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Abstract

While for this lecture I am mostly following Mark Srednicki’s book there are a few chapters where I deviate from
his arguments but derive essentially the same equations. The chapter numbering corresponds to the book.
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2 16 LOOP CORRECTIONS TO THE VERTEX

16 Loop corrections to the vertex

In the following sections we will introduce renormalization using scalar (? theory in six dimensions. Technically, we
have already introduced the necessary parameters which we need to renormalize amplitudes and absorb ultraviolet
divergences whenever they appear in perturbative calculations. To fulfill the LSZ consistency conditions for an
interacting theory in Eq.(5.27) we generalize the Lagrangian for a real scalar field to

Z Zm Z
3:7806“@5‘“07 5 m2g02+Egggo3+Y<p. (16.1)

Of the four Z and Y factors we need two to ensure (0|¢(x)|0) = 0 and (p|¢(x)|0) = 1. The first condition leads to a
shift in ¢(z), the second to a change of normalization. Following Eq.(9.20) we can use Y = ig A0/2 and Z,, to
ensure the correct properties of the scalar field. The remaining constants Z,,, and Z, we have to fix based on physical
conditions on the measured masses and couplings.

Our line of thinking we already know from the exact propagator in Eqs.(14.1) and (14.6)

A(zy — 22) =i (0[Tp(21)p(22)[0) = 6162 iW (J)
J=0
1 1

K2 —m2+ie+ (k%)  K2—m2+ic

A(k?) = +0(4?) . (16.2)

The field normalization Z, and the mass definition Z,,, we can both fix using the exact propagator. The result for
A (k?) should have a single pole at k? = m? with residue one. The two conditions

(m?) =0 IT'(m?) =0 (16.3)

ensure this. Eqs.(14.37) and (14.38) give the explicit formulas for d = 6 — € space-time dimensions

g° 1 Jz . 4
Zy,=1— A + log - -+ finite terms | + O(g")
¢ (1 p
Zm=1-— — +log = + finite terms | + O(g") , (16.4)
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with a = ¢g%/(27)3. From the four constants from Eq.(T6.1) only Z, is left to be fixed by an appropriate condition on
an interaction process.

In analogy to the exact propagator we define an exact three-point vertex function, for which the original vertex iZ,g is
the leading term,

it i i i
(2m)4 02 —m2 (0 + k)2 —m2 (0 + Kk + k)2 —m?

iVs(ki, ko, ks) = iZgg + (ig)* / +0(g%), (16.5)

with all incoming momenta k1 + ko2 + k3 = 0. One difference between the two formulas which will become important
later is that the form of the propagator in terms of the self energy II is true to all orders while the vertex function is
defined order by order. For a scalar theory the loop integral has a particularly simple structure, because the numerator
does not depend on the loop momentum £. Such scalar loop integrals are important building blocks for a computation
of higher order corrections and are available in the literature (if a convenient analytic formula exists) or numerically.
The three point function with three external legs and three external propagators we write as:

C (ki k3, K3z m. m,m) E/ et ! 1
5 5 3 5 ) (271')6*6 £2_m2 (€+k1)2_m2 (€+k1+k2)2—m2
1
= (%) % (4m) 73/ 2= 4 Cha (K2, k2, k23 m, m,m) . (16.6)
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First, the factor m ¢ looks weird, but it simply corresponds to the non-integer dimensionality of the loop integration.
Because the scalar three point function is not guaranteed to be finite we split it into a divergent part and a finite
remainder. As long as all three propagators involve a mass m none of them can diverge for vanishing internal or
external momenta, so the result is infrared finite.

In the ultraviolet, the loop integration diverges for d > 6. This is where dimensional regularization comes in, reducing
the number of dimensions below the critical value d = 6. As we will see next, a pole appears in the form of I'(e/2).
The The finite term Cj, cannot be expressed easily, so we leave it for numerical evaluation. If the external momenta
all add to zero there is no scalar product of external momenta which we cannot write in terms of the three ka

In text books we usually compute such scalar integrals using Feynman parameters

o(1—xy —xg — ... —
/ dzy / ds.. / don Sl ) (16.7)
a10z...an (@171 +agwa + ... + an:cn)
where each a; is one of the inverse propagators. This parameterization leads us to integrals of the type

de (HE - (4)d/? 4y (2)F
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with some function D depending on the masses and external momenta. For positive integers the gamma function is
defined as I'(n + 1) = n!. Some of these gamma functions arise from the angular integration over the unit sphere
while others come from the iterative solution of the |ﬂ integral.

