kind of divergence, so as p?, can be reabsorbed in a lagrangian term
because is quadratic and we can write it as a double derivative; otherwise, if we have
different power of p, we could have some problem. For example, if we have something like
p* we could reabsorb it with a 4-derivative terms, at the same time if we have function of
the momentum, like logarithm, exponential or something else, we can write the analogous
term in the lagrangian but expanded in series.
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renormalization respectively. This can be written clearly introducing renor-
malization constant Z,, and Z:

mi = Zymi (3.6.19)
b0 = \/ZyPR (3.6.20)

where:
0p = Zyp— 1 , for x =m,¢. (3.6.21)

Applying the transformations (3.6.19) and (3.6.20) to the lagrangian leads
to:

1 1 1
L= 5 u¢R8M¢R - 5771%3425%{ + Lint + (Z¢ -1) §3N¢R8N¢>R—
Sb—02
1
— (1= ZmZy) §m%¢% (3.6.22)
3
from which we obtain, renaming:
5¢ = 09 ) (53 = (ZmZ¢ — 1)

a counter-term Feynman rule:
———®—— =i (0op® — d3mF) . (3.6.23)

The renormalization constant can then be fixed at 1-loop via:

—O— + Q;L = UV finite (3.6.24)

for all values of p? and m%.

We still have to deal with L;,; and the renormalization of the coupling
and absorbing the vertex divergence.

The vertex divergence The divergence in the triangle function requires
another counter-term that can be obtained through a redefinition of the

coupling:

A
Xo = 2 vt [[mR]] =0 (3.6.25)

where pp is necessary to keep Ap dimensionless. So we have:

1
Lint = ngqb% (3.6.26)
)\ €
_ 1“;73 2737 o (3.6.27)
‘ | I—|
=7Z1=1+01
)\ €
= 2R (4 4 5)g8 (3.6.28)

3!
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This is charge renormalization and leads to a new counter-term with Feyn-
man rule:

ARpS
6

5 (3.6.29)

= —3

which can be fixed (at one-loop) using:

(1)
+ = UV finite. (3.6.30)

In the mass’ counterterm case is easy to see its meaning, because we saw the
Dyson’s porpagator resummed, we notice that the physical mass is not the
bare mass and we need to include something to it ot make it physical. In
the vertex case it’s not so easy to see the function of the divergent graph.
Now, we can see the divergence as a quantum fluctuation at high energy,
that happen in a very small region in space. So, if we see the loop (3.6.16)
from long distance we can see it as a point (3.6.29), so as a correction for
the coupling constant.

NB. We have 63 = 6, + d¢ + 0,04, using d4 = 2, but the product term
is always of higher order in perturbation theory than the linear terms so:

0 = o) — 50 (3.6.31)
5@ =6 — 51 — s{Nsl!) (3.6.32)

we also have that:

3/2 1 3

(1) (1)
n=202" = &' =6"-35" (3.6.33)

3.6.3 (MS) renormalization constants at 1-loop

We know have all the ingradients we need to complete the computation of
04, 0m and dy. Explicitly:

—()>— + ——®—— = UV finite. (3.6.34)

that implies:

INZLpZ (AT)T(1 + ) o PP\ (s 2 (1) o
=Cr/e




3.6. Renormalization of ¢ in 6d at one-loop 49

so we have:
2 ,,2¢
n _ ARIE i
0y ' = 2(47T)3C’p b (3.6.36)
2 ,,2¢
L _ ARHE 1
0y = 2(47T)3C’p€. (3.6.37)

Also we have the relation:

2
1 % + 4<X< = UV finite (3.6.38)
3

which implies:

ey Ml (] e s()
(—Z>\R,LLR) WCF ; + (—ZAR,LLR)él =0 (3639)
which gives us:
1 )\2 M2€ 1
b = _2(IZ7T1;3CF (6> . (3.6.40)

Back in terms of 5((;), 5% and (55\1) we have (with Ny = A,u%Cr/2(47)3):

e (3.6.41)
1 1 5
A Tm € + Ge if5 (3.6.42)
a1 3/ 1y 3
s 12 < 66) - (3.6.43)

3.6.4 Other renormalization schemes

For on-shell and momentum subtraction (M OM) we impose a stricter contid-
ion that determined the finite terms. Since there are now 3 renormalization
constants we must find an extendeded set of condition. These are:

plQiLnx Ty r(p?, m%; ko, ks, ph, A%) = iff ™ (3.6.44)
. 0lap
p1211_1>1$ 0 =1 (3.6.45)
with z = —M?2 for MOM and z = mfghys = m% for the on-shell scheme.

In MOM and M S schemes we must also derive the relation between m%

and m? For k, we impose (with the minus sign for convetion):

phys®

. 2 2 2
lim G3,R(p1)p2; k17 MR, TR, )‘R) = _)\phys (3646)
] value where
Pi= \phys measured



50 CHAPTER 3. A\¢? theory at 1 loop

for the on-shell scheme and (for example):

lim G g(p1,p2; k1, i, My AR) = —Ar (3.6.47)

Pi—DPsym

for the MOM scheme (no quantum corrections to the vertex at p; = psym).
The symmetric point is defined as:

2 M?
pi=—3M? = pipj=— forif] (3.6.48)
e.g.:
2 _ 2 _ 2 2
ps = (p1+p2)” =p1 + Pz + 2p1 - pa. (3.6.49)

3.6.5 Renormalization scale dependence

In general we saw that the physical quantities has to be connected with the
renormalized quantities, and this connection happen via the renormalization
scheme.

Having fixed the 3 scheme constant k; with the conditions on I'y, %Fg and
G3, we have determined mp and A in terms of same fixed values (physical
measurements) Myppys and Appys but the dependence on M2R remains. We are
in the situation with:

mp = mR(mphysa )\physa 120:2) H) (3650)
AR = AR(Mphys, Aphys, 1R K)- (3.6.51)

This is a feature of the re-organized renormalized perturbative series. Even-
tually it must be that the dependences goes away as we sum to all orders -
the lagrangian after all has no changed:

L(¢o, mo, o) = L(SRr, MR, AR; UR) (3.6.52)

which means the bare correlation functions do not depend on ug:

Go(p1, -, Ppi Ao) = FT ({0] T[¢o (1) do(2) - . . ]10)) (3.6.53)
= 2} (ur. Me(pr)) FT((0| T[or(21)¢r(x2) -] |0))
(3.6.54)

= ZZ/Z(MR» Ae(1r)) Gr(P1,- - Pn; AR(LR), BR)
(3.6.55)

where with F'T" we indicate the Fourier transform. Indeed, what we do in
practice is to measure some process, in particular we want the Sy matrix,
that we can compare with the theoretical prediction S(mpg, Agr, g, <) and
it gives us the relations (3.6.50) and (3.6.51). But, to obtain the S matrix
we have to compute the Green’s functions, which mustn’t depends on the
normalisation of the fields, so we can write the relation (3.6.55).
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In M. Nebbis’a notes we can see the calculation to say that the S matrix
elements does not change with the renormalization:

S(mpr, AR, LR, K3 Di, pj) = S(mo, Ao; pi, pj) (3.6.56)

which is a remarkable result because it allows us to make the same predic-
tion with the renormalized parameters, instead the bare ones (which is not
physical detectable).

However, in (3.6.55) the up dependence of G g must cancel exactly with
the pur dependence of ZZ/ ?. In other words we have:

0 4 0 ([ a2\ A nj2 0 =
0=, -Co=75 (Z¢ )GR + 25 -G (3.6.57)
We will explore the conseguence of this scale dependence when studying the
renormalization group (see section §7.3).

What we are saying is that we could just as well have defined the same
theory at a different scale up. By “the same theory”, we mean a theory
whose bare Green’s functions, are given by the same functions of the bare
coupling constant Ay and the renormalization one Ar. We end founding that
the renormalized Green’s functions are numerically equal to the bare Green’s

functions, up to a rescaling by powers of the field strength renormalization
Z
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Chapter 4

Loop integration methods in
dimensional regularization

In this chapter will expand the techniques used in chapter §3 and develop
methods need to continue our discussion to gauge theories.

We will study Feynman and Schwinger parameter representations of
one-loop integrals in dimensional regularisation. We will found an all-loop
parametrisation using F' and u Symanzik polynomials. Also, we will study
the tensor reduction in parameter and momentum space, to conclude defin-
ing che Clifford Algebra for d = 4 — 2e.

Further reading:

e Scattering amplitudes in QFT [chapter 4], Badger, Henn, Plefka, Zoia
(Springer 2024), https://arxiv.org/pdf/2306.05976.

e Feynman Integrals |Comprehensive: 800+ pages|, Weinzierl (Springer
2022), https://arxiv.org/pdf/2201.03593.

Note. In this chapter, as the previous one, we will represent the Feynman
diagrams for scalar fields with solid lines, and not with dashed.
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4.1 Feynman and Schwinger parameters

We came across 3 examples of Feynman parametrisation and we saw the

representations:
1 ! 1
— = 4.1.1
AB /0 o T BA =) (41.1)
. 2/1 d ! (4.1.2)
AB2 ~ 7 )y ““YMAa+B(1-a)P -

1—aq 1
— =2 d d
ABC /0 051/0 a2 [Aal +Ba2+C(1 — Qo1 —042)]3

(4.1.3)

but we can write the general version:

R e A0S0
e Hd > Dy Y

which is valid also for non-integer v;. A similar transformation is provided
through Schwinger parameters:

_ P At excn
= = r(y)/o dt " exp{—tD}. (4.1.5)

The 1-loop bubble example, so (3.2.3), becomes (performing at some point
the shift £ — k + tgp/(tl + tQ)):

[él)[d] :// dt1/ dtz exp{—t1D(k,m) —t2D(k —p,m)}  (4.1.6)
kJo 0

= /k/t eXp{—(tl +t2)(k* —m?) — tltithpz} (4.1.7)
:/k/t exp{ (ak? + b)) (4.1.8)

where we write:

tita 5

=t +t : b=m?(t1 +t3) —
a 1+ t2 (t1 + t2) t1+t2p

The integral over k can be performed after a Wick rotation:
 — z/ / exp{—aky, } exp{b} (4.1.10)
t; Jkg
_ b —d/2
= e /tiexp{b}a (4.1.11)

where we can see the exponential doesn’t depend on the loop momentum.
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4.1.1 Tensor integrals with Feynman/Schwinger parameters

This section is very important in gauge theories where we will find loop mo-
mentum dependent numerators, which require further analysis. We did find
one case already, where we analized 6%22 for ¢, although it was handeled
in an easy manner. Let’s try the example again using Schwinger parameters;
we define:

(1)[d] k*
I m) = 41.12
2 (Pm) /kDuc,m)D(k o) (4.1.12)

now if we perform the loop momentum shift:
k — /{?+t2p/(t1 +t2) (4.1.13)

that we used to put the denominator in standard form, it also affects the

numerator so:
t
e [ [ (st
EJt; t1 + 1o
to )

7

ti tl + t2 (47T)d/2

)Mexp{ak2 —b} (4.1.14)

a2 exp{—b} (4.1.15)

where we performed the rotation, we integrated over kg and have used (for
symmetry reasons):

/k“ exp{ak®} = 0. (4.1.16)
k

The parametric integration seems more difficult, but we can use the symme-
try1 in t1 < to to write:

(Dl _ P! / t2 ty R
L = — —b 4.1.17
2 9 :, <t1 +ty + t] + to (47T)d/2a exp{ } ( )

P!
— ?12(1” 1 (4.1.18)

where we reconized the result (4.1.11).

We define the tensor rank of a Feynman integral as the total power
of all loop momenta in the numerator of the integrand. As we increase the

'If T associate 1 to the other propagator, t2 to the remaining and reperform the com-
putation, we obtain the same prefactor but with t; <> to.
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tensor rank we encouter new loop momentum integrals; some examples are:

1
K = —4/2 = 4.1.19
/kexp{a } (i K ( )
/k“ exp{ak®} =0 (4.1.20)
k
1
/kz“k” exp{akQ} =——g"k (4.1.21)
k 2a
/k”l ..kFrtiexplak®} =0 nez (4.1.22)
k
2n
1 N e
/kk Lo EM? exp{ak }— 9 igzzg L /k i o exp{ak }
(4.1.23)

with n € Z in all the case. In (4.1.21) the metric tensor is the only tensor we
can use, over performed the integration, to give tensor structure (I3, after
the shift, depends on p?). We have the last case (4.1.23) as an exercise;
though it’s simple to prove (4.1.21) as follow: firstly we need to identify a
basis of tensor structures (after integration), there are no external momenta
so there’s only one tensor structure g"” possible:

/k:“k” exp{ak‘2} = Ag"” (4.1.24)
k

where A is a scalar form factor (to be determined). Contracting on both
sides with g, and using ¢"g,, = gl = d gives:

dA = /k k* exp{ak®} (4.1.25)
:/kaaaexp{ak:Q} (4.1.26)
::éizjiexp{ak2} (4.1.27)
_ ;a <Wa—d/2> (4.1.28)

dl 1 —d/2
= %0 " / (4.1.29)
dA:—;n (4.1.30)
a
A= —%H (4.1.31)

as previously stated.



4.2. Multi-loop parametrisation and Symanzik polynomials 57

Similar expressions are obtained using Feynman parameters after follow-
ing the same steps. For example:

" 1
Didle _ / / i +O‘p (4.1.32)

" / daaTz[d](A) (4.1.33)
0

and:

)d]pv k:“+ozp“ (k¥ 4+ ap”
Mdlu / / A ), (4.1.34)

Exercise 2. Show that we may write the rank 2 tensor bubble inte-
gral as:

” ! 1 /!
19 = oy [ oo ma) 4o [ o (1i8) + ATiA)

(4.1.35)
where:
A= —a(l —a)p? + m?. (4.1.36)
You can also may use the result:
kHEY 1 1
= —g" | . 4.1.37
L= war (4.1.37)

Exercise 3. Write down the general tensor decomposition for a rank-
4 tensor tadpole:

Tk (A) =

LH k2 |18 Jobta
/ _— (4.1.38)
k

(= A"

4.2 Multi-loop parametrisation and Symanzik poly-
nomials

For the Symanzik polynomials you can see Bogner and Weinzierl’s article,
where it’s used a very similar notation.

It is possible to find a general parametrisation for any multi-loop graph
in which we can perform the integration in k!', but leave integrals over Feyn-
man/Schwinger parameters. Let’s consider a 2-loop graph with n denomi-


https://arxiv.org/pdf/1002.3458v3
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nator defined through:
D; = D(gi,m;) = q2 —m? (4.2.1)
@i = Nk + oup)

where k' are the loop momenta (j = 1,2) and pj, are the indipendent external
momentum. We define in general:

1
(2)[d — -
I /kl o, T, Dy (4.2.3)

The combined argument of the exponential after introducing Schwinger pa-
rameters x; for each D; is ), x;D; which we may decompose according to
the loop momentum structures.:

le‘Di = k‘wMZ'jk; +2 kaf +J (4.2.4)

kT Mk ETQ=QTk

where:

e M is a geometric symmetric 2x2 matrix depending on the Schwinger
parameters ;.

e Q! is a vector linear in p}’ with coefficient dependent on x;.
e J is a scalar quantity depending on momentum invariants and x;.

All these quantities are problem dependent.
As a concrete example we can look at a two-loop propagator graph (e.g.
in ¢ with all equal masses m; = m):

3 1
kg kl
N __r
5 k1 + ko
ko +p ki—p
4 2

The matrix M can be written simply following the propagator dependence
on each Schwinger parameter:

M= (LTt %5 . (4.2.5)
Ts5 T3+ x4 + 5
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Linear dependence of k1, ko cames only from propagators 2 and 4 so:

Q" = {—p'ze,pu4} (4.2.6)

and J contains all mass dependence and p? terms:

5
J=— <Z :L'Z> m? 4 (z9 + z4) p°. (4.2.7)
i=1

From the general form (4.2.4) we can "complete the square" in k, we do that
in 2 stages: first diagonalize M, then shift it using Q.
First step: A general symmetric 2x2 matrix is:

M = <CC‘ Z> (4.2.8)

completing the square in k1 can be performed via transformation with unit

determinant: y
1 —c/a
A= (1 ) 429

where, with k= (k1, k2), we have:

k= Ak’ (4.2.10)

so this implies:
E'ME = (AT M(AK) (4.2.11)
= (KT (AT MA)E' (4.2.12)
= (kT Dk’ (4.2.13)

with:
0

D=ATMA = (g det{M}> . (4.2.14)

Second step: absorb the linear terms in k; via a transformation:
E =k —A'M'Q (4.2.15)
so the exponential’s argument after stage 1 transformation:
(k"\TDE' +2QTAk' +J = (4.2.16)
_ (E”)TDEH _ (E,/)TDA_lM_lé _ (A_lM_lé)TDE/,+
+ (A—lM—IQ’)TDA—lM—IQ’+
+2QTAK" — 20T AN MG + T (4.2.17)
=k"DE" +J - QTM'Q. (4.2.18)
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Both steps can be combined so that:

k"= Ak—M7'Q (4.2.19)
and the argument of the exponential is written as:
op o F
[[ziDi = k" Dk + - (4.2.20)
where:
u=det{M} (4.2.21)
which is the first Symanzik polynomial, and:
F=J-Q"M'Q)u (4.2.22)

is the second Symanzik polynomial, and last:

D= (g u?@) . (4.2.23)

The transformation has separated the loop integral so we can perform the
integration:

12 — /del exp{ }/ exp{ak%}/]€2 exp{%k%} (4.2.24)

B < o d/2> /Hd% eXp{ } " (4:229)

where we used the result (4.1.19) two times. We may change from variables
x; (in 0,00) to a4 (in 0,1) by inserting:

1= /0 dré (A - Z;a:> (4.2.26)

and rescaling each x; = Aq;, so:

. 2 1 n n
2)[d] _ v , ,
[ _ <(47r)d/2> /0 Hda25<1—2az> X
i=1 i=1

d\ F
X /)\"_dexp{)\}u_d/2 (4.2.27)
A U
using the change z = ,)\E
U
i 2 1 n n Ja d—n 42
:<(47r)d/2> F(n—d)/o gdai5 1—;% <_u> u
(4.2.28)

un—3d/2

_<W>2F(n_d)/ai5(l_zai>w' (4.2.29)
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By following the same procedure we can derive a general multi-loop expres-
sion valid for arbitrary powers of the denominator.

Exercise 4. Show that a general L-loop Feynman integral with n
internal lines may be written as:

d% 1
IO, ] = / L (4.2.30)
bl = [ a1 Bg
_ i T (Y, w—LE)
a (477)d/2 H?:l I'(v;)
v (L+1)d/2

x /a 5 (1 - Za) TR (423

where v and F' are the Symanzik polynomials. More details on Bogner
and Weinzierl’s article Feynman Integrals.

X

Let’s see an example. The sunrise/sunset integral (massless propaga-
tor):
k1

ki+ky—p

k2
where we have:
M= (m;@ 1729—65563) ; Q"= (—zspt —x3p”)  (4.2.32)
J = asp’ (4.2.33)
S0:
U= T1Tp + T1F3 + T (4.2.34)
F = poimys (4.2.35)

that implies:

3
g T(=1+42€ Y
I?E,Qs)lillrize] = W/deié(l — @1 — xp — x3)(—p wiwws)' X

=1
X (351132 + xox3 + $1{E3)_3(1_6) (4236)
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where, if we want, we can use:

—I'(1 + 2¢)
2¢(1 — 2¢)
Direct integration in Feynman parameter space requires a bit of thought.

Although, the 1/e pole is quite easy since we may expand the integrand
around € = 0. The kinematic dependence can also be factored out:

(2)[4—2¢] Cr ? 2\1—2¢ 7(2)[4—2¢]
I. = (—p) I : (4.2.38)

3,sunrise (47.‘_)276 3,sunrise

I(—1+2€) = (4.2.37)

where we have the coeflicient:
(1 —€)?T(1+¢)

Cr = (1 —26) (4.2.39)
and the normalized integral is given by:
c2)d—2q (1 +2¢) =
I3,st[mrisg] - 26 1 — 26 Cg 6 1— Zl'z 33'1$2£U3 “x
X (x120 + 21223 + 332:E3) 3(1—¢) (4.2.40)
Ll ms (a5 3
T 4 8 16 32 ’
5971 39 4
(64 -G 7r> e+ O(eh). (4.2.41)

One quick method to check this is numerical integration with many digits
plus fitting to an ansatz of trascendental numbers (PSLQ algorithm).

4.3 Passarino-Veltman tensor reduction

We have already seen how to deal with higher rank numerators in Feynman
or Schwinger parameter space. There is a more direct method to perform the
reduction in momentum space and to determine a basis of Feynman integral
at 1-loop. The principles are to:

a. Identify a basis of possible tensor structures after integration using p!’
external momentum and g"” metric tensor.

b. Contract the tensor integrand (in d-dimension) with each element of
the tensor basis to construct a linear system of equations for the form
factors.

Example: rank 1 bubble. We have:

(D) g _ k"
Ql[kLiAD@JWD%—nm) (4.3.1)

= bypt (4.3.2)
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where we applied the step a indicating b; as form factor and p* the tensor
basis. Note that we use [k*] as a slightly more general notation indicating
the numerator.

If we apply the step b we have to contract with p# (basis vector):

LM ) — (4.3.3)
/ka o - (4.3.4)
_/1Dkiim3211)+ﬁ (4.3.5)
/Dk oo /ka
+p/kaW% n)> (4.3.6)

where in the first step we completed the square and we can notice that the
first and second term, in the fourth line, cancel out after a shift integration
k — k + p in the first one. Finishing the calculation we have:

1) = L1 (437)

so we find:

1
m:iﬁme (4.3.8)

We can also write these steps graphically:

k
N

::: (k] = 150 e (4.3.9)

then:
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where —<— indicates a cancelled propagator. We also have:

k

{} 1] = g 1] = 3 1 (4.3.12)

k—p

where to write the last loop we shifted the loop momentum. We have also:

k
ﬁ 1] = 3 ] (4.3.13)

so, cancelling the other two contribution, we obtain:

b= C [1]. (4.3.14)

The principle is straightforward to apply to higher rank and higher multi-
plicity integrals though the expressions can become quite lengthly.