We already know from Eq.(T6.6) that we are interested in the value of I'(¢/2) for e — 0, which we can compute
starting with the digamma function in an appropriate representation

(16.8)

I'(l+z)

\Il(l—i-x):m

=—yg+ Y (-D)"2""'(, (16.9)
n=2

valid for |x| < 1. This differential equation for the gamma function itself we can integrate with the boundary
condition I'(1) = 1

logT'(1 +2) = —ypz + Z Zn + const

2
- —’yEx—l—%Cg—i—O(x?’). (16.10)

This result we can simply exponentiate for small values of z, giving us

r(1+2)— ‘W/Q( <22+0( ))

r (%) = 2e~VE¢/? (e + %6 + 0(62)) with I'(z +1) =zl(z) . (16.11)

Note that usually we compute the loop integrals in d = 4 — 2¢ dimensions while for our ? theory we choose
d = 6 — e. Independent of the number of dimensions there exists a problem with Eq.(I6.3)): the vertex function
develops a dimension which it should not have. Dimensional regularization only affects the loop or phase space
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integrals and should be removed via analytic continuation by the time we compute an observable. To be on the safe
side we introduce a factor £i€ into the expression for V3

1 iq)3
gvg(kl,k%kg) =Z,+ (ig) % 0 C(k2, k2, k2;m, m,m) + O(g°)
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In the last step we simply rescale ji — p conveniently and introduce o = g2/(47)3. Terms we neglect are either of
higher power in g or finite. To absorb the pole in the expression for V3 we can write

Z,=1+62,
—1-2 (L) + oz
€ m

— 1 _ pelog(u/m) + 0 Zgn
€

—1-a (1 +log £ 4 O(e)) 0 (16.13)
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allowing for an arbitrary finite contribution Zg,. This form gives us the vertex function to net-to-leading order
Vs(ky, ka, k3) = g + finite terms | (16.14)

where the finite contributions arise from Cy, as well as from § Z,. Different choices for 6 Zg, correspond to different
definitions of the (measurable) coupling. In the absence of a more physically motivated definition we can for example
choose the minimal scheme 6 Zg, = 0.

Before we move on, future collider physicists might benefit from a naming convention: whenever a scale i appears in
association with an ultraviolet pole we call it the renormalization scale u g, if it is associated with an infrared pole we
call it the factorization scale . What the appearance of such a scale says on a more fundamental level is that it is not
possible to regularize a divergent loop integral without introducing any scale. We could have introduced a cutoff scale
directly, and dimensional regularization at first appeared to avoid this introduction of a scale, but it turns out that the
scale appears again through the back door.

The appearance of scales is an ubiquitous feature of perturbative field theory. They are artifacts due to order-by-order
regularization and renormalization (or more general pole subtraction), and the dependence of observables on these
scales should vanish at arbitrary loop order. This is why sometimes we can use the renormalization and factorization
scale dependence to estimate the minimum theory uncertainty of a perturbative prediction.
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Similar to the three-point vertex we can compute the n-point interaction. For n > 3 such interactions are not present
at leading order in the ® Lagrangian, but they of course occur at one-loop order. One example is n = 4 with four
incoming momenta k; + k — 2 + k3 + k4 = 0, which we write as

, (=D oadte
iVy(ki, ko, ks, ky) = 0+ (zg)4( 2,4) /

(2m)4
X L L L ! + ...
2 —m2(l+k)2—m2(L+ks+Fk2)?—m? L+ ks +ka+ ks)?2—m?
= ¢*D(ky, ko, k3, ka; m, m, m, m, m)
+ ¢*D(ka, k1, k3, kg;m, m, m, m, m)
+ g*D(k1, k3, ko, ka; m, m, m, m,m) + O(¢%) . 17.1)

Unlike for the three-point function there now exist non-trivial permutations of the four external momenta. As for the
scalar three-point function C' the infrared momentum regime is cut off by the mass m, which means the scalar
four-point integral is IR finite. Comparing the power of the loop momentum ¢ in the integration measure to the four
denominators, which for large internal momenta scale like (1?)* we guess that also the ultraviolet regime is finite

D(kl7k25 k3ak4;m7m7mamam) = Dﬁn(kla k27k37k4;mamamam7m) . (172)

Because of the slightly complicated structure of the (5 + 1)-dimensional integral we can resort to the Feynman
parameterization Eq.(T6.7). Four scalar propagators turn into a sum of all propagators to the fourth power. For
Eq.(16.8) this means R = 0 and M = 4 with d = 6, so the ratio of gamma functions involved reads

de 1 4 a3 T3T(4 -3
/W(W —pyr ~ T (r23)(r(4) B (17.3)

for some value of D. None of these gamma functions are divergent. From Eq.(T6.8) we see that for scalar theories
with R = 0 the dangerous gamma function is I'(M — d/2). It leads to an ultraviolet pole corresponding only for

M < 3. From the four-point vertex on all higher loop-induced vertices are UV finite and do not have to be taken care
of with the help of Z factors. This is excellent news because of the four constants in the Lagrangian Eq.(T6.1) none
are left once the LSZ conditions, the pole of the massive propagator, and the three-point coupling are properly defined.
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27 Other renormalization schemes

In the first part of his Section 27 Mark Srednicki introduces the MS renormalization scheme and computes the
physical scalar mass, i.e. the position of the propagator pole in both schemes. The difference between the two
schemes is of order o and finite.

Next, we can compute an observable in both schemes. A specific simplification is that our observable me coincides
with the prediction of the on-shell renormalization scheme. If this observable does not depend on the unphysical
renormalization scale y the MS mass needs to run. Its derivative with respect to log .2 is essentially called the
anomalous dimension 7,,. The same argument we can apply to a transition amplitude, to find a running coupling

a(p?).

To compute the 2 — 2 scattering process in the MS scheme we need to combine the same building blocks we
combined in Section 20 and add the correction factors in the LSZ equation. The leading oder result for the massless
transition amplitude is given in Eq.(20.1)

Towe = 9° (A() + A1) + Aw)

1 1 1
2
= 27.1
g (—s—i5+—t+i5+—u+is)’ 7.1

remembering s + t + u = 0. The full expression given in Eqs.(20.18) and (20.19) consists of three distinct channels,
corresponding to s-channel, ¢-channel, and u-channel exchange. They are related through crossing symmetries, so all
we need to quote is for example the s-channel part, renormalized in the usual on-shell scheme

T, = V3(s)A(s) + Vi
2 1y Moy = a102t+0‘(39 V3 2) +0(a?) 27.2)
=g — |1—— log— — = -+ — —TV3—T o). .
975 12 B2 % LT 12

This expression is not defined in the massless limit m — 0. As we will see later, the log s/m? can have two origins:
for fixed masses and large energies s it describes an ultraviolet divergence. This one is linked to renormalization and
is, as we will see, cured by the new renormalization scheme. For fixed energy s and small masses it describes an
infrared pole and its discussion we will have to postpone.

Switching to the MS scheme the building blocks for the transition amplitude have different values in the massless
limit:

1
II(s) = @ (—s + 6m2) + %/ delog% + O(a?)
0

_o, @ ) log 2L~ 2)s 2
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e e g _ - 2
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= 5<1+1210g’u2 9>+O(a). (27.3)



In a similar fashion the triple vertex function now has a result which is well defined in the massless limit, which we
can read of the on-shell result just replacing m? with y? in the logarithm

o -5 3« 9
Vg(s)zg(l—Qloglﬂ—l—?) +O0(a”) . (27.4)
The last contribution which we have to take into account to compute the transition amplitude Eq.(27.2) did not exist in
the on-shell scheme. This is because I1'(m?) ensured that the LSZ condition on the residue of the propagator was
automatically fulfilled by the definition of the counter term Z,.

If the LSZ condition is not automatically fulfilled, i.e. the fields ¢ do not have the correct normalization of the
one-particle state, we know that we have to apply a multiplicative normalization of each field. The correction factor
we can derive from the definition of the propagator in position space,

Az — z2) = 1{0|Tp(x1)p(22)]0) . (27.5)

The normalization of the propagators in position space and in momentum space is given by the same number. If in
momentum space the residue is given by

-1
d 1
R=|— — 41, (27.6)
dk? A(k?) Pa—y
pole
we can ensure the proper normalization of the scalar fields by shifting ¢ (2) — o(z)/v/R. This applies for example to
the LSZ formula, Eq.(5.15), which requires appropriately normalized fields

(fliy =it /d4mle’“““ (92 +m?) - - d*ale” ™ (82, 4 m?) - (0|Tp(z1) - () - - - |0) (27.7)

!/
— /d4x16_ik1xl (07 + miole) e drrl e M (07 + mﬁole) e (0|T(p\(/%) e W\(/ﬂ%) -0 .