Example: rank 2 tensor bubble. We write the tensor basis:

TS
N>

[kFEY] = boog""” + brap"p” (4.3.15)

so we need to determine two form factor, and now contract with:

k
gul/ . Q [kQ] = db()() + bup2 (4316)
N

~~

= ; ; (1]

(4.3.17)
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and the second element of the basis (contracting p,p,):

k
4@7 [(k - p)?] = boop® + bi1p (4.3.18)
k . )
- Q [<2(D(k,m) D(k —p,m)) +p2> ]
N

/\C 21 Dk - p,m)*—

—2D(k,m)D(k — p,m) + p* + 2p*(D(k,m) — D(k — p,m))]
(4.3.20)

where if we shift k to keep on second term then cancel the last bracket, so:

{}
—2 ﬁ [D(k, m)]> (4.3.22)

where we simply expanded the bracket [-]. We define:

k2 —m?
ﬁ (k,m)] k2 —— =0 (4.3.23)
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so we can perform the integral:

2 _ 2
G R e (43.24)

(k+p)* —m?
= —_— 4.3.25
/’; kQ _ m2 ( )
k* —m? k-p 9 1
— [ 2T g P _
/kkz—m2+ /ka—mQ_'_p/ka—mQ
(4.3.26)

=p? {} 1] (4.3.27)

that implies:

1 1
Oy st 29

So we have determined a system of equations for byg and byy:

(€ B )G )| "]
—O— 1)

where to determine the coefficient we need to invert the matrix:

(boo) _ p2(1 <P2 —P2> < m22> AL (1] (4.3.30)

b1y d—1)

(4.3.31)

Worked example Perform the tensor reduction for rank 1,2 and 3 triangle
integral in the massless limit with kinematics:

pi=p3=0 ; p3#0. (4.3.32)
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We define:
N
BN = 4.3.33
3 W] w D(k,0)D(k + p2)D(k — p1) ( )
2
= kT 3 (4.3.34)
1
where we have the three cases:
N = (ki e i grzgs) (4.3.35)
The solution is:
2
2
AN
1) 3
/3
1
with:
D={k, (k+p)?*, (k—p)*} (4.3.36)

at rank 1 we have the tensor basis {p/,ph} with form factors {c1, ca}, so we
form the system of equation form:

k-p =< (K —(k—p1)?*+p) (4.3.37)

kope =5 ((k+p2)? — K~ p3) (4.3.38)

N =N

in addition take p? = 0:

= C2P1 P2 (4.3.39)

N

=C1P1"p2- (4.3.40)

2 2
%3 %3

1 1

2 2
%3 }3

1 1
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Let us look at this integral (scaleless) to start:

2
k + po
P2 TN _
3 = 2 =0
1

so another scaleless integral. We can see:

2 k+ pa
p1+p2

_ R

3 =
N
1 k—p

where:

= 15" ((p1 + p2)?)

(p1 +p2)? = 2p1 - p2 = p3 = s3

which is invariant. In this way we get:

SO we can write:

1 s
fener} = {11} {}

At rank 2 we have the tensor basis:

1
{9”1“2 s PP phhR S (

with form factors:

©1, H2 —f‘plfngl)}

{coo , c11, c22, ci2}.

(4.3.41)

(4.3.42)

(4.3.43)

(4.3.44)

(4.3.45)

(4.3.46)

(4.3.47)

(4.3.48)

(4.3.49)
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Contracting with g, ,, is quite easy:

(4.3.50)

(4.3.51)

(4.3.52)

(4.3.53)

(4.3.54)

2
3 =dcoo + p1 - p2c12
1
1
= dcgp + - 53C12
2
contracting with p1,,p1,, gives:
2
3 [(k-p1)’] = (p1-p2)’can
1
1
= 183622
2
1 2
- 3 *(Dg — Dl)
4
1
2
1 2
1
2
1 2
= 3 Z(k +p1)7| +
1

N | =

(4.3.56)
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but the last graph is scaleless:

2
%3 B S
1

We have:
2
1 1 1
k24 k- “pt=0
3 1 + 5 p1+ 4p1 ]
| I—|
1
2
1, 2
= 3 + 57 {} k=0 (4.3.58)
1

2 . kE+pi+p2
— D2
P3N
1 — 1
3 [41#] _ Q [4(k: + p2)2] (4.3.59)
k +p1 \_/
1 k
k —ps3
) E}) Ps3 /\
-3 w50 — k]
4 2 v ©w
scaleless \];/

(4.3.60)

p3
- ipz p3 {} 1] (4.3.61)

where we saw a rank 1 bubble, ad we have:

2py - p3 = (p2 +p3)® — s3 = pi — 53 (4.3.62)

S3 ﬁ i : 1
§ = ZS%CQQ. (4.3.63)

so we get:
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The contraction with pa,, pa,, is similar and it gives us:

b3
§3 —> 1
g 467 = 18§C11. (4364)

The contraction with 3 (p1,,p2u, + P1usPay,) gives us:

g 407 = 583600 + §83012. (4.3.65)

We can see all the equation as a matrix equation:

b3

M. E= 5{} (4.3.66)
where:
Co0 1
. c11 > 53/8
c= ; b= 4.3.67
o2 s3/8 ( )
C33 83/8
and the matrix:
d 0 0 s3/2
1 0 0 s3/4 0
M = 0 s2/4 0 0 (4.3.68)
53/2 0 0 s3/8
We can see we get:
1
P om
=] I | x {} (4.3.69)
283
d—4
(d—2)s3

where we can remember:

E’;
{} = 1V (59, (4.3.70)

At rank 3 the algebra is better implemented on a computer. The final re-
sult however is relatively simple though the rank 2 bubble reduction formula
is required at intermediate stages. The tensor basis is (6 elements):

T = {g"#2p® + cyclic , g"#2ph® + cyclic

PUPEPY L phphrh? , P piPph” + eyelic | pi'ph?ph® + cyclic}

(4.3.71)
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in the only 1 basis integral as before, the form factors vector is:

¢={coo1 , coo2 , c111 , €222 , Ci12, C122}- (4.3.72)

Solving the system results in:

p3
1 — —(d—4 —4 =
e L[y, 4, o Zd-8) do4) .
4(d—1) S3 S3 53 53

(4.3.73)

4.4 Clifford algebra in d-dimension

There are some subleties in the extension of the Clifford algebra to d = 4—2¢
dimension and the representations of the v matrices.

Since we will deal with QED and QCD which are parity symmetric, the
issue will not arise, but for the EW part of the Standard Model we must pay
attention.

Indeed, if we generalize the dimension to d = 4 — 2¢, we need to define
what are spinors in d dimensions. The spinors, as we learnt, are defined from
the Clifford algebra that in 4 dimension, is:

{v*, 7"} =2¢""1 (4.4.1)

where v# are 4x4 matrices. If we extend our metric to live in d dimensions
we may derive identities such as:

Vo = 307"} (142)
=gyl (4.4.3)

=d1 (4.4.4)
VA Y = =y + 29" (4.4.5)
= (2-d)y” (4.4.6)

which will have to be applied to the numerators of the Feynman diagrams.
We don’t need an explicit representation of 4* in order to do this, but in
principle we should worry about it.

It is possible to construct explicit representations for v* in arbitrary
dimensions, however the role of 45 in defining chirality only make sense in
4d. So, the question arise naturally: what is v5 in d = 4 — 2¢7?

So, now we can worry about to search the - representations in d dimen-
sion, and we can notice that they will be also Lorentz group SO(1,d—1) rep-
resentation.? The problem, as we anticiped, is that the vectorial or tensorial

2In facts, the matricial representations are related to universal covering group, so the
spin(d).
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representation have dimensionality in function of the continuous parameter
d. For example, symmetric tensor has dimension d(d + 1)/2 and the anti-
symmetric has d(d — 1)/2 dimension. Although, the spinorial representation
has dimension in function to the continuous part of d, explicitly 2l4/2 for
integer dimension d where | - | is the floor operation which round down to
the nearest integer.

214/2] {5 not a continuous function of d, but a step function. In d = 2
the spinorial representation has dimension 21 = 2, so a couple of complex
numbers; but, even in d = 3 we have the spinorial represantation in 2115 =
2, notice that this is the standard QM in three dimension, where the SU(2)
spin represantation are given by 2x2 Pauli’s matrices, and even in this case
the spinors are two complex numbers. In d = 4 we have the spinors in
212) = 4 dimensions, indeed we have the gamma matrices.

So, in an approximative way we saw that the even and odd dimensions are
quite different for the spinorial representation. In the odd case the spinorial
dimension is different from the vectorial dimension.

Indeed, for d = 2k (k integer) the spinorial fundamental representation’s
dimension is simply 2*, and if we consider only even dimension we have a
spinorial dimension as a continuous function of k& € N. In this case the
fundamental representation is given by two 2~! irreducible representation®.
In even dimension exists, in Clifford algebra, an operator (in this case 7°, the
chirality) with who we can build the projector operator in two irreducible
subspace (this operator, as we know, divides the 4-dimension representation
in two bidimensional represantation).

Is possible to build the analogous of ~5 as a product of all the different
reducible representation’s matrices. An example can be:

(1)
J2RHT Z(zkglem---uzk%” . (4.4.7)

and the projector are:
1 4 42k+1

P
+ 9

(4.4.8)
Now, if we consider the case d = 2k + 1 the spinorial representation has
dimension 2* and it’s not anymore a continuous function. Now, the funda-
mental spinorial representation is irreducible, because it’s not possible build
(4.4.7) in a way that is not proportional to the identity. In odd dimension
doesn’t exists the chirality.
We can see some group example.

3Note that this is a property that we already saw in the Dirac equation: we studied
that the spinors doesn’t a irreducible representation of Lorentz group, but they are a
composition of two opposite chirality representation.
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SO(2) v matrices We have 7%2) that are 2x2 matrices where i = 1,2. In
FEuclidean space they satisfy:

(7?2))T = ’Yfz) (4.4.9)

and we may choose:
0 1
V) = (1 o) (= 0o1) (4.4.10)

M) = <0 _OZ) (= 02) (4.4.11)

so that: ' ' -
(it} -1 wan

Are sufficient two matrices to generate the space. In even dimension we may
define a chirality operation as:

(’7(12)%22) - ’7(22)V(12)) (4.4.13)

_01 g) (4.4.14)

Aoy =

] .

so, as the third Pauli’s matrix.

SO(3) v matrices The dimension of the  represantation is 2l4/2) for
integer dimension d. So in 3d we have 3, 2x2 matrices satisfying:

o} =212 "
where:
7(13) = ’Y(lz) (4.4.16)
7(23) = 7(22) (4.4.17)
7?3) = ’7?2) (4.4.18)

so the three Pauli’s matrices. However there is no notion of chirality in
3d. Higher dimension represantation can be built from tensor products, i.e.
d = 4 4x4 matrices built form tensor product of 2x2 matrices.

SO(1,1) matrices In 2d Minkowski space the v matrices satisfy (with the
usual g = diag(1, —1)):

0
g p=20
(1)) :{ @ (4.4.19)
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or:
() = v (4.4.20)
Choosing:
1 0
Vo) = (0 _1> (= 03) (4.4.21)
0 1
'7(12) = (_1 0) (=o1). (4.4.22)
We find explicitly:
{’Vé»v(”z)} = 29" 1222. (4.4.23)

We may also define a chirality operation as:

1
23 0 .1 1 .0
72 T 5 ('7(2)7(2) - ’Y(Q)V(z)) (4.4.24)

- (g’ (1]) . (4.4.25)

{7ty:3t) ) =0. (4.4.26)

The 3d case is constructed analogously with the SO(3) example.

SO(1,3) matrices The Standard Dirac matrices in the Weyl basis can be
built from the SO(1,1) matrices using the tensor product?:

Ty = ) ® Loaz (4.4.27)
Yy =) @A) (4.4.28)
Ty = —1%) © 1) (4.4.29)
Yoy = 1) ® V) (4.4.30)
in this way:

Ay = =500 Yy Vi Ve (4.4.31)

and: y
pot i;(‘”. (4.4.32)

“Indeed, a way to build an explicit represantation for matrices in higher dimesion is
using the tensor product of Pauli’s matrices, until we obtain the correct dimension. See
page 82 of M. Nebbia’s notes.
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4.4.1 ~ matrices in dimensional regularisation

If we were to think of representing the v in d = 4 — 2¢ dimension as an
oo dimension vector space we would not find a correct continuation around
d = 4. We need 5 to represent chirality in d = 4. We have already saw that
the notion of chirality doesn’t exists in odd dimension, and it’s impossible
to generalize it’s definition in an elegant way.

The reason why it happen is due to the definition (4.4.7), where it’s
present the tensor €, which is related to the space-time dimension. In d = 2,4
we have €, and €,,,» and we have two or four indices to fill the space. Oth-
erwise, in a generic dimension d, expecially non integer, € doesn’t exists. The
facts that we try to extend ~s5 in a generic dimension bring us to the prob-
lem which ask us to "close" the Clifford algebra using exactly the available
space-time direction. When we do that we break some of the properties of
gammas.

't Hooft and Veltman, and for this reason we say ’t Hooft- Veltman scheme,
propose to keep the definition of 4°, the chirality, in d = 4:

0y y2y3 (4.4.33)

even in other dimension. This statement bring to some stranges conseguences.
Therefore we keep the dimension of the spinor space to be 4:

{797} = 29" L4ga (4.4.34)

where we have g"” = diag(1,—1,—1,...). We therefore keep the identities
for ~#~, etc. as before.
With the definition (4.4.33) and all the relation for the gammas we have:

{5’} =0 . p=1(0,1,2,3) (4.4.35)
but for p > 3 we must implement a commutation relation:
[*,4°1 =0, p>3 (4.4.36)

In facts, we are separating the space in two parts, the physical one, with
w=0,1,2,3, and the evanishing, with ¢ > 3. In dimensional regularization
this different behaviour brings with its the chirial anomaly, which is a general
property of some chirial theory, such as the Electro-Weak interaction.



Chapter 5

Renormalization of QED at
one-loop

In this chapter, as the title says, we will see how to renormalize the QED. In
particular we complete renormalization of QED at one-loop though renor-
malization of A,, ¥, e and m. We will see the quantum corrections to EM
interaction and we will see g — 2 = a/(27), so the anomalous magnetic mo-
ment. Also, we’ll see the quantum corrections to electric potential (Uehling
potential) and the charge screening. Last but not least we will see how
gauge invariance, Z; = Z» and the Ward-Takahashi identity are related each
orther.

5.1 Lagrangian, Feynman rules and counter terms

Let’s see a brief rewiew of some things we already know before jump into
the renormalization of QED. We consider a general R covariant gauge.
5.1.1 Bare Lagrangian and gauge invariance

We know the lagrangian of our theory:
1 —.
Lopp = = Fuw ™ + Y(ID — m) + Ly (5.1.1)

where we have:
Fr = grAY — 9" A¥
DH = 0" + ie AV
and we know is invariant under local U(1) rotation:
v — Y =@y (5.1.4)

1
Ay — A= Ay = -0,6(). (5.1.5)

7
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The covariant gauge fixing term is:

1

ng = 2€

(0, AM)2. (5.1.6)

To derive the form of the photon propagator we take the terms in Logp
with 2 photon fields A*:

1 1 1 1
—ZF‘“’FW - E(@A“V =-3 <8MA,,6“A” — 0, A 0" AV + gauA“(?,,A’)
(5.1.7)
1 1
= §A“ <Dgw, - (1 - 5) (9“8”) AY 4+ surface term
(5.1.8)

where we have used integration by parts and removed surface terms from
the £. The Fourier tranformation of (5.1.8) gives us:

1 - -
S A My A (5.1.9)

where:

1
My, = —p*gu + (1 — §> Pubu- (5.1.10)

The photon propagator D, is defined by:

Dy (P, )M” 5 (0, €) = iguo (5.1.11)

so, as the inverse operator of M. We solve (5.1.11) for D, by first providing
a tensor decomposition:

@ PuPv
D#l/(p27£) = 3 <_g,uu+/8 MQ ) (5112)
p p
which can be inserted into (5.1.11) to find:
a=i , B=1-¢ (5.1.13)

We need to add contour deformation to avoid the pole on the real axis, so
the final expression is:

1

Dy 27 =
(D75 €) p2+i¢+

(_glw+(1_g)p;§”>. (5.1.14)
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5.1.2 Feynman rules

In this section we see the Feynman rules of the theory. We have the progators:

41?) B Z(? + m)ﬁa (5 1 15)
o B N p? —m? + i¢+ o
P i
— Pubv
m 1% p? +i¢+ ( por ) p? ( )
1
. é . = —ievhs (5.1.17)
@ B

plus the rules for external spinors and polarisations:

initial ; final (5.1.18)
p p
— > @ = ua,s (p7 m) 9 —p = uOé,S(pv m)
« «
(5.1.19)
p _ p
< o Ua,s(pa m) ; ® < = er,s(pv m)
« «
(5.1.20)
D p .
l;vvvvvvvvv\. - 6ﬂ(p) ) WVWWW\[L = Eu(p). (5121)

= —ielUs, (p1,m)¢(P3)vs,y (P2, M). (5.1.22)

5.1.3 Superficial degree of divergence

We know that the expression of the superficial degree of divergence is theory
dependent, so recalling how we derived (3.1.1), where d was the dimension,
L the loop order and n the number of internal lines; we may derive a similar
form for a graph in QED, counting the momentum power in the loop integral:

w(Torp) = dL — 2P, — P, (5.1.23)
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where P, and P, are the number of internal photons and electrons/positrons
respectively.

We may express w(I'grp) only in terms of external photon and electron
multiplicity, £, and E., using the expressions:

L=P+P,—-V+1 (5.1.24)

and:
V=2P,+E, (5.1.25)
=P, + %Ee (5.1.26)

just to write:

w(Tgrep) =d+ <1;d> E. + <2;d> E, + (‘1;4> 1% (5.1.27)

so in 4d is simply:
3
w(lgep) =4 — §E6_E7' (5.1.28)
We can notice that this expression could be obtained via the analysis of
operator dimension inside the loop-integral (like the expression (3.1.14)).
Using the expression (5.1.28) we can see the divergent graph in the table
5.1.

In QED the treatment of the tadpole graph is different, and more straight-
forward, than in ¢ where it was necessary (and sufficient) to re-define the
vacuum expectation value. There we can show the graph is zero e.g. at
1-loop:

" @ — e Tr{y“ k M} (5.1.29)

1 k
— e TriAn b oy [P
ie Tr{y }m/kkzm2 e 1r{’y’y}/kkzm2
=0 e
(5.1.30)

=0 (5.1.31)

thanks to the gammas’ properties and the scaleless integral. This property

is valid to all loop orders, so:
= 0. (5.1.32)

It’s very important that the photon tadpole is zero, because we know that
has two spin polarisations (£1), but in every cases it has to be conserved, so
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E. E, w(lggep) | name

r
0 1 3 tadpole
@ 2 0 1 electron self energy
® 0 2 2 photon vacuum polarisation
2 1 0 vertex
0 3 1 _

040

Table 5.1: Divergent diagrams of QED.

since these kind of diagrams contribute to the vacuum expectation value (A),
has to be zero to not breaks the rotations invariance (choosing a privileged
direction in space).

There are two other graph to worry about it - the 3 and 4 + graphs. There
aren’t operators for 7 self-interactions in the lagrangian, so it’s not clear
where to absorb the divergences. The resolution is to see that divergences
cancel between contributing diagrams e.g.:

2

2 1
@ 3 = 3 + 3 4+ O()
1 2
1
(5.1.33)
=0 (5.1.34)

where with O(e®) we indicate the higher loops. The contributes cancel out
because, if we write explicitly the integral, we can see that the denominators
are the same (we have the same loop-momentum, in opposite directions, but
with a power of two), while the numerator has a sign difference.
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For the 4y case we have:

9 3 2 3
_ - permutations 6
@ - 4 P v + (6 diagrams in total) + 0(e)
(5.1.35)
= finite. (5.1.36)

The 3+ amplitude result is a special case of a more general theorem:

Theorem 1 (Furry’s theorem) Correlation functions and amplitudes for
odd numbers of photons are zero:

@ — 0, wmez* (5.1.37)
3

2n +1

This theorem follows using charge conjugation symmetry and in facts it tells
us that the correlation functions with odd external photons are zero because
they generate a lots of diagrams, which contributions cancel each orther.
There is a proof of this theorem in M. Nebbia’s notes at page 111.

5.1.4 Renormalization constants and counterterms

In terms of bare fields, couplings and masses we have:

1 1
EQED = 514‘8 (gm,lj - <1 — §0> 8“8,,> 6—{—

+ ihgPbo — motbgto — eothoAgrho.  (5.1.38)

We relate bare quantities to renormalized ones using the standard procedure:

Yo = /Zy¥r (5.1.39)

Al = \/Z, A (5.1.40)

mo = Lmm (5.1.41)

€0 = ZeCrpiy = i61%#3;: (5.1.42)
ZyZa

to= 24 = g (5.1.43)

:75_
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so that:
Lorp = LoeD,R + LoT (5.1.44)
where we have:
1
Lor = §(ZA - 1)A%(ngx - 6#8,/) ?%"1'
1 14
b2 (Ze - 1) Ao, 0, A+
&R
+i(Zy = VYR — (ZimZy — 1)mR pR—
—(Z1 = VerpgrArvr (5.1.45)
and the term Lggp, g, which is invariant under gauge rotations:
Yp — P =P @ypp (5.1.46)
1
Al — A = AR — o0 (x). 5.1.47
R R R H%GR ( ) ( )
For the whole expression, to be invariant, requires:
Zy = Zy. (5.1.48)
With the expression (5.1.45) we can see the Feynman rules for the counter-
terms:
R
Q> = i (pdy — Mo 5.1.49
a ﬂ ¢ (p P m 3)ﬁa ( )
where:
03 =ZmZy—1 , Oy =2y —1. (5.1.50)
We also have:
p
W = —i (g‘“’p2 —p'p”) da (5.1.51)
W v
where:
oa=24—1. (5.1.52)
The last rule is:
u
. § = —leruy"'di (5.1.53)
@ g
where:
0 =21— 1. (5.1.54)

We will show later that Z¢ =1 (see section §5.2.6).
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5.2 Divergent graph at 1-loop

The expansions of the divergent graph to one-loop are the following. For the
electron self energy we have:

= Ssalpm) 521

For the vacuum polarisation we have:

p
= M (p,m) (5.2.3)
= WQW + @+ Ofef).

(5.2.4)
The vertex correction is:

NN

@ i = T (pm) (5.2.5)
p
o’/
= + + 0(e%)

(5.2.6)

Let’s analize each of them individually.
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5.2.1 Electron self-energy

Now we take, to start with, (g = 1 (Feynman gauge). We have:

k
U mﬁ]:g - (—z‘eRuR)Q/v“ (Cktpt e, ( o )
B _ Ja? k * D(k—pmpg) i D(k,0)
—k+p
(5.2.7)
H(kE —p —mRr)u)as
= ¢? 25/ b a 5.2.8
W | Dk 0Dk pom) 52
F—p) —dmg)ap
= e} 26/« ) 5.2.9
W D0 DUk~ pma) (029
where we used the properties of gammas and where we can define:
WA (A1 — N
I = 2.1
2 M= | D ) D= prma) (9:210)

so that:

b

Lo -

=~k {[2~ dp+dmg 1N - - )M} (5.2.1)

[(2—d)
= [ (2 + 2mir] — 10D) 4 1]

2p?
(5.2.12)
where we have used the fact:
LK) = pba(p; 0,m) (5.2.13)
1)[d 1)[d
= 2’;;2 M)+ (07 = mB) B )] (5.2.14)
The scalar integrals d = 4 — 2¢ dimensional are:
W2 _ 1 TA4e) oy
Il,m [1] - (47_[_)2_6 (1 — 6)6 (mR) (5215)
= ﬁﬂf 1 +1 —log (m%) + O(e) (5.2.16)
(4m)2 7\ e

and:

(-2, _ Cr (1 > j p?
) = s (2= tomtm) + (1= 28 0w (1= £ ) + 009
(5.2.17)
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where:

Cp = T(1 + ¢)(4n)". (5.2.18)

So, using:
ek = 4ma. (5.2.19)

and noticing that between (5.2.16) and (5.2.17) there are some terms that
cancel out, we can conclude:

L =i (&) (p—4mR)% + O(). (5.2.20)

5.2.2 Photon vacuum polarisation

We can compute (with a minus sing for the closed fermion loop):

,
w = —(—ie )2/Tr{wz.(%erR)'y”i(%—]?meR)}
1 o v RMR . D(/{:, mR)D(k — mR)
k—p

(5.2.21)
where we have:

Tr{fy“(k + mR)’YV(k - p + mR)} = 4<2kﬂkl/ _ k2g/u/ - kupy—
— KD kpg - mhg™ ) (5.2.22)

so we need the tensor reduction for up to rank 2 bubble integrals. After
applying Passarino-Veltman reduction we find:

M«MAQWWV = —e%/ﬁf< — gHvp? —l—p“p”)A (5.2.23)

4 1)[d d—2 1)[d
A= [(d — 2y <2m% + =5 p2> B (5.2.24)
We can see that the bubble integral is the same we used in ¢3 theory, so in
d = 4 — 2¢ dimensions on can show:

O = (o) () (o).