In the computation of an actual process, for example in Section 10, each of the Klein-Gordon operators gets combined
with propagators from the time ordered vacuum expectation values of the scalar field. For example in Eq.(10.10) we
remove all propagators from the external legs this way. Only the internal propagators are left to contribute when we
for example use Feynman rules. The Klein-Gordon operator acting on a field without the appropriate field
normalization will include the residue

(8f + m2 ) A(JJ1 — 332) =R 64(1‘1 — 1‘2) . (278)

pole

Again, this factor applies to all external fields in the LSZ equation, so we find an additional dependence of the
transition matrix element on R,

N n4n’ 4, . —ikiz1 (92 2 4.1 ikixh (a2 2 p(z1) o(z1)
(fliy =1 /d T ( —l—mpole)---d xje 1(81,+mpole)---<0\Tﬁ--- Vi .-+ |0)
/ 1 /
=R e = T =Rt T (27.9)
LSZ

The residue factor R we can compute from its definition

1 d
— = — (=k*+m® —1I(k%))
7 (
R dk P
=-1- H/<mgole>

= — (1+1I'(m?) + O(a®)

2
I PR ST R
= {H 5 (log S +3 W\/E)] (27.10)
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The integral giving us the last line we quote from Srednicki’s book. The fact that the residue comes out as (—1)
instead of one is simply an effect of our metric in combination with the definition of the propagator following
Srednicki’s conventions. This field renormalization constant is the only contribution to the MS transition amplitude
which includes a logarithm of the mass, i.e. which is not defined in the massless limit.

The result from Eqs.27.3), (27.4), and (27.10) together with the unchanged expression for the unrenormalized
4-vertex we can combine to

T. =R(s)* (V3()A(s) + Vi)

2
« I 17

2 2
-5 g o -5 2« g° 3o [ 5 5t 9

2 11 ’
g [1 ! s log By log 52) -+ constant terms] +0(a®)
s 5 "

a(4m)3 ( 3a s o,

s 4 Og,u2 6

(27.11)

og % + constant terms) +0(a?) using « = )y -

The factor —g? /s in front is the tree level value Ty s. In this expression we omit all constant terms because all are
interested in are the two kinds of logarithms. In the massless limit the second log s/m? still diverges. It corresponds
to an infrared divergence which is physical and can be removed through a modification of our perturbative series.
Properly understanding the implications of such universal infrared divergences we unfortunately have to postpone on
the introduction of the DGLAP equation in QCD, which we will discuss in detail in the next semester.

The scaling logarithm log 112 /s is new to the MS computation — for the physical on-shell renormalization scheme the
scale did not appear in the final result for the transition amplitude. To compute an observable cross section, all we
have to do is add the s, ¢, and u-channel contributions and square Eq., which means that somewhere within the
expression for the transition amplitude the scale dependence has to vanish,

d7,

!
——=0. 27.12
dlog 12 ( )

In the massless limit, the only candidate parameter which might cancel the explicit logarithm is a scale dependence of
the coupling «, so we deduce

d 3a? u? 9
— dia + 3;.42 + @) adia
~ dlog p2 4 dlog p?
da 3a?
= 7d10g /12 (]. + O(OZ)) + T
do 3a? 3
& dlog 12 I +0(a”) . (27.13)

This is the renormalization group equation describing the running of the coupling constant of a 0 theory in six
dimensions. We can expand this equation to all orders in the couplings constant,

do

3
Tog i = B=-a>) bpa" with by =7 . (27.14)
H n=0

The right-hand side is called the beta function (note that the value of the beta function depends on if we compute the
running with respect to  or to ;). This equation we can solve by integrating the coupling it from one scale 4 to



another, higher, scale p

= — (0] ﬁ o
— a(?) (1 (2)twlog 2 + 01 2>)

2
- () . (27.15)

2
1+ a(u?)bglog % + O(a?)