(5.2.25)
You can find the complete results, with finite terms, in Mathematica for
example.

with:
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5.2.3 Vertex correction

This computation requires considerable extra work and is necessary to fix
651). If we accept the result Z; = Zs, then we can avoid the computation,
but validating the result is an extremely good cross check. The one-loop

diagram is:

= —iegpu(pz, mp)T Vru(py, mpg)

p1 k D2

(5.2.26)

where we have the conservation of momentum and (in Feynman gauge):

TWr = _i3(—iepu$) /D k+¢2+mR)7u(%+p1+mR)%

. 5.2.27
D(k + p1,mr)D(k + p2, mg) ( )

A general basis for I') 5(p1,p2) would have 3 elements e 5 Pi0ap and phdas.
However, I'* satisfies the Ward identity:

I'*(p1, p2)p3u = T (p1,p2)(p1 — p2)u = 0. (5.2.28)

As a result, I'" can be described in terms of 2 indipendent tensor structures.
The vertex descrives the elettromagnetic interaction and so it is useful to use
a tensor basis that exposes electric and magnetic properties (we will explore
the direct connection later). We can write:

v

10
T(prp2) = Fiy + Fag—(=p1 + p2) (5.2.29)
mg

where:

o = S,y (5.2.30)

and Fy, Fb are the electric and magnetic structure functions respectively.

Proof of I'* decomposition We start with:
Ty = agﬁgfy“ul + alp’fﬂgul + agpgﬂgul (5.2.31)
we can change basis to (p1 + p2), and (p1 — p2)u, so:

WplMuy = agiay"uy + a1(p1 — p2)!Uaur + az(p1 + p2) douy (5.2.32)
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contracting with p4 (or with p; — ps using the momentum conservation law),
that means that we are forcing the Ward identity:

ol - psur = =l - (p1 — p2)us (5.2.33)
= —aoUz(p, — p,)ur — a1(p1 — p2) Taur — az(pi — ph)uau

(5.2.34)

=0 (5.2.35)

where we used the fact that the particle are on-shell, so the first term is zero
because are valid:

ﬂﬂﬁz = mus (5.2.36)
Pur = muy (5.2.37)

and the third term is zero since:

p? =p3 =mk. (5.2.38)
So we have found:
a; = 0. (5.2.39)
Now we can notice that:
pP'ugur = pug”usu (5.2.40)
= %pu@{v“,’y”}m (5.2.41)
= %ﬂz{'y“,p}ul (5.2.42)
hence:
(p1 + p2)Huzuy = %ﬁz{’y“,}ﬁl +p2}u1 (5.2.43)
= %ﬁg (v, + pr" + 2mer ) (5.2.44)

and now we can expand the magnetic tensor:

_ ia’“’( n ) 1
_ 5 -
U2 om P1 T D2 3} 2 1

R ma [7“’ Pt Pz] u1 (5.2.45)

- 4mRﬂ2 (fyupZ TPt - 2mR’Y“) up  (5.2.46)

1
= %(pl + p2)Pugur — TyHug (5.2.47)

which completes the rearrangement. |
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The full computation of the vertex diagram is quite long. It’s useful to
try it in different ways. See the following exercises.

Exercise 5. The UV divergence for a triangle topology can be ex-
tracted by taking k — oo at the integrand level. Compute the result-
ing integral using Feynman parameters to show that:

3
Tp3
el O‘)l O(e°
ie Ry Uy (471 e—i— (€).

b1 b2
(5.2.48)

Exercise 6. Perform the reduction to scalar integrals using the
Passarino-Veltman method to show:

Fl(l) = %Cp < + log <'MR>—|—

n Mlog <_g+> +f3> +O0(e) (5.2.49)

Q*p -
where
4m? 1 £
B=\l-Tr + Be=30 . (mmP =@ (5250)
and: 0 |
U2 _ T i 5.2.51
3,0mm (471')2 4p1 - pa 3 ( )
You can also show:
(1) _ 4m? ( 5+>
F. —C —— ] 4+ O(e). 5.2.52
2 FQQIB B— ( ) ( )

Osservations. We can see in the exercises that F2 is finite, and this
is consistent with the vertex counter-term which is proportional to v*. The
finite terms in Fl(l) are more complicated - in particular the scalar triangle
integral which contains an IR divergence. This needs to be treated properly

before; an on-shell renormalization will correctly give Z; = Zs.
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5.2.4 One-loop counterterms

M S scheme. We can now determine the values for d1, dy, 93 and 4. Using
the result (5.2.48) we can see:

1
TP:;
+ § = finite (5.2.53)
e o

— M= %C{‘ (—i) (5.2.54)
but with (5.2.20) also:
» ! :4ij Y > @ > = finite (5.2.55)
= &)= %Cr <_1> (5.2.56)
= =20 (—j) (5.2.57)

WQW“ + ~n@rnn = finite (5.2.58)

4
— sW="cr <—> . (5.2.59)

From the constants we may obtain (since d; = dy):

1 Q 2
8¢ S04 (47T) Cr <36> (5.2.60)
and: 5
1 _ () _ (1) _ (& _2
5 = 5§ — 5 (47T) Cr < 6) . (5.2.61)

On-shell renormalization. Often, in QED it’s used the on-shell scheme,

because we want to see the real mass of fermions, instead the minimal scheme.

The Dyson renormalized electron propagator is:
1

P —mg + Xg(p, mr)

(5.2.62)



5.2. Divergent graph at 1-loop 91

and we would like to ensure the propagator has no quantum corrections, so
X r = 0, at the physical pole, that means mpg = mppys.
We may expand the self-energy Y around p = mpgl to obtain:

Er(p,mr) = Zr(p, mr) +(p—mp)ZN T (p?,m%) + O((p — mr)?)
o (5.2.63)
where:
ST (% mE) = (;;ER(?, mp) (5.2.64)

p=mr

So to completely fix d, and d,, in the on-shell scheme we must impose that
the residue at the pole has to be exactly 1, so:

ZR(ﬁ, mR) =0 (5.2.65)
p=mn

s mmn)| =0 (5.2.66)

d}Zﬁ R p, R . . 2.

The condition (5.2.66) fix d,. Since we have not constraints on the photon
mass, we can ask only to have a pole for zero mass, so that the photon’s
propagator is the free one (in the expression (5.2.74) we don’t want the term
1/(1+1I)). The photon counterterm can be fixed at zero momentum:

lim (H(pQ,mﬁ%)> =0 (5.2.67)

p2—0

and the vertex correction can be fixed to a mesurement at low Q2 (i.e. Thom-
son scattering):

Ql%glo (F%(Q{m%)) = —iephysY" (5.2.68)

and note that low Q2 implies that we are far away from interaction point.
Fixing the vertex what we are asking is to be able to measure the electric
charge with a soft photon (low Q?) scattering.

There is a subtelty regarding the on-shell scheme renormalization con-
stants in that the finite part of the vertex correction had an IR divergence
- the wave function renormalization condition (5.2.66) also contains an IR
divergence, such that we obtain Z,;, = Z; as expected.

We complete this section with a couple of loose end.
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5.2.5 Resummation of photon propagator

For € = 1 the (Fourier tranformed) 2-photon Green function is:

G (p?) = rndl + +
+ T (5.2.69)

_ig;w _igucr _igpu
2 + 2 1er 2 +

p p b
i I | L (5.2.70)
p p p
If we take:
I = i(p2g" — pp’ I (5.2.71)
we get:
~ —1 1
G = p92uv + P (P29;w - pupy)ﬂ—
1
T8 (p29u7 - pupv> (PQQZ - Pvpu) I* + ... (5.2.72)
:p2 <p29uu_pupu>
—1 .Pup
= p7<p29/w_p,upu> (1—H+H2+...) -1 ;4” (5.2.73)
so we can resum the IT and get:
o _/L pMpV ]- .p'u,py
G = —5 | Y — —i 5.2.74
w2 (gu 2 > 10 p ( )
I~_I
GHI/,L

so we see that only the transverse part of the photon propagator is affected.
The longitudinal component, G, 1, does not contribute to physical quanti-
ties thanks to the Ward identity.

5.2.6 Proof that Z; =1

We can show that gauge invariance dictates Z¢g = 1 by studying the 2-photon
Green function:

GO,W(P27 50) = ZAGR,MV(p2, 5}2) (5275)
where we can write (keeping & general):
A 2 _ i Pubv 1 ... PuPv
Gouw (P, &0) = 2 <g/w T ) 1+10, &0 o (5.2.76)

= —1 14 ]- . p py
ZAGRuw (P ér) = Z Z( V—p"p> —itp—t ) 5.2.77
AGRuw(p™,ER) = Za (p2 9w =2 | T, &R e ( )
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where we can see the coefficient of g"”:

1 ZA

1+H0 - 1+HR

(5.2.78)

and the coefficient of p#p”/p? minus the coefficient of gh:

§o=ZA¢r
but we have the definition:
§o = ?:53
so we are only consistent if:
Ze =1

(5.2.79)

(5.2.80)

(5.2.81)

5.3 The interpretation of quantum corrections to

Fi and F5

The reference for this part is the Itzykson-Zuber Let no one ignorant of ge-

ometry enter my door.Zuber at page 347-349.

In this section we show the direct connection between electric and mag-
netic interactions and the structure functions Fij, Fb, by considering the
interaction between and electron and a slowly varying semi-classical photon

field A%:

I
Acl

q -
l = —iepuRVY AL + ... (5.3.1)

By taking the limit ¢> — 0, and the slow variation (g" ~

%) we can expand
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the interaction as follows:

o

) Qi *éy“%
ﬁ ﬁk .

= —ieRHRU2 ('m + T
+ 7, D(q )ngw@ mR)>u1A L O (5.3.3)
= J, Al (5.3.4)

The interaction is described by an effective hamiltonian:

AHjp = / d*z J, A", (5.3.5)

where J,, is the Fourier transform of JNH. Let’s look at ﬂgfg)uul first:

i
ﬂzF%) up = UzwulFl(,l}%:(qQ, my) + %Uz%uul(m +P2)VF2(,11)z(q2, my)
(5.3.6)
where we can show (from their expressions (5.2.49) and (5.2.52)):
, 2
Ff}%(q%m%) 0 (%) q% ((H—b(IR dlvergence)> (5.3.7)
1 250 (@

Fihatmp) = ()2 (5.3.8)

Note. Renormalization has explicitly removed leading terms (¢g%/m%)°
in the expansion of F}.

We may also look at the second term proportional to I(Y) in the same
limit, and find:

2 2
(2 ) i 1_c (5.3.9)

) 2 2
’YVDVp(q )HR,pu(q 7mR) — (47_(_ R
where C' is a constant. In position space we have:

O
— — = (5.3.10)
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so having examined the elements of jﬂ we may return to the expression for
AH;,; and show:

AHjpe eR/dga: {E?,ﬂp (1 + (g) (a +C+b(IR divergence)) D) AL+

47
1 « 1 —
— — yu F
* <2 * (471')) om0 CW}
where we have:
Fcl,w/ = auAcl,y + allAcl,u- (5311)

Hint. One must use that terms with more than 2 derivatives vanish due
to the slow variation condtion of A , and apply to Gordon Identity.

The first part is identified as the electric current, and its interaction
with A% is affected by infrared divergences. The second term has a simple
implementation, it is the magnetic moment of the electron. Indeed, in the
limit of a constant F is it reduces to an effective magnetic dipole energy; if
we assume that F represents a constant magnetic field, so F%/ = €% By, we
have:

AHp ~ (electric current) — B - {eR (1 + g) 2/d3xwg¢} (5.3.12)

2mp 27
where:
. eR a 3 —0
- 14+ o-)2 [ d*ep? 5.3.13
a [2m3< T on / wﬂ’] (5.3.13)
is the magnetic moment. From the Dirac equation (semi-classical) one finds:
— € —\
M Dirac = %(28) (5314)
e o
= Y9Dirac <277’LQ> (5315)

where § is the spin operator and gp;rqc = 2 is the gyromagnetic ratio. The
first order correction in A to g is therefore:

(07

- a4 3.1
o (5.3.16)

g—2

where a = a/(2m) is called anomaly and which is Schwinger’s famous result
(1948), confirmed by numerous accurate experiments.

5.4 Interpretation of II(p?, m?) - the vacuum polar-
isation

The renormalization 2-point function IIg(p®,m%) has implications for the
range of the elettromagnetic interaction. You can see Peskin Let no one
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ignorant of geometry enter my door.Peskin at section §7.5 for detail.

If we consider a static photon:
=0 = ¢=—q? (5.4.1)

then for |]* < 1 we have:

Ha(—|q? my) T3° ;“5@2 +0 <7|§j> : (5.4.2)

The Dyson resummed propagator gave us:

MXrrrannanX WQM 4o (5.4.3)

where we have used a cross at the end points to show we are propagating
between two points far apart, i.e. |g]> — 0:

lal2—0  —|q] [

so the Dyson resummed expression is:
2 2

‘(ﬂR2 <1+HR( 1’(ﬂ2,m%~z>) ‘(ﬂRg <1+< ) 14551%—1-(’)( )) (5.4.5)

We can use this result to read off the potential between a heavy nucleus
(charge —Ze) and an electron:

,F’ e
> o
electron
nucleus
—Ze? ay 4 A7)
Vir) = RBl14(—)—= ). 5.4.6
") = T ( +<4w> 15 m% (a )> (5.4.6)

The radiative correction to V(r) is called the Uehling potential and results in
a charge screening effect. We have that A(7) ~ 6©)(7) but can be computed
exactly to be a distribution concentrated in a region:

1
r<—n~A
m

where A is the Compton wavelength. So, for r = 1/m the virtual eTe”
pairs accounted for in Il effect the medium around the electron, so make
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QO 0
> Qbo o
CD e GO
0 O

Figure 5.1: Virtual eTe™ pairs are effective dipoles of lenght ~ 1/m, which
screen the bare charge of electron. The reference is Peskin and Schroeder
Let no one ignorant of geometry enter my door.Peskin at page 255 figure 7.8.

the vacuum a dialectric medium in which the apparent charge is less than
the true charge. At smaller distances we begin to penetrate the polarization
cloud and see the bare charge. This effect is known as vacuum polarisation,
see figure 5.1.

We can also consider the opposite limit, so we can consider the effective
coupling at very small distance by taking |7]*> > m% in which gives:

Liqtm2) TR a4 laP m
Hp(=|q1",mz) ~— (M)q( 5—1—3log<m2 +0 (5.4.7)

R lq|?
2 |q1%2>m3, 0]
— Odeff(’(ﬂ ) = - FE (5.4.8)
- ﬂlog (Am2 )

where:

A= exp{ <2> } (5.4.9)

So, we get aerr < o, that means that the effective electric charge eg becomes
much larger at small distances, as we penetrate the screening cloud of virtual
electron-positron pairs.

Note. [From Nastase Let no one ignorant of geometry enter my door.Nastase|
Indeed, we see that the effective charge is smaller than the free one. There-
fore, we can interpret this in the same way as interpreting the screening of
charge in a polarizable medium. The charge is effectively screened, since
dipoles (charge pairs) orient themselves so as to screen the outside charge
(opposite charge closer to the source). The difference is of course that in a
material, it is only a local effect; globally, because of charge conservation, we
have the same charge. But here, the charge is interpreted as a continuous
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coupling, and it can be made smaller (screened) by the interaction with the
(polarizable) vacuum.

The combined vacuum polarization effect of the electron and of heavier
quarks and leptons causes the value of af (¢) to increase by about 5% from
g = 0to g = 30 GeV, and this effect is observed in high-energy experiments.
There is the figure 7.9 (page 256) in Peskin Let no one ignorant of geometry
enter my door.Peskin which shows the cross section for Bhabha scattering
at Foy, = 29 GeV, and a comparison to QED with and without the vacuum
polarization diagram.

Qe (T)

137 |
} logr

r=1/m

Figure 5.2: A qualitative sketch of the effective electromagnetic coupling
constant generated by the one-loop vacuum polarization diagram, as a func-
tion of distance. The horizontal scale covers many orders of magnitude.
Reference: Peskin Let no one ignorant of geometry enter my door.Peskin
page 257.

We can also write a ¢ s as a function of r by setting ¢ = 1/r. The behavior
of aepf(r) for all r is sketched in figure 5.2. The idea of a distance-dependent
(or scale-dependent or running) coupling constant will be a major theme of
the chapter §7.

5.5 The Ward-Takahashi identity

We have already encountered the Ward Identity of the form:

Abp, =0 (5.5.1)
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for an on-shell amplitude A = A*e,(p). There is a stronger statement that
applies to off-shell correlation functions from which the Ward identity follows.
This is the Ward-Takahashi identity.

Take a correlation function with n eTe™ pairs and m photons:

MHE(p1y - PRy @1y 5 Gni Ty -5 Tm)

where p; are incoming fermion, ¢; are outgoing fermions and r; are outgoing
photons. An incoming photon with momentum k* is inserted at all point
along the eTe™ currents, and is denoted as:

®. (5.5.2)

Then, if we add an insertion of a new photon momenta k* we have:

= (5.5.3)

contracting the v* in the vertex with the momentum k*.
The Ward-Takahashi identity states:

0 an

pi +k

(5.5.4)
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Where we use the renormalized electric charge eg. With the sum ), we are
considering all the possibility to attach an incoming photon. We can prove
the relation (5.5.4) to all orders using Feynman diagrams, demostrating that
it relies on cancellations between the diagrams.

Mathematically we can express (5.5.4) as:

n

KGu(k) =er» [éo({ki}; pisa, . vai—k,ooqn) —

=1
— Go({ki};p1, -, pi+ k- pi {a})| (5.5.5)

where we contract the diagram with the photon momentum and the Ward
identity impose that the result is the difference between the case where the
photon attached to the outgoing fermion line (so the momentum g; — & has to
compense the photon’s contribution) and the case with the photon attached
to the incoming fermion line.

Proof To start the proof we consider a fermion line with n photons at-
tached:

T1 T2 r3 Tn
pP=dq @ 4="0n
where we have:
q1=¢qo—T11 (5.5.6)
—gn=qo— Y i (5.5.7)
i=1

If we make the insertion (5.5.3), between photons i and ¢ + 1, we will see:

T Tit1

qi—1 qi T q; + k qi+1 —fi k

o g tm g, +k+m

= i
g —m?" (¢ + k) —m?

er (5.5.8)

where we can write:

E= g, +E—m) — (¢, —m) (5:5.9)
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so we get:
(¢ +m g +Fk+m _
— ~Mi 2 — ? Hit1 5510
! <q3—m2 (gt Ry7—m? ) T oo
T Ti+1 — k ry — k Ti+1
¢i—1 qi gir1+k qi-1 gG+k g1tk
(5.5.11)

using a shorthand notation we can write:

we can sum insertions on adjacent propagators easly. Indeed, we can see:

Lj_L

=

(5.5.12)

% +

E

(5.5.13)



102 CHAPTER 5. Renormalization of QED at one-loop

so we get, where with ® we mean the sum over all insertions:

(5.5.14)
but also we can notice, using a similar relation as (5.5.9), we have:
1
p
= L (p+m)%(}75+k+m) (5.5.15)
p?—m?" (p+k)? —m? .
r—k 1
+k
R § - P é (5.5.16)
Ptk ptk—m
and:
T'n
n rn—k
dn—1 dn dn—1 qn + k

(5.5.17)
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So, two terms cancel out and we get:

—> —
p q
= _, é > § > g > - g > é > § > (5.5.18)
—> — —> —>
p q—k p+k 4q
where:
q:p+k—zn (5.5.19)

K3
¢=p-> n (5.5.20)
7

Note that if we apply the LSZ formalism to the correlation function and put
the external legs on-shell, the two terms cancel, recovering the Ward identity.
The relation (5.5.18) is valid off-shell, so applies to any sub-diagram over a
more complicated multi-loop diagram.

To complete the proof we must consider insertions on internal closed
loop, fermion lines. A closed loop with n-photons attached is written as:

™ T2
™ T2 Tn
: ( = Tr § g é (5.5.21)
— —
ry I I
Tn

where 7; are outgoing photon momenta and [/ is an internal loop momentum.
On the right hand side we have used to notation —}— to indicate the
end-points are the same. When we sum over all insertion point we can use
the same type of relations as before, but this time the changed momentum
conservation conditions results in the final two contributions cancelling. We
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have:

1

L
@]

=Tr §,§ > § —Tr g. § > é = 0.

—>

g I
(5.5.22)

Indeed, equation (5.5.22) is verified performing the shift [ — [ — k, because
in this way we have:

NSRRI RES

—
I+k l
(5.5.23)
Equations (5.5.18) and (5.5.22) are sufficient to prove the general relation
(5.5.4).

It is interesting to consider the special case of the Ward-Takahashi iden-
tity for the 2-point electron self energy:

o
p
» o i
? ® . = ® (5.5.24)
— el

p+k
p p+k
—en( S - )
(5.5.25)
The two point function is:
p i

w = = Sapmn) S(p) (5.5.26)
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while the vertex function appears on the lefthand side as:

I

k| -
> )=
p

p+k

S()(— ienlh(p.p+ Wk )S+k)  (55.27)

remembering to add external propagators for the correlation function. Mul-
tiplying the inverse propagators leads to the relation:

—ik, T (p,p+ k) =S (p+ k) — S (p) (5.5.28)

as we take the k — 0 limit we identify! the renormalization constants Z;
and Zy:

T (p,p+ k) =9zt (5.5.31)
iZy,
S(p)=——+0{p—-m 5.5.32
() p—mn (p —mr) ( )
hence:
—ifz = —ip+ 02, — (—ip)Z," (5.5.33)
that implies:
7y = Zy. (5.5.34)

So the Ward-Takahashi identity is directly connected with the gauge invari-
ance constraint, that identifies Z; and Zy.

'We have o = Z;)mwm Ag = leq/zAR and ey = eRZl/(Z,l,Z}Ap), so when we look at
the interaction vertex we have:

eoohotho  —  prZiervpApir (5.5.29)

but having I‘g x ep when we renormalize it, so we write F*é x er we have:

ZyZ}/?

e = = Z7'Th. (5.5.30)
1

' xer =
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Chapter 6

Renormalization of QCD at
one-loop

In this chapter we will show how to organize SU(N). colour algebra, we will
introduce the spinor-helicity formalism to find compact representations for
on-shell helicity amplitudes. We will see that there is an hidden simplicity
in QCD at tree-level.

After that we will perform the computations to fix (57&)1), 57(,1), 51(41) and

g g
551) sufficient to fix 5%). Spoiler: we will see a sign flip respect the result of
QED.

At the end we will analyze further divergent graphs that can be used to
validate structure.

6.1 Lagrangian and Feynman rules

We will consider an SU(N.) gauge theory with ny quark flavour trasforming
in the fundamental representation. The gluon field Aj, trasforming in the
adjoint representation, is quantized in a covariant gauge using the Fadeev-
Popov method, which introduces the ghost fields ¢, that are scalar satisfing
fermionic statistics. The complete field content is:

Ygai quark field g=1,...,ny (flavour)
1=1,...,4 (spinor)
=1,...,N, (color)
AF® gluon field nw=0,...,3 (Lorentz)
a=1,...,N* -1 (color)
c®  ghost field a=1,...,N>*—1 (color)
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The bare lagrangian is:

nf
1 — .
£ = LR 3 B (620 )
q:
1
= 5 QuAL") (D A5 + 9§ DEch (6.1.1)
where:
F(;)wa _ auAga - ayA,(t)m o gsofabcAlOibASC (6.1.2)
Z/jgz’jaﬁ = ’Ygﬁpouij (6.1.3)
Dl = 05,5 — igaots, AL (6.1.4)
Dleb — grgab _ g o pabe gl (6.1.5)

with f¢ the SU(N.) structure constants, g, the bare strong coupling con-
stant and tf; the fundamental SU (N.) generators. We can also remember the
Feynman rules, using implicit spinor indices and subscripts for bare quanti-

ties:
P i(p +mg)dij (6.1.6)
i j D(p,mq)
p —jgab Pup
a > b A —(1-— L ald 6.1.7
FRLLELILL D(p, my) g — (1 =8) 2 ( )
igsti;7" (6.1.8)

_gsfawzas [g,ulm (Pl _ p2)ﬂ3 + guzus (p2 _ p3)u1_|_
+gM3i (ps — pl)“"’]

(6.1.9)
ig? [f12bfb34(913924 ~gMg?) g

I8 phRA(g1230  g14023) 4 (6.1.10)
M 2313024 912934)}
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p - cab
_r 10
6.1.11
w
% gsf%%p,. (6.1.12)
,,,»,, ,,»,,,
—>
p

6.1.1 Color algebra

SU(N,) color factors are a new feature of QCD diagrams. We must simplify
them using SU(N..) color algebral:

ab | _ 1 ab
Tr{t t } =30 (6.1.13)
Tefto} = 0 (6.1.14)
[t“,tb] — g fabese (6.1.15)

all of them bring to the relation for the structure constants:
Fobe = —22'Tf{ [ta,t”] tC}. (6.1.16)

We can use (we won’t) the basic properties to prove the Fierz identity:

a0 1 1

or the Jacobi identity:

lexfx34 + f13$f:£42 + f14xf123 =0. (6118)

By repeted use of these properties we may reduce onto a basis of color factors.
For example, consider to color factor for the quark self-energy, that we will

!Note that the general relation for (6.1.13) is:
T{t*t"} = Trs®*

but, in (6.1.13) we normalized Tr = 1/2.
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need later, we have:

B o N s (6.1.19)
k
1 1
= B 5ij5kk — ﬁégkékz (6.1.20)
_ % <NC - ]\17> 5 (6.1.21)
= Cpdy (6.1.22)

where we identified the fundamental Casimir of SU(N,):

_NZ-1
2N,

Cr (6.1.23)

It is possible to apply the color algebra graphically as well. If we use the
Feynman diagram to represent only the color factor then we get:

J

a =4 (6.1.24)
7
b

a = fabe (6.1.25)
c

etc.

The Fierz identity (6.1.17) then reads?:

(T ) e
= 5 - ¥ (6.1.26)
-

2Because the factor t3;ty is two vertex (6.1.24) with color indeces connected; meanwhile
the right-hand side tells us, indicating the color factor ¢,j on the left (starting with i on
the top) and k, [ on the right (starting with I on topo), that we only need do connect the
correct fermion point.
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from which we can connect the lower quark indiex to make the self energy
color factor (starting from (6.1.20) and going till (6.1.22)):

— e

i‘fwie = % Q - NL$ (6.1.27)

Q = N, (6.1.28)

%.ﬁ@ = % <NC - ]\1[C> — (6.1.29)

= Cp —e— (6.1.30)

where:

SO:

6.1.2 Tree-level amplitudes and spinor-helicity method

Having arranged color factors it is also worth noting how we can compute
compact helicity amplitudes for the remaining kinematic components. We
will introduce the concepts by means of an example: Gqgg scattering. There
are 3 tree-level Feynamn diagrams (we consider m, = 0):

< —> 2 3
2 —4— 00 3 2 —4— 3 \ /
A= Al - ‘i’&i + (6.1.31)
1 —» 000094 1 —»— 4 / \

naming respectively 1,2, 3, and where we have chosen all particle out-going
to simplify momentum conservation:

> =0 (6.1.32)

Firstly, let’s show that the amplitude satisfies the Ward identity:
Alps3, =0 (6.1.33)

where:

A = Al¢,(ps3). (6.1.34)
The first diagram reads:

(s — p as4a
Al = z(zgs)2u1¢4s—;§¢3v2 (t°394),,, (6.1.35)
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where p;; = p; +p; and s23 = 2py-p3. The contribution to the Ward identity,

defining Cy = (¢%%t%), , , is then:
A3y = —igiulmfﬁpgwa (6.1.36)
= —igiﬂm%vza (6.1.37)
523
= —igit1f v2C1 (6.1.38)

using in the last step the Clifford algebra. The second diagram is related to
the first one through 3 <> 4, so we find:

Abpsy = igiund,voCy ,  Cy= (t"%), , . (6.1.39)
The third diagram is the most complicated:
_ 1 -
A = 95“1’7“”25‘/39;“13“4(—p34ap37p4)flyflez4t?1i2 fba3a4 (6-1-40)
1
= ggtflisz%““ STQEI’Y“UQ (63 - e4(p3 — p4)u + €42p4 - €3 — €3,2p3 - 64)
(6.1.41)
where expanded the products and we have made use of:
€ " Pi = 0. (6.1.42)

For Ward identity check we have:

1 _
A5ps, = gztfligfb“”“guw%z <€4u512 —p3 - ea(ps + P4)u) (6.1.43)
= g2t? , P37, ¢, 0o (6.1.44)

1211

where we can define:

Cy =t froses (6.1.45)
= —i[t"s, 1], (6.1.46)
_ _Z'(cl - 02) (6.1.47)

which is now sufficient to show that A satisfies the Ward identity:
-Aupfi,u = g§ﬂ1¢4v2( —1C1 +1iCy — 03) =0. (6.1.48)

The color identity above can be used to order the diagrams that appear in
the amplitude. Defining:

Ay = g201 A4 (6.1.49)
./42 = ggCQAQ (6150)
Az = g%iC3A3 (6.1.51)
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we have:

A= g2 [Cr(Ar + A3) + Ca(Ay — Ay) (6.1.52)

where the partial amplitude (coefficient of the basis color factors C; and Cy)
are related by the symmetry:

(A1 + A3)‘3<_>4 = Ay — As. (6153)

It is therefore sufficient to compute only 2 of the 3 diagrams and then permute
the result. This is color ordering.

6.1.3 Spinor helicity formalism

We can take as reference the chapter §28.1 from Nastase Let no one ignorant
of geometry enter my door.Nastase; Mangano, Parke Physics department
and Dixon (see the notes about it) or you can also see chapter §60 from
Srednicki Let no one ignorant of geometry enter my door.Srednicki.

Compact representation for the helicity amplitudes can be found using

the spinor helicity formalism. We can write:

A(1)r2)23hs4h) = Ay + As (6.1.54)

u1—>%(1+h1'ys)u1,...

The formalism is built around the Weyl representation for the Dirac equation,
from which we construct everything from 2-component helicity spinors. We
recall the Weyl representation:

0 o
T
= (a“ 0) (6.1.55)

where o# = (1,) and o* = (1, —&) with o* the Pauli matrices. The helicity
projection operators are:

1+ 1 /1£1 0
P = 5 =5 ( 0 1:|:1> (6.1.56)
from which we form helicity spinors:
uy = Pou= ('?) =u_ (6.1.57)
u_ =P u= <|10’]> = v, (6.1.58)

Explicit solutions for the 2-component Weyl spinors |p) and |p| can be found
satisfying:

p)[pl=0-p %(pa“p]zp“ (6.1.59)

=0 > Slpts) =" (6.1.60)


https://cds.cern.ch/record/1613349/files/31-68%20Dixon.pdf
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where (p| = €|p) and [p| = €|p].

Let’s see some remarks to keep in mind. Helicity amplitudes don’t inter-
fore when squaring amplitudes:

(JA]?) = iz A(m)> , 2— N. (6.1.61)

Amplitudes are complex numbers, all the spinor indices contracted, and can
be written in terms of spinor products:

(pq) = —(qp) , [pal = —[ap] (6.1.62)

where:
(pq)[ap] = 0pg = (P +q)> =2p- q. (6.1.63)

Weyl spinors (|p), |p]) provide a complete representation of the Lorentz group
SO(1,3) for massless objects:

SO(1,3) £=9 sU(2) @ SU(2). (6.1.64)

Polarization vectors can be defined with respect to a reference direction n*
satisfying:

e-p=0 e-en=0 (6.1.65)
€6 =—-1 |, €r-€x =0 (6.1.66)
e (p.m) = (natp] e _ (potn]

' (p,n) Vainp) " (p,n) Vol (6.1.67)

Exercise 7. Show the spin sum for the polarisation vectors is:
pHnY + p¥nt

D il m)et(pm) = —g" +

n

(6.1.68)

which matches the propagator numerator in the light-like axial gauge:

1

'Cgf:i

(n- A)>. (6.1.69)

We have also the spinor product relations:

(12)(3] + (23)(1| + (31)(2| = 0 (6.1.70)
(12) = \/]s12e12 (6.1.71)
[12] = —/]|s12]e 2 (6.1.72)
(16"2](30,4] = —2(13)[24] (6.1.73)
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where (6.1.70) is called Schanten equation and (6.1.73) is called Fierz equa-
tion. We are now ready to finish the partial amplitude computation for ¢ggg.
We have:

Ay = —zu¢4¢23 ¢402 (6.1.74)

L 1
Az = —WW“W@ (63 - €4(p3 — pa)u + 2p3 - €3€a — 2p3 - 6463#) (6.1.75)

fermion currents (with incoming convention) must run from + to — and we
can use parity symmetry to restrict 1727 as the only independent, non-zero,
choice.

We can also talk about helicity —+ ++. With a bit of spinor algebra we
find:

2i(1ny)[41](1ng)[32]

A = w7 (123 (riad) (6.1.76)
Az = M( — 2(n3n4)[34](p3 — pa)u + (nao, 4] (n3d3]—

— (n30,3] <n434}) (6.1.77)

~ —2i{in)((n3)[23) + (na)[24]) [34] .

- 812(n33) (n44) (0179

where in the last step we fix n3 = ngy = n. So clearly for ng = nqy = 1
all contributions vanish. We can see that gauge invariance implies Ward
identity, which is biunivocal related with independency of reference vectors.
So:

A(1725354;) =0. (6.1.79)
Exercise 8. Show that:
A(172F3545) = m (6.1.80)
= m (6.1.81)
- <122>i<<21;>>;3<12;’<11>. (6.1.82)

6.1.4 Divergent graphs at 1-loop

The UV divergences are similar to those in QED (5.1.28) (founded via
(3.1.14)), but with the difference that we need to add the ghosts contri-
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bution, so:
3
w(Tgep) =4 - 5By — Eg — Ee. (6.1.83)

You can see the table 6.1.

ng ng ne w(lggep) | name

2 0 0 1 quark self-energy
0o 2 0 2 gluon self-energy
2 1 0 0 qqg-vertex

0o 3 0 1 3g-vertex

0 4 0 0 4g-vertex

0 0 2 2 ghost self-energy
0o 1 2 1 ccg-vertex

0o 2 2 0 -

0 0 4 0 -

Table 6.1: Divergent diagrams of QCD.
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In the table we have ommitted the tadpole graph:

()

which is trivially zero (by color algebra this time, and not for gammas’
properties and the scalelessness integral). The last two graphs do not match
gauge invariant operators and must therefore give finite results when all
diagrams are summed together.

The major difference with respect to QED is the number of diagrams
that contribute for every graph, due to the higher number of fields present
in the theory. Up to one-loop we have:

- s g& + ... (6.1.84)

00999 @m' = Q- + Mﬁgﬂw—k
q
PR
+ > +
q
.

+ \mmsu\/ 0000 + ... (6.1.85)
<

~

(6.1.86)

- + o (6.1.87)
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2 2
= + ? +
1 3 1 3
3
+ AAMLﬁ%%\Amm + o
1 2
1 3
2
+ j@:\::émmw 3 + +
1
2
2
+ o1 mmm +
3
+ ghost loops + quark loops + (higher order)
(6.1.89)
(6.1.90)

In the same way 4—point diagram expansions can be obtained relatively
easily if required, clearly there are quite a few diagrams to consider.

6.1.5 Renormalization counter-terms

The necessary field and parameter redefinitions are as follows:

1/2 1/2
theo = Z¢£ ber AL =7z an (6.1.91)
co = Zi/QcR , Mo = Zmy,MqR (6.1.92)

Gso = YsplrZg,- (6.1.93)
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For the rest of this chapter quantities without R subscripts will be consid-
ered to be renormalized, e.g. 1 = ¥4gr. The QCD lagrangian in terms of
renormalized quantities has the following counter-terms:

Locp = Locep,r+

3 [0 (Zo, 1) + g Zony 2y = 1)
q

— sttt At g (Z1 — 1) —

— 0" (Ze — 1) — gsp§o f"0u AP (25 — 1)+
]' a 17 v a

+ §Au(g“ O—0r9")AL(Za — 1)+

+ gop fOPC AN A0, AL (277 — 1) -

- ig?/ﬁf yebe pretag Al are A (210~ 1)] (6.1.94)

where we define:
7= 2,27, 7¢ = 2,7 2. (6.1.95)
7% = 7, 7% 719 = 72 73, (6.1.96)

Unlike QED the gauge invariance constraint on Z, do not imply Z; = Z, .
This time there are a set of relations for correlation functions that follow
form gauge invariance called Slavrov-Taylor identities; in turn we may derive
additional constraints on Z,, but we cannot avoid the vertex computation.

Indeed, we can notice that the coupling constant is present in 4 different
diagrams, so since it cannot be renormalized in 4 different way, because the
renormalization has to give the same result for different process, we obtain
the relations:

Z Z
Lo\ LA = —— Lo\ LA = 1.
gV <A Zy gV <A Za (6.1.97)
zl Z4

So we have the scheme in figure 6.1, that compares QED and QCD.

6.1.6 Strong C'P problem

We finish this section with a small remark on the form of the QCD la-
grangian. If we were to write down all SU(N.) guage invariant operators in
4 dimensions we would include:

prvefe (6.1.99)

where: )
ng = €upa FP7C. (6.1.100)
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gauge invariance

/\

Ward-Takahashi
Identity

(a) Scheme for QED.

) gauge invariance

Z 21 < Slaunov-Taylor
Zy, Ze Identity

+ other relations

(b) Scheme for QCD.

Figure 6.1

This term represents a subtle problem in QCD, in which its presence implies
C P violating strong interaction which are not observed experimental.

Exercise 9. Show that:
FHape = g,k* (6.1.101)
k# = PO pa (F;,’;, - % fabCAgAg) . (6.1.102)

Fortunately, in the exercise we see the operator FH'F 1> Which is in the
lagrangian, is a total derivative, so plays no role in perturbation theory.

We can notice that QED (abelian gauge theory) could also have a term
FrE uv, but this total derivative has no non-perturbative conseguences.

't Hooft showed that the QCD (non-abelian gauge theory) vacuum has
istanton contributions, so F'F does have non-perturbative conseguences. In-
deed, a proposed solution to F'F contribution is to introduce a new dynamical
field, the azion, which can naturally tune the coefficient of FF to be very
small (undetectable). This is the Peccei-Quinn mechanism. So far the axions

have not been confirmed in experiment either.

6.2 One-loop graph computations

In this section we’ll see the calculation of one-loop graph, in order to deter-
mine the counterterms to renormalize the theory.
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6.2.1 Quark self-energy

There is only one diagram and the only difference with respect to QED is
the color factor:

k
PR

oy o [ Ak (AR Pt my)
s I ztiktkjgiu%/(%)d <;(k7O)D£_me:‘)> (6.2.1)

—_— —>

P —k+p

Qs . 1 0
= Créy; (E) iCr (e(p — dmg) + O(e )> (6.2.2)
where we use:
s =4mg? . Cr = (4n)T(1 +e). (6.2.3)
We can see the contribution:
@ = iy Gy, — Gamy ) (6.2.4)

= 83 (G0, (p — M) = gy ). (6.2.5)

Since for the strong interaction there is no perturbative low energy limit, we
cannot perform an on-shell renormalization and so we use M S"

1) _ (%s 1

8y, = (M) Cr ( 6) Cr (6.2.6)
1 _ (% 3

RIS (47T) Cr ( 6) Cp. (6.2.7)

6.2.2 Gluon self-energy

The QCD computation differs from the QED analogue in that there are more
diagrams for each process, and the ghost diagrams are required to produce
the correct transverse tensor structure dictated by gauge invariance. We are
saying:

@ @ ®
iijzé + ” + Y <' > +
NP q
* Mﬁ/ (6.2.8)

I — |
scaleless integral
=0 in dim. regularization
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Let’s start with the color part of the gluon diagram:

¢ P peny phye, (6.2.9)

We may already anticipate that this could be proportional to the tree-level

color factor §9:
wﬁé&m X 29999

pve = —2imef e, ]} (6.2.10)

Indeed, we can write:

and applying the Fierz identity we can derive the constant of proportionality:

X
C@wﬁw = 4 awi — awm@i X
Y T
€ Yy
X ?mb — /@w&wb
Y T
(6.2.11)
:8 a b —

(6.2.12)
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the first term is:

where:

QMMQMM = o) %5%‘ (6.2.15)

While the second term is:

"’a,’ L% 1
09099 £99 00099 = — —
099K, 9
A

So we determine:

=38 LN —1 ! ! 99900 - (6.2.19)
~ \4 2N, 8N, 4N, -

= —N, e (6.2.20)
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where we identify the adjoint Casimir:

Ca=N.. (6.2.21)

Exercise 10. We can prove this relation using an alternative method
which introduces the symmetric structure constants d®°. Those are
the steps:

e Using the definition:

1
a b abcyc ab
= — 2.22
{t,t} dt—i—Nc(S (6 )
show:
dabe = 2Tr{{t“,tb}tc}. (6.2.23)

e Multiply the relation:
1
1 (d*™ + i f9Y) = Tr{t“t"tY} (6.2.24)

with f%* to find a relation for fo¥ f%? in terms of traces.

NB: ¢ fove — (),

e Compute traces to arrive at:

% = —C4 (6.2.25)

The color factor for the other diagrams are now clear as well (the sub-
script 1,2, 3 are related to the number in (6.2.8)):

di = —CaK16a (6.2.26)

dy = —CaK20a (6.2.27)
1

ds = 5 K3dap. (6.2.28)

The kinematic factor K3 is identical to the photon self-energy, so we may
immediately arrive at:

Ky=i (%) CF< — gp? —i—p“p”) (—?i + O(e°)> . (6.2.29)
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The ghost loop is perhaps the next simplest:

k
TN
Q, [ //‘>\\ b,v ”
&m;w\ u%su = —Cybup ZQQE,U,QRG /D k 0)
p ‘;_':_; p p7
k—p
(6.2.30)
= —Cadup Ko (6.2.31)

where we defined the coefficient K5 as the prefactor and the integral in k.

Exercise 11. Show:

1 —2e
Ky = —gipi (p 9"+ (d— 2)p“p”) mfgfoo? ' (6232)

I2[4002d [1] massless bubble integral computed in Chapter §3.

Exercise 12. Show the gluon diagram results in:

1 v %
K3 = —593%6 [ — (6d — 5)p*g" + (7d — 6)p"'p

1 [4—2¢]
X Sy =) 2 [1]. (6.2.33)

Exercise 13. Show that the sum of all diagrams gives:
_ % 2 uv oV
d1+d2+zq:d3—(4ﬂ_)0r( pg —l—pp)x

1 2
X — (gcA - 3nf> + O(€). (6.2.34)

€

.

Combining with te counterterm we determine d ,
R
wi;:i@mm + Ksees + Z JM/QJM/ +
S-’ q

and using M S, so we get:

(W) _ (2 5Ca _2n53\ 1
5 = (47T> Cr < . (6.2.36)
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6.2.3 The quark-gluon vertex

The two contributing one-loop diagrams are:

b1 k b2 p1 k b2
dl = ClKl d2 = CQKQ.
(6.2.37)
The color factors are simple to determine:
a a
_1 L
2 N. %
7 J >
(6.2.38)
a
! % (6.2.39)
2N, . )
) J
=CYy (6.2.40)
a
i J
- (—21)
(6.2.41)
N,

= —i— .2.42
i § (6.2.42)
=(C] (6.2.43)

where the step (6.2.42) is left as exercise.
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Exercise 14. Show the kinematic contributions are:

1
K = (%) CrigstuoyHvi— + (9(60) (6.2.44)
47 €
3
Ko = (%) Cpigsﬂjy“vl <Z> + O(EO) (6.2.45)
47 €
. . g [4—2¢€] [4—2¢]
where the IR divergences in the scalar integrals I3, and I3 g

have been discorded.

Combining with the contribution from the vertex counter-term we find
(MS):

SO:

st

@)l e

(Z‘?) Cr (Ca + Cr) (—1) : (6.2.48)

6.3 Renormalization of the strong coupling

We saw in the section §5.4 the vaccum polarization phenomenon (an screen-
ing effect) for the QED. Now, we can see the analogue for the QCD, but we
will see that these theories are profoundly different. All these results will be
further inverstigated in the chapter §7 where we’ll talk about the running
coupling, calculating the beta functions of the theories.

From the relation:
7 = Zy, 73?7, (6.3.1)
we can obtain:

5V 5&) _ %59 e (6.3.2)
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hence:
(1) _ (% 1 (Y1 PN
Sy, <47T) Cr [ 6(C’A + Cp) < €> 2(50,4 2nf)36 (6.3.3)
_ o 11Cy — 2ny
= - <E> Cr <66> (6.3.4)

to compare this directly with QED (U(1)) we can identify the quark loop
with a factor of Tg, where T = 1/2 for QCD and T = 1 for QED, so:

(1 _ (% 110 — 4Thrny
54! (M) Cr < o (6.3.5)
1 — 500
07 =097 (6.3.6)
TRTLf—)l
ag—a
Qs 2
= (E> Cry (6.3.7)
The charge screening effect seen in QED implied that:
e f(Q%) > aer(0) (6.3.8)

for a scale Q% > 0. The analogous effect in QCD will depend on the sign of
dg,. For N, = 3 there is a sign change (with respect to QED) if:

33 —2n; >0 (6.3.9)

hence:
ny < 16 (6.3.10)

remembering that ny must be integer. The Standard Model has ny = 6 and
S0:

Wseff(Q%) < Qsefp (@) (6.3.11)

for:
Q*> Q"% (6.3.12)

So, while the QED a,rr(Q?) increases with the scale, the QCD acrr(Q?)
decreases. As already said we will see again this behavior with the beta
functions of the different theory.



Chapter 7

The renormalization group

In this chapter, after a brief historical rewiew, we show how the renormaliza-
tion procedure causes model parameters to evolve with energy scale. We see
how the 8 function describes how the coupling runs with energy. Also, we see
how the Callan-Symanzik equation follows from the fact the renormalization
scale dependence is a conseguence of absorbing UV divergences.

The main reference for this chapter is Peskin Let no one ignorant of
geometry enter my door.Peskin.

7.1 History

After the renormalization of QED, the systematics of the procedure and
conseguences on physical observables were still not fully understood.

Between 1950-1970 there were several studies of how residual scale de-
pendence on renormalized quantities in perturbation theory implied evolu-
tion equations for model parameters (coupling, masses etc.). The first works
were by Stuekelberg, Peterman (1953) and Gell-Mann, Low (1954) studying
electric charge in QED. Same ideas came from Condensed matter systems
(Kadanoff, 1966). The ideas were formalized in the works of Callan-Symanzik
(1970) and Wilson (1971-1975).

Indeed, the troublesome short-distance singularities, which forced upon
us the great machinery of renormalization, turn out to be the key to scaling
properties of operators. A set of differential equations may be written ex-
pressing the nontrivial effect of an infinitesimal change in the scale. Upon
integration they reveal that the short-distance behavior acquires, in favor-
able cases, a universal character, with fields and composite operators being
assigned anomalous dimensions.

These ideas find successful applications to deep inelastic lepton scatter-
ing, electron-positron annihilation, and other high-energy processes. The
concepts of short-distance expansion, asymptotic freedom, enrich the the-
orist’s arsenal, and motivate hopes of developing a fundamental theory of

129
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strong interactions.

The parallel development in statistical mechanics (my notes on Statis-
tical Mechanics - The renormalization group are on my personal page) has
been tremendous, and has achieved notable successes in the comparison with
experimental facts.

There were several Nobel prize for these works: Feynman, Schwinger,
Tomonaga (1965), Gell-Mann (1969), Glashow, Salam, Weinberg (1979),
Wilson (1982), 't Hooft, Veltman (1999), Gross, Politter, Wilczek (2004).

7.1.1 Scale dependence of electric charge

Relations between large-momentum or short-distance behavior and renor-
malizability properties have been discussed in the early 1950s by Stueck-
elberg and Peterman and by Gell-Mann and Low. We talked about these
properties in sections §5.4 and §6.3.

Let’s see the work by Gell-Mann and Low. The reference for this section
is Itzykson-Zuber Let no one ignorant of geometry enter my door.Zuber at
page 633-635.

We can use our result for IT*” (5.2.71) at one-loop to study the effective
charge at different scales. Recall also (5.2.74):

v 2
= 1—|—H(q2,...)+GL (¢, ...).

The renormalized vacuum polarization is a function of ¢, & and the mass
m:
I(a, ¢, m?) (7.1.1)

II was renormalized on-shell through the condition:
(cr,0,m?) = 0. (7.1.2)

We can define an effective charge at the scale q?, called d(a,q?,m?), by
considering the combination aG),, associated to photon propagation:

- —ighv .
e " d(a, ¢*,m?) + aGH” (7.1.3)
which implies:
2 2 «@
= 1.4
o) = (11.4)
and at ¢? = 0:
d(a, ¢* = 0,m?) = a. (7.1.5)

We could ask ourselves what happens if we fix the charge at a different point,
say at ¢ = A2, with A2 < 0 (so space-like, in euclidean region away from
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singularities). The perturbation series will be defined in terms of a parameter
), equal to:

o = de, X m?) = 1 H(aoj)\Q,m2) (7.1.6)
we can now re-write « in terms of «) such that:
d(a,q?,m?) = D(ay, ¢*, m*; \?) (7.1.7)
where the new expression for the effective charge satisfies:
ay = D(ay, A2, m?; \?). (7.1.8)

Equation (7.1.7) expresses the apparently empty fact that the physical con-
tent is not modified by a mere change in the conventions. A different sub-
traction point leads to a modification of Ny preserving the function D.

Since d, the effective charge, is dimensionless we can rewrite (7.1.7), in
region ¢ < 0, m? > 0 and A\? < 0, as:
d(a, —q?/m?) = D(ay, ¢*/\%; =A% /m?) (7.1.9)

so, only in terms of ratio of dimensional parameters, and in which (7.1.8)

became:

ay = d(a, =A% /m?) = D(ay, 1, —\?/m?). (7.1.10)
We now study (7.1.9) in the asymptotic limit —q?/m? — co (which implies
alog (—i) — 0), which gives us:

m2

2 /02
—g%/m?—o00
—

(o, —¢° /m?) 1% (ar, —q? /m?). (7.1.11)

We computed this directly in §5 (see (5.4.7)) in dimensional regularization:

as « 4 5 q>
HM—%;(O(7 _q2/m2) — (E) C[‘g (—3 + 310g <_77’L2>> + 0O (a2)

where we see one argument only in the logarithm, so we can show that:

— 02 /m2—so0
Do, /X% =X fm?) ~T ST Doy (ay, (=g m?) (—m? /%))
(7.1.12)
—0?/m2—oo
d (a, —q2/m2) ! /—>_> d*%y (a, —q2/m2) (7.1.13)
so that the asymtotic limit of (7.1.9) is:
d*(a,x) = D" (o, x/y) (7.1.14)
where: ) \2
e=-L | y=-2 (7.1.15)
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and:
ay = d*Y(o,y) = D" (ay, 1). (7.1.16)

The Gell-Mann, Low function is defined as:

0
= —_— asy
P(2) axD (z,x) _ (7.1.17)
and we can use (7.1.9) to prove:
Plaz) = 2 d*(a, z) (7.1.18)
ag) =T a, ). 1.
Proof. Starting with:
0 0
asy — asy
Gxd (a, ) 8xD (o, x/y) (7.1.19)
_0fy) 0 sy
= e 3(m/y)D (o, z/y) (7.1.20)
10
= —— D%y
y@zD (0, 2) (7.1.21)

writing z = x/y. The LHS (Left-Hand-Side) of this equation is independent
of y, so we may set y = x to find:

B 1/0
9 qosy == (L pesy(q,, 1.22
St = 1 (D" (a $)>x1 (7.1.22)
1
= Zo(aw) (7.1.23)
X
which is our statement. [ |

The solution of the Gell-Mann and Low equation (7.1.18) shows that it
is possible to obtain the dominant behavior of the vacuum polarization to
order n, knowing d**¥ and therefore ¢ to lower orders; i.e. we can say that
the function v («) determines the evolution of the effective charge (in the
asymptotic region). In the end what we need to keep in mind is:

e G" does not change, and it is independent of the renormalization
scheme.

e The effective charge does change when we change the scale, at which
we fixed the renormalization scheme. The scale dependence is given
by the Gell-Mann Low function ¢ (x).

Callan-Symanzik clarified and generalized this picture.
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7.2 Scale dependence of perturbative predictions

Consider the perturbative corrections to the vertex function which can be
related to a physical observable O (in QED):

O(q*) ~ + + +...

=20 () + X0 (g% ). (7.2.1)

Let’s compare this to an experiment at qg, where we measure O(¢?) = o and
so, at leading order (LO):

o= oeW(@) + O\3) (7.2.2)

= Ao = (7.2.3)

9
o (g3)’
If we compare theory and experiment at next-to-leading-order (NLO):

o = A (gd) + N ® (g i) + O(V) (7.2.4)

the measurement has not changed, but the value of the coupling has:

AooM(q3) = Avcoo™ (@) + Moo (a5 uh). (7.2.5)
For a single scale process, such as this one, the NLO correction will take the
form:
2)/.2. 2 1),2 H2R
o (qd; 1) = o (g5) ( alog 'l +0b (7.2.6)
0
and so:
112
ALO = ANLO + X]}VLO (alog <q§) + b> . (7.2.7)
0

7.3 The Callan-Symanzik equation

At the end of Chapter §3, in the section §3.6.5, we considered the scale de-
pendence of the renormalized correlation functions. You can see the chapter
§12.2 from Peskin Let no one ignorant of geometry enter my door.Peskin for
detail. We've already saw that comparing bare and renormalized functions
implied:

Go(p1,---Pni o) = FT ((0] T{¢o(z1) - .- po(zn)} |0)) (7.3.1)
- Zg/Q(Mm Ar(Lr)GR(D1, - - -, Pu; AR(1R), ). (7.3.2)
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From this expression we derive (imposing that Gy does not depends on the
scale pR):

d
. d n/2 ~
=g, - (Z¢ GR) (7.3.4)
= iz 12) G+ urzy” 4 g (7.3.5)
= MR dpin R T MR dpin R -0.
d d -
= n(Z/*n1 ( W) Gr+ 2" pp—0G 7.3.6
(Zy/ )" ur 2o o nrg-Cr (7.3.6)
n/2 d d 7172
= 7] [,md# GR+nGRuR—d 1og( )] (7.3.7)

For a minimal scheme (so M S and M S etc.) we may state:

Zy = Zg(Ar(ur)) (7.3.8)

and so the relation becomes:

9 = dA(pr) 0 ~
—G A —G A
. R(1Rs M(BR)) + 1R dun O R(1Rs A)+
n dlog Z
+ D (St ) Grlpn M) = 0. (73.9)
2 dpr
The scale-dependence of A and Zy appear through what we call beta func-
tion: ()
BN = nr— i (7.3.10)
KR

which tells us how "fast" the coupling change with the scale; and the anoma-

lous dimension:
1 dlogZy

A) = - 7.3.11
Yg(A) STy ( )

which is the analogous of the S()), but for the field strength. We can see
that 74(\) can be written as:

1
A) = - 7.3.12
16(A) = SH dir ( )

1 dx d
= —pp——1log Z 7.3.13
SRy 08 %0 ( )

1 d

= —B(\)— log Z,. 3.14
58N 7y log Z (7.3.14)

We have arrived at the Callan-Symanzik equation:

(uRaiR + B(A )aaA - n7¢(A)) Gr=0. (7.3.15)
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The parameters 8 and « are the same for every n, and must be independent
of the p;. Since the Green’s function G is renormalized, 8 and ~ cannot de-
pend on the scale pr. Therefore they are functions only of the dimensionless
variable A. We conclude that any Green’s function of massless scalar theory
must satisfy (7.3.15). The Callan-Symanzik equation asserts that there exist
two universal functions S(A) and (), related to the shifts in the coupling
constant and field strength, that compensate for the shift in the renormal-
ization scale up.

Note. This is the simplest case of massless scalar field theory. There
will be additional terms for masses and other fields. Indeed, in theories with

multiple fields and couplings, there is a v term for each field and a 8 term
for each coupling. For example, for massive scalar theory we have:

(1 + B 55+ 3+ 760 ) Gl A ) = 0. (7310

For QED, where there are more fields, we have:

0 0 0
(uau + B(e)% + ’ym(e)ma—m + nya(e)+

+ 2kw(€)> Gon (s (i), m(p)) = 0. (7.3.17)

7.4 Extraction of 8 and v from UV counterterms

For a minimal scheme there is a direct connection between the perturbative
expansion of conunterterms, 1 — Z,,, and 3/v. For example we can write:

A =AuZy , Zy=1+6 (7.4.1)

where the perturbation expansion of ¢y is:
o
o= Aol (7.4.2)
L=1

but (5; ) also has a series expansion in dimensional regularization:

s = 3 el (7.4.3)
k=—L
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and, in a minimal scheme, the upper bound of the ¢ expansion will be —1
(only poles). Hence:

00 —1
=D S AEeks{IM (7.4.4)

L=1k=—-L

re-label with the values for k

= Z Z 5(L ") (7.4.5)

L=1k=1
change order of the summation
o 0
)\2L Ik
-3y 675& k) (7.4.6)
k=1 L=k
o0
ar(N)
=> 5 (7.4.7)
k=1
where we use:
- L.k)
NED PP G (7.4.8)
L=k

So, with the definition (7.4.8), we have the expression:

=1+ i a’“e(k’\>. (7.4.9)
k=1

Now, we can look at the ¢ and A dependence of 8. With the definition
(7.3.10) we have:

d
A €) = pu—A 7.4.10
d
= p— (Nop™Z;* 7.4.11
’udu( on”Zy") ( )
dz1
= —edop Zt + dop p—2 (7.4.12)
dp
dZ dZy
= — Z 4.1
EX+ A\ A dM (7.4.13)
Z
= —eA—AZ BN, e)b (7.4.14)
dA
so we get:
dZy
5()\, 6) Z)\ + )\K + 6)\Z)\ =0. (7415)
The € expansion of (3 is:
B e) =D epP(n) (7.4.16)
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and we are interested in terms up to O(€%), so we can expand (7.4.15) up to
order N > 0:

0= (5@) + e +...+€Nﬁ<m> x

x(1+@+%+---+ (7.4.17)
€ €
1 da1 1 da2
S el B g 41
<R T (7.4.18)
ra(1+2+ 24 (7.4.19)
€ €

where in (7.4.17), (7.4.18) and (7.4.19) there are the expansion respectively
of Zy, A2 and eAZ,. The only term at O(N) is BN so:

dx
oY) = pMN (7.4.20)
but with 3(N) = 0 we have the lower order that gives us:

OV = p-b =9 (7.4.21)

for N > 1. At O(e) we see the last contribution eAZy:

o)y = pWNM=o (7.4.22)
OV = pW-b=p (7.4.23)
Oe) = pW=-x (7.4.24)
d
o)y = pO= )\25@ (7.4.25)
-1 (0) d(Aa1) 23
O(e™) Ié] o= A 2 (7.4.26)

dAag) o d

_k _y2 @
OEe") = g o A s (7.4.27)

where in (7.4.25) we use the fact that for O(e) we have:

W | g0 4 gmAdar | @
0= + B0 4 gMITTL 4 AL (7.4.28)

€ e dA €

da
= pO -2 7.4.29
A=) B dX ( )
and in (7.4.26):
d d

BO (ray) = AL 4 g (7.4.30)

dA dA
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In particular this relation shows us:

da1 2 d
p— = \— 4.31
/\d)\ +a; =X N (7.4.31)

and in facts, you can see in Nastase Let no one ignorant of geometry enter

my door.Nastase the derivation, there is a recursion relation between the
coefficients of poles at order O(e*):

(A(& - 1) 4k (V) = B S0 (7.4.32)

and this means that we can determine (in principle) all the ax(\) in terms
of a;(A) only.

So 0 = B(A,0) is the beta function in the CS equation and appears
in multiple relations, so we find relations between the poles of Jy, recalling
(7.4.8), at different orders in € and L:

d
0) _ y2 ¢ 4
50 — 3, (7.4.33)
d d
(0) )2 4.34
P @) = AR (7430
d d d
_ 4.
= oy () = o (7.4.35)
3 2 2
O(?) (5971)) = 2522 (7.4.36)
3
In summary we find:
d

where is valid (7.4.8) and (7.4.9). This formula is exact to all orders in per-
turbation theory, and note that we only need to know the coefficient of the
single pole, a;()\), not of any of the higher-order poles.

A similar relation holds for ~y4:

1.d
where:
— ck())
Zy=1 . 7.4.39
s=14) o ( )

k=1
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7.4.1 Calculation of 3 and v in ¢3_g

Recall the values obtained in Caphter §3 for the M .S scheme (here we convert

to MS):
A1 A
1
- )\269’1)2 + O
s A1
¢ T (4m)? 126

= 26007 o)

+ 00\

so we find:

5&1,1) 551,1) B 35(;1,1) _ 1

and the beta function:

5O) = 2 Sar(3)

d

_ 2. 9 (251 4

A d)\()\é + O ))

=2236(LD L O(N%)
3N

Exercise 15. Check that:

2
%) = T3 7255 + OO

Observation. Since 3(\) < 0 for small A we have:

u@_ dA
dp dlog (p)

<0

so, A(u) decreases as p increases. See plot in figure 7.1.

7.4.2 Calculation in QED
We have:

= (45) 3+ 0

(7.4.40)
(7.4.41)
(7.4.42)

(7.4.43)

(7.4.44)

(7.4.45)

(7.4.46)
(7.4.47)

(7.4.48)

(7.4.49)

(7.4.50)

(7.4.51)

(7.4.52)

(7.4.53)
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I
Figure 7.1
and since:
o2
= — 4.54
a= (7.4.54)
we get:
e? 2 4
e — ﬁi + O(e ) (7455)
The beta function, dependent on e, is:
e3 4 5
B(e) 16223 O(e?) (7.4.56)
a4 9
—e [(M) 5 +0(@ )} . (7.4.57)
NB. We can see that 3(e) # B(«), and we have:
B(a) = p--a(y) (7.458)
- ILLd/,L M ot
1 d,
= —pu— 4.
M (1) (7.4.59)
e
= — 4.
< Be) (7160
an 4 9
— 2 [(M) 5 +0(@ )] . (7.4.61)

Although we can see we have 5(a) > 0 for small «, and that implies:

da S
dlog u

(7.4.62)

so the coupling increases with the scale. As you can see in figure 7.2.



7.4. Extraction of B and ~y from UV counterterms 141
«
I
Figure 7.2
Exercise 16. Show the anomolous dimension are:
1dep € 4
=1 Lo (7.4.64)
T =3 62 TN &
7.4.3 Calculation in QCD
For QCD we’ve found in section §6.2:
ag\ 1
by, = () <(~Cr) +0(ad) (7.4.65)
os\ 1 1 9
da = (E) ~(5Ca — 4Tkny) + O(a?) (7.4.66)
agy\ 1
(51 = (E) E(_CA - CF) + O(O&?) (7'4'67)
that implies:
o (as\ 1 1 9
5y, = (E) ~(~1104 + 4Tkny) < + 0(a2) (7.4.68)
and:
B o 11Cy — 4Tgrny
o) = o (22) (R4 ) + 046 (7.4.69)
s\ 2
Blas) = —as (E) S (1104 = 4Tby) + O(a (7.4.70)
Qs
= —a, [(g) bo + O(a?)] (7.4.71)

!Noticing that the coefficient Cr in the expression of § gives contribution 1 to the

counterterms at first order.
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where we defined: .
bg = g(llCA — 4Tgny). (7.4.72)

Observation. As we could notice for the ¢3=6 theory, for small o and for
ny < 16 we have:
daoyg

dlog u

(7.4.73)
so the coupling decreases with the scale, and we have what is called asymp-

totic freedom, which indicates we may apply perturbation theory at high
energies (but not at low energies). See the figure 7.3.

g (N)

Figure 7.3

7.5 Solution to the Callan-Symanzik equation

Keep in mind that we have in our hand a conformal theory, where its scale
invariance (classical symmetry breaks by Quantum Mechanics) is breaks by
the renormalization process, which introduces a mass scale. We won’t gain
any problematic behaviors because the renormalization group’s equation will
force the correspondence between the physical scale and the renormalization
mass scale.

We start by reminding ourselves of the form of the 2-point correlation
function in a scalar theory (massless):

7

m92(_l~‘2/1’27)\(ﬂ)) (7.5.1)

Ga(p%; 1, M) =

where:
g5 (=12 /P2, M) = 1+ A28 (2 /p%) + O(AY). (7.5.2)

We wrote Gy as (7.5.1) because we have Gy with dimension of (mass) 2.
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Since go depends only on the ratio —pu?/p?, we can swap ,ua% for p“%
in the CS equation (7.3.15):

0 0 ~
F—— — BA) == 4+ 2(1 — y4(A =0. 5.
(75— BN 55+ 201 = 35(A) ) G2 =0 (753
Proof. We can start noticing;:
0 0 0 0
— =2p h— = 2p* 7.5.4
Hop = ae o PVigw = 5 (7.5.4)
let © = —p?/p? so that:
0 Jx 0
2 0 _ 20T 9
,u 3#292(% A)=pu o 8$92(x’>\) (7.5.5)
0
= x%gg(x, A) (7.5.6)
0 0
2
P ng(x, A) = —x%gg(az, A) (7.5.7)
from which we show:
0 0
—+2 5.
a GQ < apr + ) G (7.5.8)
leading to the desired form of the CS equation. |

7.5.1 Solution 1: § =, =0 - Free theory

We start with the free theroy, so 8 = v4 = 0, and we want to solve the
Callan-Symanzik’s equation for the two-point Green’s function, in a theory
with a single scalar field:

0 ~
—+2)G2=0 7.5.9
< o ) ’ (759)
— p2£+1 Gy = (7.5.10)
0,2 5.
~ k
= Ga=—, k= constant. (7.5.11)
p
We can rewrite (7.5.10) using the mass dimension of the scalar field A = 1:
0 ~
p2a 2G2 —AGy (7.5.12)
if we release the condition 4 = 0, the CS equation is:
o - -
——Gy=—(1—4)G 7.5.13
TG = (1= 76)G (7513

which demonstrates why v, is called the anomalous dimension:

A=1-rvy , Go=—— (7.5.14)
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7.5.2 Solution 2: Coleman’s Hydrodynamic/Bacterialogical
analogy

We can talk about Coleman’s Hydrodynamic/Bacterialogical analogy. See
chapter §12, p. 418, in Peskin Let no one ignorant of geometry enter my
door.Peskin for detail.

We consider a fluid flowing with velocity v(z) along the axis of a narrow
tube. As in figure 7.4.

= )= o

\J
8

Figure 7.4

The liquid contains bacteria distributed according to a function D(¢,z)
at time ¢ and position . The tube is illumated by light distributed according
to a function p(z). As you can see in figure 7.5.

X

Figure 7.5: Coleman’s bacteriological analogy to the Callan-Symanzik
equation. The pipe is inhabited by bacteria with a given initial density
Djnit(x). The growth rate (determined by the illumination) and flow veloc-
ity are given functions of z. The problem is to determine the density D(¢, z)
at all subsequent times.

The bacteria density will follow an evolution equation almost identical
to the CS equation for correlation functions:

<88t + v<x>§x — p(ac)) D(t,x) = 0. (7.5.15)

The translation can be summarized as in table 7.1.
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Tube model CS equation

J J
ot dlog (11/pl)
T A

v(x) —B(N)

p(x) 2(y(A) — 1)

D(t,z) | g2(=p*/1? M)
Table 7.1

We will find solutions according to the initial condition:

Let’s solve some special cases first:
Static case: v(xz) = 0, so we have:

(gt - (x)) D(t,z) =0 (7.5.17)

which have solution:

D(t,z) = exp{p(x)t}Dinit(x). (7.5.18)
No illumination: p(x) = 0, so we have:

0 0
<8t + U<$)8:U> D(t,z) =0 (7.5.19)
in the case v(x) = v is a constant, we find a simple travelling wave solution:
D(t,x) = D(x —vt) z=x—vt (7.5.20)

9 oy 9 oy

aD(z) =—vD'(2) , %D(az) =D'(z) (7.5.21)

S0: 5 5
((% + U(%;) D(z) = 0. (7.5.22)

For the general? case we may write the solution using a fluid element which
moves according to Z(t). At a time ¢t = 0 we find the element at z:

#(0) = . (7.5.23)

Since the f function is —v in the analogy we define Z(¢) to be the position
for t < 0. The fluid element is described by:

d . .
a:ﬁ(t) = —v(z(t)), z(0)=ux (7.5.24)
2From now, untill the end of this case, we will make a very similar calculation as what
we’ve done in Phenomenology of Fundamental Interaction MSc course, so it could be useful
to see the dedicated section of running coupling in those notes.
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which has the solution:

&t s ¢
/ dr _ _ / dt' = —t. (7.5.25)
x0 ’U(IL‘) 0

The dependence on the initial condition can be denoted & = Z(¢; o). Let’s
change the initial condition to be somewhere arbitrary zg — x and find
Z(t; x) that satisfies both:

d . A
ax(t; x) = —v(z(t,x)) (7.5.26)
<§t + v(a:)éi) Z(t;z) = 0. (7.5.27)
To clarify we introduce a primitive:
dz
P = (@) (7.5.28)
with inverse U such that:
UP(y) =y (7.5.29)
and:
t= T dg 7.5.30
= (750
_ M ap (7.5.31)
= P(&(t;x)) — P(x) (7.5.32)
so we get:
(t;x) =U(P(x) —t) (7.5.33)
which solves (7.5.26).
Now check (7.5.27):
or 0 y
i g(P(Cﬂ) —t)U'(P(x) —t) (7.5.34)
= -U'(P(x) —t) (7.5.35)
0t _ 9 p Hu'(P t 7.5.36
=~ (P(a) ~ U (P(x) ~ 1) (7.5.36)
- C”; ff)U’(P(a:) —1) (7.5.37)
_ U(Z)U’(p(x) — 1) (7.5.38)

= U(lI) (—?j) (7.5.39)



7.5. Solution to the Callan-Symanzik equation 147

which confirms equations (7.5.27) is satisfied. [

Now we can build the solution for D(z,t) using Z(¢; x):

D(z,t) = Djnit(2(t; x)) (7.5.40)
where:
Dzmt(x) = Dinit('%(();x)) (7.5.41)
= D(0,z). (7.5.42)
We can verify the solution. We see:
0 0
0= (875 + v(x)ax> D(t, z) (7.5.43)
= ng (z(t;x)) + v(:c)gD- i (z(t;x)) (7.5.44)
- ot init 3 ox init ’ «J.
0T, oz _,
ot Dipiy +v() axDim't (7.5.45)
oz 0z
=D = -
= Dt <8t + v(x)ax> (7.5.46)
(220, (7.5.47)
So we’ve found that (7.5.40) is our solution. [ |

General case: let’s see the case with p(z) # 0 and v(x) # 0. The so-
lution can be found with the characteristic method. The general case is a
combination of the solutions found already, indeed:

D(t.2) = Dua(attszen{ [t (o))} (7.5.48)
0

= f1(t,z) fa(t, z). (7.5.49)

The solution is straightforward to verify, calling:

0 0
O(t,x) = g + v(:v)% (7.5.50)

we have:
0= (O(t, z) — p(x))D(t, z) (7.5.51)
= O(f1) f2 + [1O(f2) — pfife (7.5.52)
=0

~n [+ (| t W o) @) 5] - i) (75)

= it (@) = plo) + [t u(a) 3 0(0)). (755
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Now, recall that:

O(t,z)x(t;z) =0 (7.5.55)
= v(m)%p(i’) = —%p(:ﬁ) (7.5.56)
¢ / 9 . /. . ! , 0 . /.
— /O A () = pli(t' 1)) = —/0 at' ol ) (7.5.57

= —p(Z(t;z)) + p(2(0; z)) (7.5.58
= —p(&) + pla) (7.5.59

~— —  ~—

which completes the validation of our solution. |

NB. An alternative form of the solution is:

D(t,z) = Dinit(2(t; x)) exp{—/

Z(t;x)

v(z’)

dz’ 2 } (7.5.60)

Now we can translate, using the table 7.1, the solution back to the 2-point
correlation function for our field theory, and that leads to:

Ga(p, 11, A1) = Ginit (11, A(p; \)) X
exp{— / " o ()21 0000 A)))} (7.5.61)

p'|=n

where: q

—Ap; N) = B(A). (7.5.62)

dlog (121)

o
The differential equation (7.5.62) describes the flow of a modified coupling
constant A(p; ) as a function of momentum. The rate of this flow is just
the 8 function. We will refer to ;\(p) as the running coupling constant. Its
equation (7.5.62) is often called the renormalization group equation.
We can notice that since:

exp{—?/dlog ('1:‘)} — ;‘j (7.5.63)

a convenient way to write the solution (7.5.61) is:

—Z N p, A~
Galp i 70) = M) exo{2 [[avog (D)0} rs6
= (2 /02 A A 7
= g2(=1” /D" A(p; A)) (7.5.65)
where A(u;A) = A and gb is a function that must be determined. This
function cannot be determined from the general principles of renormalization

theory. Instead, we must compute @2(])) as a perturbation series in A and
match terms to the expansion of (7.5.64) as a series in the same parameter.
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7.6 Running couplings

Let’s explore the solutions a and «; using the 8 function evaluated up to
1-loop. We saw in the section (and subsection) §7.4 that for the QCD is
valid:

az
Blos) = — <2> bo + O(ad) (7.6.1)
s
where: 110 AT
bo = %R"f (7.6.2)
So, using the equation (7.3.10) (so the analogous of (7.5.25)) we can see:
dayg bo du
= ——— 7.6.3
a? 27 ( )
as(m) q b [ du
= / o0 (7.6.4)
as(po) s 2 po M
1 as(pe) b
— [—] =—Ylog <M) (7.6.5)
s | g (o) 27 o
1 1 b(] 1%
et ——=—"2log < 7.6.6
o) ofpo) 27 Ko (7.6.6)
—  a() = — a(o) (7.6.7)
1+ 52 log (%)a(,uo)
so we can write the coupling as:
alp) = a(to) (7.6.8)

5 )
1+ %’T log (5—3)@(#0)

We can see from this expression that «(u) depends on another scale pyg.
Indeed, we need a experimental value a(pp) to determine a(p) to another
scale.

Starting from the expression (7.6.8) we can study the QED and QCD
cases.

To study the QED evolution we have to use T =1, C4 =0 and ny =1
in the expression (7.6.2), so b(?ED = —4/3. The a(u) plot is the figure 7.6.
NB. Note that « in the Standard Model recives corrections from quarks a
W/Z boson, when above threshold:

1
SM
oM (M) ~ T (7.6.9)

In the same way if we want to see the QCD evolution, which have N, = 3,
ng=>5and Tp = 1/2 in (7.6.2), so by = 23/3, we can see the figure 7.7.
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~ 128

~ 137

Figure 7.6

~ 0.118

Figure 7.7

We can notice that, ignoring the different group factors N, Tr and the
active flavour nys, the "only" difference between QED and QCD is the sign
of by, so the sing of S(as). This sign changing is crucial for the according
between the experimental data and the physical behavior of abelian and non-
abelian gauge theory. Before invastigate deeper this aspect let’s an important
property of the running coupling.
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Indeed, we can notice that the running coupling (7.6.8) has a pole at:

1+ @1) a(po) log (“25) ~0 (7.6.10)

Ho

where ,u% is the location of what we call the Landau pole. We can see:

4
2 2
= piexps ————— 7.6.11
1279 Ko { boa(NO) } ( )
with g a specific scale (experimentally determined) we can use to determine
the value of the coupling. In QED we find:

pPP ~ m, exp{650} (7.6.12)

ans so way above any physical scale. For QCD the Landau pole is inside the
confined region where ag > 1:

QCD 27
=M —_— 6.1
, zexp{ boas(_nfz)} (7.6.13)

~ 250 MeV (7.6.14)

for ny = 3 active flavour.

7.6.1 Alternatives for the running of coupling constants

We refer to the chapter §12.3 from Peskin Let no one ignorant of geometry
enter my door.Peskin. We’ve said in the last subsection that different theories
has different behavior of the running coupling, and it’s necessary to have a
correspondence between the experiments and the mathematical model.

We are going to talk only about renormalizable theories in the massless
limit, with a single dimensionless coupling constant \.

By the arguments of the previous section, the Green’s functions in any
such theory obey a Callan-Symanzik equation. The solution of this equation
depends on a running coupling constant, S\(p), which satisfies a differential
equation (7.5.62) in which the function (\) is computable as a power series
in the coupling constant. In the examples we have just discussed, QED,
the leading coefficient in this power series was positive, and for QCD it was
negative. Indeed, as a matter of principle, three behaviors are possible in
the region of small A:

B(N) >0
BA) =0
B(N) < 0.

In theories of the first class, the running coupling constant goes to zero
in the infrared, leading to definite predictions about the small-momentum
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behavior of the theory. However, the running coupling constant becomes
large in the region of high momenta. Thus the short-distance behavior of
the theory cannot be computed using Feynman diagram perturbation theory.
In fact, in the examples such as QED, the coupling constant formally goes
to infinity at a large but finite value of the momentum. A Feynman diagram
analysis is useful in such theories if one is mainly interested in large-distance
or macroscopic behavior.

In theories of the second class, the coupling constant does not flow. In
these theories, the running coupling constant is independent of the momen-
tum scale, and thus equal to the bare coupling. This means that there can
be no ultraviolet divergences in the relation of coupling constants. The only
possible ultraviolet divergences in such theories are those associated with
field rescaling, which automatically cancel in the computation of S-matrix
elements. Such theories are called finite quantum field theories. Before the
emergence of our modern understanding of renormalization, these theories
would have been embraced as the solution to the problem of ultraviolet in-
finities. But in fact the known finite field theories in four dimensions are
very special constructions — the so-called gauge theories with extended
supersymmetry — with no known physical application.

In theories of the third class, the running coupling constant becomes large
in the large-distance regime and becomes small at large momenta or short
distances. This is the case of QCD. This coupling constant tends to zero at a
logarithmic rate as the momentum scale increases. Such theories are called
asymptotically free. In theories of this class, the short-distance behavior
is completely solvable by Feynman diagram methods. Though ultraviolet
divergences appear in every order of perturbation theory, the renormalization
group tells us that the sum of these divergences is completely harmless.

7.6.2 Higher order running couplings

Analytic solution to the running coupling at higher orders are not available
in general, but numerical solutions may be obtained. We may find analytic
expressions when keep only the dominant logarithmic contributions. We
find:

d 2
,u@a = —« (20;170 + (%) by + (’)(a3)> (7.6.15)
= —a?B (1 + a@ + O(a2)> (7.6.16)
Bo
where:
by,

Br = (7.6.17)

(Qﬁ)k—i-l'
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So we find:
du da 1
_F_ - 7.6.18
2 %y 1 + a% ( )
7 1 B1 [ < 51)]
— —log|— )| =c— — — = |log(a) —log [ 1+ a— 7.6.19
g(m) Boa g [T\ Trag )| (1019

where ¢ is a constant of integration. We can find the solution iteractively.
First set 81 = 0 and choose ¢ such that:

—log (%) =——=—-L , c=log <@) (7.6.20)

In other words:

a=—. (7.6.21)

Now we take the leading log limit of the two loop equation, correcting the
integration constant:

c=log (%) - 2% log (o) (7.6.22)

which leads to (substituting a = 1/(BypL) into the argument of log then
expand):

1 B1
—L=——"+%logL 7.6.23
R g ( )
so we find: ) By log L )
og
- (12 i 7.6.24
° %L( &)L>+O<ﬁ> (76.24)
In QCD one finds that:
34 20
by = 3031 — 5 CaTrny —4CpTrny (7.6.25)

and the effect of 2L to IL running can be 1 —2% (for modern collider energy
scales).

7.6.3 All order behaviour of

For the limit o < 1 we can see the plot in figure 7.8, where we can stop the
B calculation at the first order.

But, we can ask yourself what happens for larger values of «. All of our
explicit solutions for running coupling constants predict that the running
coupling becomes infinite at a finite value of the momentum. It is possible
that this is the true behavior of the quantum field theory, but we have not
proved this, because when the running coupling constant becomes large,
the approximation we have made, ignoring the higher-order terms in the
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«a QQ/AQ
(a) (b)
Bla) o
\ a —
\\\\\ Q2/A2
(c) (d)
Figure 7.8

function, is no longer valid. It is a logical possibility that the higher terms
of the 8 function are negative, so that the 8 function has the form shown in
figure 7.9b. In this case the § function has a zero at a nonzero value .

What we are saying is that it is possible that §'(«) = 0 at some point,
and conseguentely we find S(a,) = 0, where o* > 0, and we can see the plot
in figure 7.9a, the IR fixed point, and in figure 7.9b, the UV fixed point.

When « approaches this value, a,, the renormalization group flow slows
to a halt; thus o = «, would be a nontrivial fixed point of the renormalization
group. In this model, the running coupling constant « tends to ay in the
limit of large momentum.

The non-zero value of 5(«) is what breaks the conformal symmetry, in-
troducing a physical scale into the coupling constant, so one starts from a
conformal theory at the origin. It can be seen that, by following the tra-
jectories of B(«), one can reach a point where it vanishes again, i.e., a new
conformal theory, usually different from the previous one, given that the
coupling constant has changed its value (there might be bound states that
better describe the new theory).

At the fixed point o the § in the equation (7.5.25):

a(p) / B d,,
/ dor :/ W og (“) (7.6.26)
a(po) B(Oé ) wo M Ho
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vanishes, so there is a positive pole; the only way for the value of u to repeat
the same behavior is to have y — oo, which is why it is called an ultraviolet
fixed point (figure 7.9b).

In case in figure 7.9a, the value of beta is negative, so the only way to
reproduce a negative pole is g — 0, hence an infrared fixed point.

They are called fixed points because the renormalization group flow
causes the coupling constant to increase (figure 7.9b) or decrease (figure
7.9a) until it reaches a*, where the beta function vanishes and the coupling
constant no longer changes, meaning the value of beta remains fixed.

B

\

(a) IR fixed point.

Qe

/

(b) UV fixed point. It’s useful for studing phase transitions in e.g. Ising model.

Figure 7.9

If we assume such a point does exsist we can infer the properties of the
theory close to the fixed point. Taking the case in figure 7.9b the 8 behaves
in the vicinity of the fixed point as:

Bla) = —B(a — ay) (7.6.27)

where B is a constant. We can see, from the equation (7.5.62):

a(lpl) ¢
/ —®  — _Blog <‘p’> (7.6.28)
o) @0 p
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for same scales |p| and u. We get the solution:

—  log <W> = log <<‘z’> _B) (7.6.29)

-B
—albh =a-+ (e - a) () (7.6.30)
so we find an exact solution to the evolution of the coupling. Thus, « indeed
tends to a, as p — oo, and the rate of approach is governed by the slope of
the S function at the fixed point.

We can also look at the solution to the 2-point function from the CS
equation. Indeed, this behavior has a dramatic consequence for the exact
solution (7.5.61) of the Callan-Symanzik equation for G(p). For p sufficiently
large, the integral in the exponential factor in this equation will be dominated
by values of p for which a(p) is close to a,. Taking:

Y = Y(a(lpl; a(p))) (7.6.31)
we have:
- _ Il qln
1
Ga(p®, 1°, o) = —5 gh(w) exp 2/ |17 |7* (7.6.32)
P uo P
; 2\ U=
—tiH !
2 (%) e (7.6.3)

Thus the two-point correlation function returns to the form of a simple scal-
ing law, but with a power law different from that expected by dimensional
analysis. At the fixed point we have a scale-invariant quantum field theory
in which the interactions of the theory affect the law of rescaling. We've
saw again a motivation for naming anomalous dimension, like the equation
(7.5.14).

A similar behavior is possible in an asymptotically free theory. If the g
function has the form shown in figure 7.9a, the running coupling constant
will tend to a fixed point a, as p — 0. The two-point correlation function of
fields G(p) will tend to a power law as in (7.6.33) for asymptotically small
momenta.

The two cases shown in figures 7.9a and 7.9b are called, respectively,
ultraviolet-stable and infrared-stable fixed points.

7.7 Evolution of mass parameters

Finally, we discuss the renormalization group for theories with masses. We
note, though, that although we treat these masses as arbitrary parameters,
we will continue to use renormalization conventions that are independent of
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mass, and we will often treat the masses as small parameters. This approach
breaks down at momentum scales much less than the scale of masses, but
it is sufficient, and simpler than alternative approaches, for most practical
applications of the renormalization group.

Let’s consider a massive scalar theory and look at the CS equation
(7.3.16) for an on-shell (p? = m?) S-matrix element. In the on-shell case
the factor of ny4(A) does not contribute (LSZ) and we have:

( E + B(A ) _|_ fym()\)ma(jn> S=0 (7.7.1)
where:
S = 8(pi - pj,m; p, M) (7.7.2)

with p; - p; the momentum invariants. We can normalize S to form a dimen-
sionless function S using the scale pu:

oM. 2
S = dS<p" Pi M\ ) 7.7.3
0 Z 2 (1) (7.7.3)

We can perform a simple dimensional analysis of S, taking a single invariant
Q? for simplicity:

2
S = <222, 2 ,)\(u)> . (7.7.4)
So we get the equation:
( 0 Q Q @ +d>S: (7.7.5)
0 d A
=2 ( — + Q28Q2 QW + 2) (1®)~428  (7.7.6)
0 N
= 2(pu?)~? ( +Q*— acg? 2m2> S (7.7.7)
=0. (7.7.8)

Combining (7.7.5) minus (7.7.1) gives:

<Q6Q — B ) +(1- ()\))m% + d) S=0. (7.7.9)

This equation may be solved using the same methods has used in section §7.5
and leads to a solution in which both coupling and mass run with energy:

MQ; N satisfying Q—Q BN (7.7.10)

m(Q; \) satisfying Q—Q —(1 = ym(A))i (7.7.11)
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where A runs from the point A where we have measured the coupling and
fixed the renormalization scheme. The mass runs from the value of the mass
at the same renormalization scale, p for example:

A5 A) = A(p) (7.7.12)
m(p; A) = m(p) (7.7.13)
then:

(@A) = m(n) exp{— / ’ Za- m»}. (7.7.14)




Chapter 8

Unitarity and gauge invariance

Unitarity of the S-matrix leads to powerful constraints on the discontinuities
of loop amplitudes obtained from lower order amplitudes. We will compute
discontinuities/generalised discontinuities via Cutkovsky rules, and that will
leads to generalized unitarity constraints, that can be used to determine the
coefficients of basis loop integrals for any amplitude.

The unitarity of the S-matrix for physical states relies on the cancella-
tion of unphysical degrees of freedom (ghosts and longitudinal polarisations).
This can be demostrated using BRST symmetry.

8.1 SST=1 and implications

In the Heisemberg picture, where operators are time dependent and states
are time independent, we may take (postulate) two orthonormal bases for
the Hilbert (or Fock) space:

|, in) observations at ¢t — —oo

|3, out) observations at t — +oo.
The scattering matrix .S elements are defined as:
Sga = (B,out|a, in) (8.1.3)
and, since in states are orthonormal, we have:

(o, in|B,in) = dup. (8.1.4)

159
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We may insert a complete set of out states in the relation above!, to find:

> " {a, inlk, out) (k,out|B,in) = > (Ska)' Sks (8.1.6)
k k
= 0ap (8.1.7)
or simply:
STS =88T=1. (8.1.8)

So, we found that the S matrix is unitary. Unitarity of the S matrix reflects
the fundamental principle of probability conservation. Even though we have
to introduce in certain instances the artificial device of an indefinite metric
in Hilbert space, the physical quantities always refer to states with positive
norm, preserved through the time evolution. If the relation (8.1.8) is not
satisfied the probability is not conserved or the theory left out some states
that are physical.

Now, we can see the optical theorem, which connects this relation to the
fact that the immaginary part of the forward scattering amplitude is related
to the cross-section. Indeed, when we separate the scattering process in
two parts (8.1.9), the identity 1, so the situation where the initial and final
states are the same, and the second part 1", where the collision could happen,
means that every time something dissapear during scattering process (from
the initial state), it’s is related to the immaginary part; but, if the theory
is unitary, what is dissapearing has to be related to the final state. We do
this because we want to see that there is a more general connection with the
discontinuities of loop amplitudes. Let:

S=1+iT (8.1.9)
where T is the transition matrix. Inserting this into (8.1.8) leads to:
—i(T-TYH =TT" =T'T. (8.1.10)

The relation (8.1.10) connects different perturbative orders. The scattering
amplitude A from a state I to a state F' is defined by:

(F|T|I) =i(2r)*6“ (p; — pr)AI — F) (8.1.11)

!'Note that the correct relation of completation is:
'ﬁ |k, out) (k,out| =1 (8.1.5)
k

so with a sum over all the continuous variables and not only with the sum over the discrete
quantum numbers.
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where p; is the total incoming momentum and pr is the total outgoing.
Combining (8.1.10) and (8.1.11) gives:

—i(F|T|I)+i(F|TT|I) = (F|TTT|I) (8.1.12)

_ I (F| T k) (k| T | 1) (8.1.13)
k

where we use:
ﬁd% . B =k +m] (8.1.14)
; J
and we get:
2m)* W (pr — pr) AT — F) — (27)*6W (pr — pr) A(F — 1) (8.1.15)

= I (i2m) "6 (o1~ pr) ACE = 1)) (@76 (o — pr) AL — &)
k

(8.1.16)

= I(%)Sé(‘” (x — pr)d@ (pr — pr)AF — B)YTAT — k) (8.1.17)
k

= I(%)Sé(“’ (1 — pr)6@ (pe — p1)AF — k)AL > k) (8.1.18)
k
hence:
AL~ F) = A(F = 1) = Y 2m)6 (o1~ pr) A(F = BT > )

k
(8.1.19)

If we set F' = I we recover the optical theorem:

2 Tm{A(I — I)} = I(zw)‘*a(‘i) (pr — p1)| A = k)2 (8.1.20)
k

=Y [awiip o) AT S BE 5120
k=2

where we wrote explicitly the k-particle phase-space integral. We may rep-
resent relation (8.1.19) graphically by:

(o2t e ()

(8.1.22)
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where we can define the operation:

1Cyr - [ rE 1) =p(1()F (8.1.23)
e.g.:

D [[ = 2iIm [1 . (8.1.24)

The amplitudes can be expanded perturbatively. If we assume a theory
with a 3-point coupling A, then the leading order will be A" where N =
#1 + #F — 2. Therefore:

IF /\N(i:g? +/\2§% + 2 F +>

that implies the relation (8.1.22):

D( =D ([ \V T F +)

. f
Z/d@k/\NJrZ(kl) if( ﬁ( +...]. (8.1.25)
k=2
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Comparing order by order in A gives:

DI Fl=0 (8.1.26)
ky R\ |
DI I K :/d@g ﬁ F (8.1.27)
ko oo
ky R\
D IF —/d% I F +
ko ko
oy R\
+7 F +
ko ko
i

k‘1 kl
+/d<1>3 B:gi@ r ke | (8.1.28)
ks ky

so we find relations between amplitudes at different loop orders. The op-
eration D is not 2iIm in general, since the amplitude contains branch cuts
which lead to discontinuities. Let’s look at a particular example to under-
stand better.

8.1.1 Discontinuities of Feynman diagrams

First of all, what does it mean that a Feynman diagram has discontinuities?

Referring to chapter §21.2 from Nastase Let no one ignorant of geometry
enter my door.Nastase, we can note that above the reduced-amplitude M
is defined formally, but we can define it purely by Feynman diagrams, and
that is the definition we will use below, since we want to prove unitarity for
Feynman diagrams. Then, M is defined at some center of mass energy, with
s = B2 € RT. But we analytically continue to an analytic function M(s)
defined on the complex s plane.

Consider ,/sg the threshold energy for production of the lightest multi-
particle state. Then, if s < sp and real, it means that any possible interme-
diate state created from the initial state cannot go on-shell, and can only be
virtual. In turn, this means that any propagators in the expression of M in
terms of Feynman diagrams are always nonzero, leading to an M(s) real for
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s < sg real, that is:
M(s) = [M(s™)]". (8.1.29)

We then analytically continue to s > sp real, and since both sides of the
above relation are analytical functions, we apply it for s & ie with s > sg
real, giving (since now the propagators can be on-shell, so we need to avoid
the poles by moving s a bit away from the real axis):

Re{M(s+ie)} = Re{M(s —i€)} (8.1.30)
Im{M(s+ie)} = —Im{M(s — ie)}. (8.1.31)

This means that for s > sg and real there is a branch cut in s (by moving
accross it, we go between two Riemann sheets), with discontinuity:

DiscsM = 2i Im{M(s + i€)}. (8.1.32)

It is much easier to compute the discontinuity only rather than the full
amplitude for complex s, taking the discontinuity.

The discontinuity of Feynman diagrams with loops, across cuts on loops
(equal from the above to the imaginary parts of the same diagrams) will be
related to [ dII|M|?, that is the optical theorem formula. We will obtain
the so-called cutting rules, ironically found by Cutkovsky, so also called the
Cutkovsky rules.

Let’s see a pratical example before the physics. The discontinuity of an
amplitude A across the p?-channel is defined by:

lim <A( Pt e, ) = A( PP — e, .. )) = Discj2(A).  (8.1.33)

e—0

It is useful to look at the branch cut in the logarithm to see how this is
connected to the operation D:

Disc,(log (x)) = lim <log (x + i€) — log (z — ie)) (8.1.34)
e—0
_J0 w0 (8.1.35)
271 , x<0.

For x < 0 we have log () = log (|z|) + im so we may write:
2i Im{log (z)} = Disc,(log (x)) , x<0. (8.1.36)

This helps to justify that for general states I, F' the operation D is the dis-
continuity of the amplitude in the I — F' channel.



8.1. SSt =1 and implications 165

For concreteness let’s choose a 2 — 2 scattering amplitude A(p1p2 —
p3p4) and consider the discontinuity in the sio = (p1 + p2)? channel:

Discs,, (A(pm — p3p4)> = A(pipz — p3pa) — A(psps — pip2)T (8.1.37)

- Z/d‘bk A(pip2 — {k})(A(psps — {k}))T.
- (8.1.38)

In ¢* theory we can even explicitly write the amplitude up to 1-loops as:

e

+ counter-terms + O(A%) (8.1.39)
so:
iAll = A+A [I[d] (ZE :f;) + 1 (2‘;7’5’;) + i (Slg,“RﬂJrO(A”‘)
(8.1.40)
where we write:
i

= —iu¥Il, (8.1.41)

finite
in a minimal scheme. We already know, using the result (3.2.56) and the
relative counterterm:

da (s12 pR) 1 AN AT —B+))__1 Cr
b (m?’m2>‘<4w>ZCF<m2> <e+2 51°g<ﬁ_ >> @) <

(8.1.42)
_ (4;)2 <2 _ Blog (‘f*) +log <;‘§>) (8.1.43)

with:
B=1/1- tf. (8.1.44)

The relevant discontinuity in A4 in the sis-channels comes from the si9
bubble integral so we can explicitly study the discontinuity via poles in the
integrand. We have:

1

/k (k= p/2)2 —m2 +if ") ((k+p/2)> —m2 +if ")
(8.1.45)

19 (p2 m?) =
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which contains four possible poles. See the figure 8.1. We can already see
that this amplitude has a discontinuity for ky > 2m (in the physical region,
since with center of mass energy kg we can create an on-shell two-particle
intermediate state of energy 2m only if kg > 2m), but we compute it for
ko < 2m and then analytically continue. Explicitly, choosing the frame
p = (p°,0), we have:

0\2
(k+p/2)? —m? +if" = (k)% — |k]? £ k%" + (G, +if" (8.1.46)

4
= (k9?1 k%" + B (8.1.47)
= (ko — k1) (ko — k3) (8.1.48)
where we use:
0)2
B:—|k:|2—|—(p4)—m2+i¢ (8.1.49)

1
kg = 3 <5p0 +oy/pE — 4B> . (8.1.50)

The poles in the complex kY plane are located, as already said, in the figure
8.1.

Figure 8.1

We now perform the k¥ integration (4d only):

/k R /éiﬁ;})éﬁ (8.1.51)

using the residue theorem. You can see che curve and the regions in figure
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8.2. At kY = k= we have:

wy_ 1 [ &%k 1

Respo_y-(Iy7) = 27r/ (2m)3 (k= — k) (k= — k) (kZ — k1) (8.1.52)
1 [ &k 1

— 27r/ 273 (—2E5 + i )po(—2Ex + po + i) (8.1.53)

where B = || +m?. Since:

d°k _/d|k:| |k|* d<€2 (8.1.54)
(2m)3 (2m)3
> dEy, |k| E), 47
= B .
we can conclude:
4 Am [ dEy, Ey |k|
Reskozk:(-lg[]): 5 4/ — ——.  (8.1.56)
2m)* S po(2Ex — i) (2E), —po — i)

The residue has a brach cut inside the integration region if pg > 2m. Indeed,
we can notice that if kg < 2m, the denominator in the last line has no pole
on the integral path, as kg < 2m < 2Fj, so the residue is real (has no
discontinuity). But if pg > 2m, we have a pole on the path of integration,
so there is a discontinuity between k2 + i¢+ and k? — ie. To find it, we can
compute the Disc directly using the Cauchy principle value, P:

1
2E; — po £ <p0 —2E}

in this way we get:

) Fimd(2E); — po) (8.1.57)

— Resjo_y- (Igl] )
+in

. 4 : 4
Disc,2 (Resko:k: (12[ ])) = %13%) (Resko:k: ([2[ h )

—in
(8.1.58)

(—2mid(po — 2Ey))
(8.1.59)

2 /00 dE;, Ey, |k|
(271')3 m P02Ek

(8.1.60)

NB. The discontinuity can be computed directly using the replacement:

1

— 2mid(po — 2E%). (8.1.61)
po — 2By +if"
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Im(k%)

only this residue
remains

o
Jr
-
f+

Figure 8.2

For the discontinuity of the full integral we need to sum over all residues
inside a closed contour, however it turns out, after closing the contour at
—100, that the residue at k_ does not have a branch cut in the integration
region (outside p° > 2m). See figure 8.2.

So, to conclude we can write:

Disc,,2 (ng (p?, m2)) = 2mi Discye (Resko:k: (ng (p?, m2))> (8.1.62)
= 2mi (zﬂ) (8.1.63)

__ 7 (8.1.64)

Observations. We arrive at the same result by applying the rule:
1

(kip/Q)Q—m2+in+ — —2mid((k£p/2)% —m?) 0(£k° + p/2)

(8.1.65)
= —2mi 6 ((k+p/2)? —m?).  (8.1.66)
What we’ve already saw, the fact that the propagator (which contains poles)

can be substituted with on-shell delta function, is the Cutkovsky rule and
can be used to prove the optical thoerem.

Exercise 17. Check, using the closed form for I2[4726} (p?,m?), that
the branch cut in log (=1 //-) mathches the result obtained above.
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We can now continue the analysis of the amplitude since:

. A -~ (s 2
Discs,, (.A(plpg — p3p4)> = —z? Discg,, (.72 <12 MR)) (8.1.67)

m2’ m?2
)\2
() .
)\2
_ m*f' (8.1.69)

Since the initial and final states are the same (¢¢ — ¢¢), the optical theorem
applies.

Exercise 18. Confirm using the final state averaged tree-level am-
plitude squared:

(A9 = %)\2 (8.1.70)

)\2
/d% (AQ?2y = 16—5. (8.1.71)

8.2 Generalized unitarity and the Cutkovsky rules

We saw that the discontinuity of a Feynman integral could be computed
using the Cutkovsky rules where propagators are replaced with on-shell delta
functions. In general we can give the general cutting rules (in general valid
at all loops):

1. Cut the diagram in all possible ways such that cut propagators can be
put simultaneously on-shell.

2. For each cut, replace:

1

————F — —2mi 6(+)(k2 —m?) (8.2.1)
k2 —m? +if)

in the propagator, and then do the integral.

3. Sum over all possible cuts.

Notice we can cut a diagram only if every external propagator can be put
on-shell without breaks the momentum conservation rule. Doing (8.2.1) we
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can write:

Disc,2 (Io(p?, m?)) = Disc,2 (—O—) (8.2.2)
— {} (8.2.3)

_ _/ B o2 602 — m?) 8((k — p)? — m?) (8.2.4)
B

(2m)*
=~3r (8.2.5)
where we call (8.2.3) the 2-particle cut integral. While we lose connection
with unitarity, we can replace any propagator in an amplitude with a on-
shell d-function (obviously with the correct momentum in it) and obtain a
generalised discontinuity of the amplitude.
Amplitudes factorize when intermediate propagators go on-shell, e.g.:

1

2 . 3
lim | ° 2| = E}Z{:gél (8.2.6)
s12—0 1 S12 5
3

4

where the diagrams on the right side are on-shell. This is trivial in scalar
theories, but in gauge relies on the spin sum relations:

2 2
prm T u, (8.2.7)
S
1279%4 HpV 2 2
—g" + L U P anﬁ—n (8.2.8)
p-n -

where the last relation is written with the light-like axial gauge. Hence, when
apply cuts to internal lines we may facturize the integrand of any amplitude
into products of lower order on-shell amplitudes.

The application of multiple cuts to constrain the form of a scattering
amplitude is commonly referred to as generalized unitarity.

Using the Cutkovsky rules it proved unitarity (equivalent to the optical
theorem) in perturbation theory. It’s convenient use the cuts (as we did
in MSc course Phenomenology of Fundamental Interaction) because we can
calculate "easier" something like:

1 2
,/4‘\ /‘/
21Im S :I ‘ . (8:2.9)
\‘}// ‘\
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There exists a more general method, the method of the largest time equa-
tion (which is a generalization of the above method), which was used by 't
Hooft and Veltman to prove the perturbative unitarity of spontaneously bro-
ken gauge theories.

8.2.1 Double-cuts and dispersion relations

Let’s try to use double cut information to construct the 1-loop ¢ — ¢
amplitude. We already saw, with (8.1.69), that:

(1) . )\2 1 4777,2

Di = — — 8.2.10
iscg,, (Ay ) 16m 51o ( )
2. ' 3
= (8.2.11)
17 1 N4
The cuts in the other channels, s14 and s;13, are symmetric:
1 ' 2
A2 4m?
=—y/1—-— 8.2.12
167 S14 ( )
47 1 N3
1 ' 2
A2 4m?2
=—y/1l=-—. 8.2.13
167 513 ( )
37 1 N4

To obtain information at the amplitude level we could try to perform dis-
persion integrals:

1 ds’ .
fls) = 27”// . S/Dlscs/f(s/). (8.2.14)
Since we have a multivariate function this route in a bit difficult but can be
done summing over all cut contributions. There is however a simpler ruoute
if we identify a basis of integrals for the amplitude. The scalar amplitude is
trivial, there’s no tensor reduction necessary and we can identify from the
diagrams by eye that:

AW = ¢1aly(s12,m?) + casa(s23,m2) + c13la(s13, m?). (8.2.15)
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From which we use the cut operation to project out the rational coefficients,
e.g.:

Cutia(A) = c1aCutia(Ia(s15,m2)) (8.2.16)
223 B
16w__QQ<_8W> (8.2.17)
)\2

8.2.2 General one-loop amplitudes

It is possible to show that any one-loop amplitude can, via tensor reduction,
be expressed as a linear combination of scalar integrals (usually called master
integrals). If we take external particles to live in 4d then the maximum
numbers of independent propagators is four, therefore (massless case):

Ay, p) = Y CB>:<[1]+
BeBoxed B

+ > Cr [1]+
TeTriangles T
D e {}[1]+
beBubbles
+R+0(e) (8.2.19)

R is a potential rational coefficient coming from:

I
C-I:(Co+eCl+...)<€1+Io+...> (8.2.20)
= Coly+ C1 1, . (8.2.21)
/

R is of UV origin only and is not seen by cuts in 4d. By using generalized
unitarity cuts we can project out the rational coefficients (Cg, Cp, Cp) form
the factorised loop integrand, not computing integrals. For example, rep-
resenting the cut with the line I; (i = 1,2,3,4), so putting all the internal
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propagator on-shell simultaneously:

CB:% DD D — R — . (82:22)

solution h;=%+

é ;

Anatomy of (8.2.22): We are cutting the diagram in 4 parts, using the
cuts l;, with ¢« = 1,2, 3,4, so we’re distinguishing 4 sub-amplitude at tree-
level. We've said that we have 4 degree of freedom for the loop-integral,
when we impose (8.2.22), so 4 condition, we have everything fixed, and there
is no integration to do in the quardupole cut case.

Below the summation sign in equation (8.2.22), you can see the text
solution of 12 = 0. In order to simultaneously satisfy the condition that
all 4 internal momenta are on-shell, so lz-2 = 0 for the massless case, in 4
dimensions, we are forced to allow the particle momenta to take complex
values. In this complex kinematics framework, there are exactly two discrete
solutions for the loop momentum that satisfy the cuts, which are classified
using the spinor helicity formalism (the secondo sum).

The arc serves as a visual indicator to show how the external momenta
and the "cut" loop momenta combine at that specific vertex to satisfy one
of the two mirror kinematic solutions. Depending on how the arc "brackets"
or embraces the lines, physicists can immediately tell whether that specific
vertex behaves as a 3-point or 4-point amplitude with specific helicity con-
figurations (such as mostly plus or mostly minus helicities).

Observation. Systematic algorithms to proceed iteratively from the
mazimal cut to determine all coefficient, and supplying d = 4—2¢ information
to determine R, have been developed. Since there is no integration (purely
algebraic) this algorithm can be implemented numerically.
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8.3 Non-abelian gauge invariance: unitarity and
ghost

In chapter §6 (see the section §6.1.2) we computed the tree-level amplitude
for qqgg scattering (massless):

2 3
A= (8.3.1)
1 4
2 3
2 —<—e900 3 2 —a—1 3
= M + A + “tj;’g%/ (8.3.2)
) A 1 —>-e000 4 1 —>— 4
We showed that the Ward identity was satisfied:
Alps, =0 where A = Ale3, (8.3.3)

there we will consider a tensor M where M* e3,e4, = A and |A|* is
related to M by the spin sum. We write this is a generic gauge:

> eli(p,n)el(p,n) = —g" + P (p,n) (8.3.4)
S
with: ey v
Puu(p,n) = pn where n? = 0. (8.3.5)
p-n
Therefore:

\A|2 — M“3“4(M"3”4)*><
X (= Guaws + Pua #3:1)) (= guis + Pasva(pism) ) (83.6)

naming respectively 1,2,3 the three diagrams in (8.3.2). The contributions
from diagrams 2 and 3 to M*¥ are:

Mlg??;lhl = _iggu17u4€§§'}"UJS'UQ(tasta‘l)mil —
—igimy gvmvz(t“‘*t“)m : (8.3.7)

Let’s consider the contraction M#3#4ps, (instead of MH3H4p3, €4, as we
did before):

M43 pyy, = —igiunyH gpgvz(t“3t“4)i2zl—
- ig?“lﬁ’gfzj7“4v2(t”'4t“3)i2i1 (8.3.8)

= —ig2 Ty ug[t?s, 1) (8.3.9)

1211 °
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The contribution from diagram 1 is instead:

9 1
legmpzau = 292“17“02?12[t“3,ta4]7;2i1 <Pg4 (p3 — pa)pu+
+ 9" .2p3 - pa + psu(—2ps — p4)“4> (8.3.10)
— 5027 ~M i _ pH4 Ha _ g a3 ;a4
= igsuny v —( ~ P (3 4 pa)p + g™ 512 — Pauph® ) 1199, 1%,
(8.3.11)
= ig? (Uﬂ”“w - ﬂ1p3v2pZ4) [, 1,4, (8.3.12)

so, using the fact that the second term in the right side vanishes when con-
tracted with ey, we get:

MY ps, = igZugy vgen,, [t™, 1] (8.3.13)

1211 "

Before jump into a new section let’s see some observations. First of all, in
QED (an abelian gauge theory) the color factor is not present, so effectively:

[t%,¢94], . = 0. (8.3.14)

ioi1
We can also see that what we have found is not in conflict with the Ward
identity.

Also, there are implications for the optical theorem when connecting

branch cuts of loop amplitudes to |A|>. Indeed, the optical theorem states
that we must sum over intemediate states:

2im{A(qq — q@)} = > / d®y, | A(qq — k)| (8.3.15)
k

In QCD this means we must also consider closed ghost loops and gluon loops
on the LHS:

AW (qq — qq) = +...+>wuﬁ§w<+
//»\ //4‘\

+ >M/\ /\uuum/< + >w/\ /\w/<
‘< N

(8.3.16)

To see this is all consistent with our computation of M#3#4 we may also look
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at another amplitude:

2 3
/‘//
Aghost(3,4) = . (8.3.17)
‘\
1 ) 4
s 2— I 1 as a3
= —ig U1y v2£pgu[t ,t ]im (8.3.18)
o 1
= —zg?m%ws—m[t““,t“3]i2i1. (8.3.19)
This is very similar to the result obtained for:
MHbsbap A (3, 4). (8.3.20)
Swapping 3 <> 4 give another relation:
MHstpy, = prAghost(47 3) (8.3.21)
that we can use when expanding the tree amplitude squared using (8.3.6):
|A? = MHsia(MPsraY* x (8.3.22)
Ps.ny, + P3.n
Py, + Py
x (— G+ T “4>. (8.3.23)

Exercise 19. Show that:
(8:3.23) = |MP 4 [ Aghost (3,4)[2 + | Aghost (4, 3)

squared amplitude ghost loop ghost loop
= | using Feynman gauge | + ( in one ) + (in opposite)

propagator direction direction

|
|
0

M2y,

= 000999 00099 +
% S
TS
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So we see that the ghost contributions are essential to mantain unitarity
when working in the Feynman gauge. Note that if we work in the light-like
axial gauge, where the spin sum matches the Feynmn rule for the propagator,
unitarity is maintained without needing ghosts (but, as we noticed talking
about the QCD lagrangian, this is only a specific gauge choice).

8.3.1 BRST symmetry

A complete understanding of non-abelian gauge invariance, unitarity and the
role of ghost fields may be found using the formalism of Becchi, Rouet, Stora
and Tyutin (BRST) ['74, '76].

The issue is that, while the classial QCD lagrangian is invariant under
SU(N¢) rotation:

Lep = *4FﬁyFWV + (i) — m)y (8.3.24)

using 1 quark flavour, quantization of the gauge field introduces new elements
to the lagrangian:

1 a,
LY, = T — (0, A2 (8.3.25)

h _
LhEs = —e0, Dl (8.3.26)

for (covariant) gauge fixing and ghost respectively. These terms breaks the
invariance of the lagrangian under SU(N,) rotations. There is however a
hidden symmetry that we can uncover through the addition of an auxillary
scalar field B®. Let’s compare two lagrangians:

Locp = Lop + LYEH + LYep (8.3.27)
hos 5 a a a,
Loop = Liep + LHED + 5(B )2 + B9, A (8.3.28)
cl hos aux

Derivatives of the field B* do not appear in Eg‘gD hence it is a non-dynamical
field. We may integrate this field out of the lagrangian using a generating
function:

[Ps exp{i [ 22%} _ (5.3.30)
_ / Dy exp{ig / d'z (B“ + 2auAaﬂ>2 - glz(auAaN} (8.3.31)
- exp{i/d4:c ( (0, A%) )}/DB exp{ /d% (30)2} (8.3.32)
:Nexp{i / diz (—25(8MA““)>} (8.3.33)
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where we put the normalisation:

N = /DB exp{i/d4x (B“)Q} (8.3.34)

that will cancel for any correlation function, so we may say:
Lo = Locn (8.3.35)

since they produce identical physics. Recalling correlation functions in a
scalar theory:

(0| T{¢1...¢n}|0) = lim [Dyor...onexpli[diaL)
T

o0 [ Dy exp{i [d*z L} (8.3.36)

and noticing that Egc p is symmetric under a global tranformation, we can
write the tranformation, using an anti-commuting Grassmann parameter 6:

g A = gD (8.3.37)
Soth = igs0c (8.3.38)
dpc® = —%gsﬁf‘lbccbcc (8.3.39)
Sgc® = OB® (8.3.40)

5pB* = 0. (8.3.41)

0A™ and &1 are equivalent to infinitesimal SU(N,) rotation through an
angle Ogy:

© = 05y (z)t? (8.3.42)
= 0c"(x)t* (8.3.43)

and, recalling that SU(N.) leads to:

A=A, —D,0 +0(0?) (8.3.44)
Y = exp{igsO}y = (1 +igsO)y + O(6?) (8.3.45)

we have the correct sign, since 6 anticommutes with ¢*:
Oct () = —c(x)0. (8.3.46)
We may now show that:
9(Locp) = da(Lbep) = 0. (8.3.47)

We have:
LEop = Lop + LHEH + LEED (8.3.48)
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and we can se the variation (for SU(N,) rotation):

So(LEep) =0 (8.3.49)
So(LEED) = 69 (g(BaF + BaauAa“) (8.3.50)
= ;59 [(B“)Z]I +09(B*) 0, A% + B*0,09(A™) (8.3.51)
=0 =0
a ab b

= B*"0"(0DPc") (8.3.52)

and also:
So(LBSS) = do(—c 0, DMbcb) (8.3.53)
— 0y DI — 0,09 (e + gyt ArC) (8.3.54)

= —0B%9, Db — 79, 0" (—;9 f“bccbcc> —~

— 79, [gs fFobe ((59A“C)cb + A“C(SQ(Cb))} (8.3.55)
= —0B"9, D" — 90" (—;gse f“bccbcc) -

1
_ gsfabcéaau [Q(Ducdcd)cb 4 AHC <_ QQSefbdecdce>:|
(8.3.56)
= —0B°9,D"*c" + 9,2 0,0 fab%au(cb&)—
1
o gsfabcéaeau |:(aucc)cb + gstdeA’ueCdCb o 2gsfbdeAucche:| )

(8.3.57)

Exercise 20. Collect terms at O(gs) and O(g?) to show that O(gs)
and O(g?) cancel (with help from the Jacobi identity for the latter).

You can see the solution for the exercises in the Appendix B; this leaves:
So(LESH) = —0B°0, Db = —5o(LEE ) (8.3.58)

and therefore:
d¢(Locp) = 0. (8.3.59)

This global symmetry implies a conserved (Noether) current:

it g = 0 (8.3.60)
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from which we may also take a conserved charge:

d

— = .3.61

@RSt =0 (8.3.61)
So we have:

QBRrST = /d%}’j%RST (8.3.62)

and the BRST charge commutes with the Hamiltonian:

(@Brst, H] = 0. (8.3.63)

The variation of the gauge field (8.3.37) can be written in terms of the BRST
charge:

59 AS, = 0[Qprst, A (8.3.64)

and similarly for other fields (B,¢,¢,1). We can say this with a simpler
notation:

5oF = OQF. (8.3.65)

Exercise 21. Show that Q?F = 0 for a field:

F = (A}, ¥,c% e, BY). (8.3.66)

This exercise shows the Q? is a nilpotent operator and we may write:

Q> =0. (8.3.67)

8.3.2 Implications of BRST symmetry for unitarity

A nilpotent operator that commutes with the hamiltonian will divide the
Hilbert space, H, into 3 subspace:

e Ho with states |¢) where @ |1) = 0 and #|¢) € H satisfying |tpg) =
Ql9)-

e H; with states |¢1) where Q [11) # 0.

o Mo with states [¢9) where |19) = Q|¢) (with |¢) € H) such that
Q) = Q% |¢) = 0.

This defines what we call the BRST cohomology. While we do not explore
this further it is the first hint of a deep mathematical structure.

We can do some observation. We can see that the states of Ho are
orthogonal: for |i2) ,|15) € Ha we can see:

(wa|t) = (9QTQY) = (6Q%¢') = 0. (8.3.68)
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We can see that the states of Hy are orthogonal to those of Hy:
(2lth0) = (2] QT [0) = (2| Q[vo0) = 0. (8.3.69)

We can interpret the structure as follows:

e H, contains physical states.

e 1, and Hs contain unphysical states, so the ghosts and longitudinal
polarisations.

Using the BRST charge and the states of each subspace we may prove the
unitarity of the S-matrix:

@QprsT.H =0 <+— [Q,S]=0. (8.3.70)
Therefore, for |1g) in Ho:

0= [Q, 5] [to) (8.3.71)
= (QS — 5Q) |tho) (8.3.72)
= QS [tho) (8.3.73)

using @ |1pg) = 0. This means that the states S |1)g) must be in Hg or in Ha
and not in Hj:
S |@Z)0> € Ho ® Ho. (8.3.74)

Now we look at two physical states from Ho, |1o) and |¢(), where:

(hlvo) = (wo| STS o) (8.3.75)

using STS = 1. We can insert a complete set of states with:

o) wl=1 (8.3.76)

veH

in this way we get:

(ol STS 9h0) = D (wp| ST ) (] S [vo) (8.3.77)

PpeH

= 3 (wh| STl (vl S o) +

P eHo

+ 57 (Wh] ST ) (W S 1who) +

P1€H

+ 3 (6] ST ) (wal S [¥o) (8.3.78)

Yo€H2

where we can say that the two underlined terms are equals to zero because
‘H1 is orthogonal to Hy @ Ho and Hs is orthogonal to Hi and Ho.

So, finally, we can conclude that the S-matrix elements for physical states
is unitary.
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8.4 A bierf recap

I wanted to make in this section a brief recap of what we saw in this chapter
to understand better what we’ve done. It’s a personal section, so you can
skip it an go to §8.5.

The scattering operator S must be unitary because total probability is
conserved: starting from an initial state, the sum of the transition probabil-
ities to all possible final states must add up to 1. Writing:

S =1+iT, (8.4.1)

the condition SST = 1 becomes a relation between T and T'. Expanding in
powers of the coupling constant g one finds a hierarchy of relations between
amplitudes at different orders in perturbation theory: the tree-level ampli-
tude is real, while at one loop its imaginary part (discontinuity) is tied to a
sum over intermediate states of products of lower-order amplitudes.

The amplitude M(s) should be thought of as a complex analytic function
of the center-of-mass energy s = E2. Below the production threshold (s <
s0) no intermediate state can be real (on-shell): all propagators stay nonzero
and M(s) is real, i.e.:

M(s) = M(s")]". (8.4.2)

Above threshold (s > sg) this is no longer true: analytically continuing to
s &+ ie one finds a branch cut on the real axis, with discontinuity:

Discs M = M(s + i€) — M(s — i€) = 2i Im M(s + ie). (8.4.3)

A simple example that clarifies the origin of the cut is the logarithm.

We've saw a worked example: the bubble in ¢* theory. Consider the
simplest possible diagram: the one-loop bubble I in the si5 channel of the
2 — 2 amplitude.

The loop integral has poles in the complex kg plane (energy of the loop
momentum), corresponding to the propagator going on-shell. As long as
the energy in the channel is below threshold (py < 2m), these poles do not
sit on the integration contour: the integral is real, no discontinuity. Above
threshold (pyp > 2m) a pole crosses the integration contour: a discontinuity
arises, computable via the Sokhotski—Plemelj formula:

L _p (1> - ind(z). (8.4.4)

T+ i€ T

The practical result is that the discontinuity is obtained by replacing each
“cut” propagator with an on-shell Dirac delta:
1

S —omi 6 (k2 — m?2
g — —2mi 6V (K — m*). (8.4.5)
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This is the Cutkosky rule.

But, why it works: the physical meaning of the cut. A virtual propagator

1

w2 tic (846)

is in general a complex number. Splitting it via Sokhotski—Plemelj:

L _»p (i) —ind(a), (8.4.7)

T + i€

the first piece (principal value) exists even for virtual particles off the mass
shell; the second (the delta) exists only if k2 = m? is reachable within the
integration domain, i.e. only if the virtual particle can become real and on-
shell.

When one computes the discontinuity of the amplitude, the principal-
value contributions cancel between +ie and —ie, and only the delta term
survives. “Cutting” a propagator therefore means treating that internal par-
ticle as real and on-shell, rather than virtual. The loop integral thus turns
into a phase-space integral over the real particles produced as an intermedi-
ate state — the very same quantity that appears in the optical theorem:

2Im(M) = ) dI1 | M2 (8.4.8)

intermediate
states

Generalizing the previous example, the Cutkosky rules are:

1. Cut the diagram in every possible way such that the cut propagators
can simultaneously be put on-shell.

2. For each cut propagator, replace

1 .
m — —2m 5(+)(k'2 —m2), (849)

and integrate.
3. Sum over all possible cuts.

The physical meaning: the discontinuity of the loop amplitude is given by
the sum, over all possible intermediate states, of the product of the ampli-
tude to the left of the cut and the complex conjugate of the amplitude to
the right — exactly the optical theorem.

When an internal propagator goes on-shell, the amplitude factorizes into
the product of two simpler (lower-order) amplitudes, joined by the on-shell
particle: .

i
lim A(...) ~ o Alree Alee, (8.4.10)

s12—0
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In cases with spin this works because the sum over physical polarization
states reproduces the propagator (up to gauge terms):

phy, +m _ —gM 4 pHn” +ntp¥ /(p - n) v
2im2 — ZUSUS’ 2 2 — ngan :
p S p n
(8.4.11)

Applying several cuts at once (not just one channel, but several propagators
simultaneously) is called generalized unitarity, and it is a powerful tool for
reconstructing loop amplitudes without ever computing the loop integral ex-
plicitly.

But why the cuts guarantees the unitarity?
Unitarity SST = 1, written in terms of T for a forward amplitude (initial
state = final state), is the optical theorem:

2Tm M(i — i) = Z/dnfw(i — N~ (8.4.12)
f

That is: the imaginary part of the forward amplitude must equal exactly the
sum, over all physical intermediate states f, of the squared modulus of the
production amplitude, integrated over phase space. When computing am-
plitudes via Feynman diagrams it is by no means obvious that this equality
holds: each diagram has real and imaginary parts arising from independent
analytic calculations. The Cutkosky rules provide the proof, diagram by
diagram and order by order, that the equality is indeed true.

Indeed, the logical chain is: the discontinuity of an amplitude is computed
by replacing cut propagators with on-shell deltas (Cutkosky rule); an on-shell
delta 6(H) (k? —m?) with positive energy is exactly the factor that appears in
the phase-space measure dII of a real physical particle; cutting a loop diagram
in two automatically yields: (tree-level amplitude to the left of the cut) x
(complex conjugate of the amplitude to the right) x (phase-space measure of
the cut state) — i.e. exactly one term of the sum Zf [ dIT; | MJ?; summing
over all possible cuts of a diagram gives the sum over all intermediate states
f allowed at that perturbative order.

Summing all cuts of all diagrams at a given order in g reconstructs, piece
by piece, the right-hand side of the optical theorem.

The cutting rules do not impose unitarity from the outside: if one com-
putes the discontinuity in two independent ways — once from the poles of
the loop integral, and once from the product of tree-level amplitudes inte-
grated over phase space — and the two results agree (as in the case of the
bubble in ¢?*, comparing (8.1.69) and (8.1.71)), one has an explicit proof,
diagram by diagram, that the theory satisfies SST = 1 at that perturbative
order.
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In non-abelian gauge theories, as usual, is a little bit different. Indeed,
in non abelian gauge theories cutting an internal gluon propagator, summed
over all physical polarizations, is not enough on its own to reproduce the
optical theorem: the gluon propagator in covariant gauge also contains un-
physical degrees of freedom (longitudinal and temporal polarizations). It is
necessary to also include ghost cuts in the intermediate state, which exactly
cancel the spurious contributions.

The cutting rules, applied correctly (including ghosts), are therefore also
the tool used to prove that non-abelian gauge theories remain unitary de-
spite the introduction of the ghosts themselves. This is the method used by
't Hooft and Veltman; the largest time equation is the systematic generaliza-
tion of this argument to arbitrarily complicated diagrams, with any number
of internal vertices.

8.5 Invitation: Effective field theories

We have stated that theories with operators of mass dimension higher than
4 are not renormalizable (in a 4d space-time). We may relax this condition
if we only require our field theory to apply within a specific energy regime
and define an effective field theory.

The Fermi theory of the Weak interaction is the most famous example:

+
U l w I+
>f< mw 30 ><
d Y d !
that means that the propagator:

- T 1+ S+ (8.5.1)
D — myy My myy

where the term p?/ m%v is the correction froms higher derivatives suppressed
by 1/ m%V You can see the complete description of the theory in MSc course
Phenomenology of Fundamental Interaction’s lecture notes.

We can use an explicit computation of g¢g — H via a top quark loop to
illustrate how this can work in practice. The process is loop induced in the
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Standard Model (SM):

g g
o - — - = + o +

g g

+O (9396 9393 Goigiy ) - (8.5.2)

The relevant part of the SM is:

Lo = ... yHYby + (1D — my)y ... (8.5.3)

distinguishing between L and R handed quark fields is not relevant here
(because are involved only strong interaction and Higgs-top coupling). In
the region /s < my/my we may use an approximation m; — oo (Higgs
couples only the top quark):

Lsus mgoo Egn]\c;top) + Eeff
4 { 4
contains no Yukawa contains ( 8.5, 4)

Since we have the technology to compute the loop diagram directly we may
see how to write L.y in terms of a dimension 5 operator. The two diagrams
are symmetric so:

A(gg — H) =2D (8.5.5)

P2 \ \i€+p2

—

D = k( ---- PH =DP1+ P2

‘/k*m
n

Since the process is loop induced the loop amplitude must be finite we have:

where:

D = (—igs)* (\;gj Tr{t" 2} €1y, €2, [M1H2 (8.5.6)

where the loop integral I#1#2 is:

NH1H2

Iﬂl 20—
g D1D2Ds3

(8.5.7)
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and we have written:
Dy =D(k,my) , Ds=D(k+pymy) , Ds3=D(k—pi,m). (85.8)
while the numerator is:

N#kz = Tr{yfl(% + )y ( -+ Py +ma) (=, + mt)}- (8.5.9)

We will proceed dirctly to Feynman parameters and then perform tensor
reduction. Writing:

1 1 1—aq 1
—_— Y = 2/ dal/ dOéQ 3
D1D2Ds 0 0 |:051D2 + ao D3 + (1 — Q1] — ag)Dl}

(8.5.10)
we may show:
ﬁ(k‘) =a1D9 + aoD3 + (1 — o1 — OéQ)Dl (8.5.11)
= (k+ a1p2 — aap1)? + 201 a9py - po —m? + il (8.5.12)
where:
2p1 - p2 = (p1 +p2)2 = p%{ = m%{ (8.5.13)

We may now proceed (dropping the term zifr) to shift the loop momentum
and evaluate the trace in the numerator N#1#2.

Exercise 22. Show after Feynman parametrisation the diagram can
be written:

1 1—a1 TH (e —
IW:2// dal/ doy T 2a1p2+a2§”2 (8.5.14)
kJo 0 (k* —mi + cnaomy)

where:

2
e1p€,TH (k) = 4my [g“” (—k:2 — % = m?) + 4kHEY +pl1lpl4 €1€20-

(8.5.15)
You may use ¢; - p; = 0.

For the tensor reduction in Feynman parameter space we make case of:
kHEY 1 k2

—— =" | —— 8.5.16

Ji— s = |G ar (8510

and:

J—— @510
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Exercise 23. Show after reduction that:

d—14
P = Q/k/ [g’“’ (dk2 —m?+m%4(1— 2a1a2)) -

4mt
—pipy(1—4 . (85.18
2ed e (k% —mf + mfaraz)? ( )
The next step is integration over k using the results:

| o m T+ 9 R (85,19

T 5.

e (K2 — A)3 (47r) 2
k2 i . 2-¢\ . _.

/k (kZ _ A)?, = (47‘(‘)2 (471') F(l + 5) < > ATC. (8.5.20)

NB. The 1/e pole in the k? integral is cancelled by the coefficient d —4 =
—2¢ in front; so the result is finite as expected.

Exercise 24. Perform loop momentum integration to show (recalling
Yy = my/v):

(5ab 1—on 1—4
iD= _asnlt/ qu/ dag <a1a2 )X
T v 2 m2 mHalag

X <—€1 6274-61 D2 €2 - p1>+0(6). (8.5.21)

Exercise 25. Feynman paramater integration. Show that:

m2 1-— 4&1012
F <m§) :/ - 5 (8.5.22)
T (=)

H
m2 (038

is a constant in the limit m;/mpy — oo:

lim F(z) = % +O@). (8.5.23)

z—0

We have now completed the amplitude computation in the m; — oo (or
more correctly (mg/mpy)? — oo) limit:

00

2
m (8%
A(gg — H) Z, 3781)5“(—9“”1?1 -p2 + piph)erpean + O <§) .
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The important feature of this result is that it has a local structure that
can be matched to a local operator:

Lesy = CHTe{F}, F*™} (8.5.25)

where C' is known as a Wilson coefficient and H is the Higgs’ field. The coef-
ficient C' can be found via a procedure called matching. From this lagrangian
we find the Feynman rule:

---3 = iC(—g""py - po + pi*ph") (8.5.26)

so matching with the result for A(gg — H) is straightforward:

Loy L(notop) +['eff
} 3 (8.5.27)
AW (gg — H) /M0 Ag})f( 99— H)+ O ( i )
= 5.2
—  C=2+0(d). (8.5.28)

In general we may construct the set of higher dimension operator satisfying
symmetry constraints (e.g. SU(3). X SU(2)r, X U(1)y, called SMEFT):

C(k+4)
Lesp= Lo+ ZZ o ont (8.5.29)

k=1 m

where C’T(,l) are Wilson coefficient of mass dimension d operators O( ). The
sum over elements, m, must be done carefully using a basis of independent
operators which accounts for field redefinitions, integration-by-parts identi-
fies and equation of motion. Independent operator basis may be quite large.
For the SM, with general flavour structure, we easily reach > 2000 operators.

Remark. In the full Standard Model, the Higgs boson (H) cannot couple
directly to gluons because gluons are massless gauge bosons. Instead, the
interaction occurs at the one-loop level through a triangle diagram containing
heavy virtual quarks (predominantly top due to its large Yukawa coupling).

The key to transitioning to an Effective Field Theory (EFT) framework
lies in comparing the mass scales of the problem: the mass of the Higgs boson
is mpy = 125 GeV, while the mass of the top quark is significantly larger, at
my = 173 GeV. Because m; > mp, we can study this process in the large
top-mass limit (my — o0). At the energy scale of Higgs production, we do
not have enough energy to produce real, on-shell top quarks; they only exist
as highly virtual fluctuations inside the loop.
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Mathematically, this allows us to perform a Taylor expansion of the loop
integrand in powers of ¢ /m? (where q is the external momentum). In config-
uration space, this expansion effectively shrinks the non-local quark triangle
loop down into a single spacetime point.

The heavy top quark is "integrated out" of the theory, and its quantum
effects are neatly packaged into the Wilson coefficient C'. As a result, the
non-local loop interaction collapses into a higher-dimensional local operator:

Leg = CH Tx{F}, F*"} (8.5.30)

This is a dimension-5 operator (which is a higher-dimensional operator, since
the standard renormalizable Lagrangian only contains operators up to dimen-
sion 4). Even though the underlying physics involves a complex loop, the
effective theory describes it as a simple, "squeezed” (local) contact interaction
between the Higgs field and two gluon field-strength tensors.
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Appendix A

Natural Units

In this section, we study what is meant by natural units. In Physics, it is
very common to use God-given units, i.e., the so-called natural units. The
independent types of quantities are length [L], time [T], mass [M], and — if
we also consider thermodynamics and statistical mechanics — temperature
[T].

In nature, there are universal dimensional constants, such as the speed
of light ¢, the reduced Planck constant h, Newton’s gravitational constant
G, and the Boltzmann constant k. Typically, natural units are defined as
those in which we set:

h=c=1 (A.0.1)
and consequently, when modifying the quantities (in standard units):
h=6.66-10"% MeV -s h=
c=3-10% m/s == c=
he ~ 200 MeV - fm hc=1.

Stating that the speed of light is a dimensionless unit quantity implies
that the units of length and time are equivalent:

[L] = [T (A.0.2)
consequently, we also have:!
[E] = [f1 = [M] (A.0.4)
For a force F', we have:
[F] = [EL™Y) = [ML™ (A.0.5)

LAs a result of the relationship between mass and energy in Special Relativity:

E*=p°+m’ (A.0.3)
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therefore, a quantity like &, which has the dimensions of an action, i.e., [ET],
in natural units is:

A= [ET) =ML =1 = [M]=[L""]. (A.0.6)

From the relations observed between the quantities, only one of them is truly
independent. Choosing length as the independent one, it holds:

(L= , [BEl=p=M=[L""] , [Fl=[L7% (A.0.7)

Typically, in QFT, cross-sections are expressed in natural units, but this
is not very convenient to use in the physical world, as we require standard
units. In general (not only for cross-sections), by remembering the units of
measurement of i and ¢, it is possible to convert a quantity from natural
units to S.I. units by multiplying by appropriate powers of /i and ¢. We have:

A = ML*T™' [c]=LT

Let’s look at an example. Take the Thomson cross-section in natural
units and convert it to standard units. We have the process:

yt+e —vy+e

with the free e~ and the cross-section:

8 o?
which we rewrite as:
8 a? y

e

By analyzing the dimensions:

L*=M2(ML*T )" (L7’
L2 — Mz—2L2x+yT—x—y‘

We must therefore solve the system:

L:2=2x+y T=-y
M: 0=x-2 = =2
T: 0=—-xz—y = —2.

Thus, the cross-section is:

8 o /h\? 81 o
—a— (=) == —— (he)2~64fm%2=64-10"2Db. (A.0.10
or 37Tm§ (c) 3 (mec2)2( 2 m ( )
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Solution to BRST exercise

I present in this Appendix the solution for the exercise 20, from the section
§8.3.1.

We can compute:
1
6g(£22h555) = —HB“E)#D““bcb + gséaﬁuﬂf‘lbcic‘)“(cbcc)—

1
. gsfabcéaeau |:(8ucc>cb + gsfcdeAuecdcb _ 2gsfbdeAMchCe:|
(B.0.1)
= —0B"9, D cb+

+ g5 000, Bau(cbcc) _ 8M(CC)Cb] i
i 936“9% (fabCfcdeA,ueCdCb _ ;fabCfbdeA,ucche) (B.0.2)
where we can write:
gsf“”%“ea“ [;8"((:170‘:) - 3"(06)01’] =0 (B.0.3)

because the fields anticommute and ¢ are antisymmetric, and we can see:

1

fabCfcdeA,uecdcb_ifabCfbdeAuccdce (B.0.4)
1
_ <faexfxdc _ 2fa:(:0fxde) Auccdce (B.0.5)
1 aex pxdc adr prec acx pxde c.d e

:§<f frde 4 pade prec | pacw ¢ )A“cc (B.0.6)
_ (B.0.7)
by Jacobi. u
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Appendix C

Project ideas

I collect in this chapter all the project ideas arised during the lectures.

From Chapter 3 - ¢3 theory at one-loop:
e Renormalization of ¢ in 6d at 2-loops (MS).

e Renormalization of ¢ in 6d in MOM scheme (need to compute finite

point of I?(,l)[ﬁ_%]).

e Study UV properties of ¢* theory.

From Chapter 4 - Loop integration methods in dimensional reg-
ularization:

e Study different integral parametrizations, e.g. Baikov, Mellin Barnes
etc.

e Study integration-by-parts reduction and differential equations for multi-
loop integrals.

e Study graph theory connection to Symanzik polynomials.
From Chapter 5 - Renormalization of QED at one-loop:
e Renormalization of related theories e.g. scalar QED.

e Complete renormalization of QED using the on-shell scheme.
e Path integral methods to prove Ward-Takahashi identity.

e Proof of Furry’s theorem.

From Chapter 6 - Renormalization of QCD at one-loop:

m _ 50

e Compute 510(1), 58) and verify the relation: ¢; b = 551) — 5(01).

197



198 APPENDIX C. Project ideas

e Explore the derivation of Ward-Takahashi and Slavnov-Taylor identi-
ties using path integral methods.

1)

e Consider 55(15 in super-symmetric extensions / relatives of QCD (N =1
/ N = 4 super Yang-Mills).

e Use the spinor-helicity method to derive 4-gluon scattering. Explore
extensions to higher multiplicity with off-shell recursion relations.

From Chapter 7 - The renormalization group:
e Review Wilson’s approach to renormalization.

e Describe the parameters of the Standard Model and their renormaliza-
tion group equations.

e Explore how locality of quantum field theories and ensure quantum
fluctuations a short distances may be renormalized.

From Chapter 8 - Unitarity and gauge invariance:

e Explore triple cut constraints for vertex function such as:
v — ete” (C.0.1)
in QED (massless limit interesting enough).

e Describe how the backround field method can be used to compute the
B function via an effective action.
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