The scale of « in the denominator can be chosen freely within reason because a change in scale is or order v and
hence absorbed in the unknown higher order terms. For p? > 12 we see that the coupling decreases for larger scale
choices. This feature is called asymptotic freedom and one of the most distinctive properties of QCD. It is linked to
the negative sign of the beta function. In the form of Eq.(27.15) we are save because the denominator of this
expression is always positive. However, eventually this will change once we include an improved description of the
loop effects. In addition, the improved treatment of the running coupling goes beyond fixed-order perturbation theory
and leads to scaling violations: the transition matrix element does depend on the unphysical renormalization scale.
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71 The path integral for nonabelian gauge theory

The definition of the path integral in a nonabelian gauge theory like QCD has serious implications on the definition of
the relevant degrees of freedom. As we will see later, we can describe these in terms of anti-commuting scalar fields.
Therefore, we start this section defining Grassmann variables, i.e. anti-commuting numbers which obey

{1} =0 for i,j=1,..,n. (71.1)

Starting from these numbers we will collect a set of useful formulas which will then allow us to solve a problem in the
definition of the path integral for gluon fields.

From our experience with the harmonic oscillator (chapter 7), free scalar fields (chapter 8), interacting scalar fields
(chapter 9), and photons (chapter 57) we know that path integrals essentially come down to Gaussian integrals, where
the integration variables are promoted to field configurations. So let us derive the relevant formulas step by step.

1. To begin, we limit ourselves to just one such number (n = 1), which has a set of interesting implications:
P* =0
f@W)=a+ b for a general power series
Opf(¥) =0 form the usual ‘be € > 0’ construction
b

| v sw)

— 00

requiring linearity and shift invariance . (71.2)

The value of the integral in the last line is only fixed modulo an over-all factor which we define to be unity.

2. Generalizing this case we now allow for n Grassmann variables, organized in a vector . The most general
power series now is

1 1
f() =a+bj; + 3Cida Yin¥ie + 0o gdjl‘-»jn Vi Vi s (71.3)

where we imply the usual summing convention. The last prefactor we can simplify using the anti-commutation
properties of the fields, getting d;,...;, = de;;,...;,, in terms of the generalized totally anti-symmetric Levi-Civita
tensor €. The integral over the Grassmann variable space becomes

| avsw)=d. (71.4)

— 00

3. On the way to Gauss-type integrals over Grassmann variables we next consider linear shifts or rotations

vi=Ry,  owin [ dese) = g [ evieen. @)

The corresponding formula for a vector of real numbers is

/ &'z f(z) = detR/ d"y fa(2)) | (71.6)
so we see that the structure is very similar, with the exception that for Grassmann variables the determinant has
moved into the denominator.

4. The generalization of Eq.(71.5)) to quadratic forms leads to a modified Gaussian integral
/ A e3?" MY — /et M

— 00

oo 2 n
while / Az e— 3 Mo _ \/(% , (71.7)

again close in structure to the case of real numbers x.
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5. Complex Grassmann variables we can define just as one would expect

(0 Z% (Y1 +irp2)
- 1
G

The complex integral we define either in terms of the real an imaginary parts or in terms of d%v) = idid),
giving us

(Y1 —ivpa) . (71.8)

/ A" dp e3¥TMY = det M

while / A"z d"g e 30 Mz — éegw , (71.9)

— 0o

All relations to this point can be proven with relatively little effort, but since the structure is straightforward we
can use them just as a collection of useful formulas.

6. From Eq.(71.9) we know how to get to complex scalar fields and their path integral. We start with the
Lagrangian

L = 0,0 0¢p —m?¢T o + gSote
=—¢'(y) 0t (x —y) (B2 +m? —g%) ¢(2) = —¢'(y) M(z — y) p(z) , (71.10)

where ¢ is the usual complex scalar field (or vector of complex scalar fields) and X is a real, non-propagating,
constant background field. Note the explicit minus sign in this definition of M corresponds to the Gaussian
integral for complex numbers. The corresponding path integral is

Z(¢) = /D¢T D et/ 'L (71.11)

modulo appropriate normalization and an adjustable phase e*. Using the appropriate definition of a functional
determinant we should be able to write

(71.12)

_ T —i [d*zdty ot Mo — 2(2m)"
2(6)= [ Ds' Do e =

For the functional determinant there does not exist a handy definition, so Eq.(71.12) is as good a definition as
any other. The prefactor 2(27)™ we can ignore, since the normalization of the path integral is still arbitrary. The
property det(M; M) = (det My)(det M) which we will need later is clearly true.

From the usual argument we know that only the part of the path integral which includes external sources
contributes to the transition amplitude, while the free Lagrangian gets absorbed into the normalization. In the
same spirit we can separate the matrix M into the free Lagrangian and the interaction with the background field

M =8z —y) (02 +m* —g%)
= /d4z 5z — 2) (02 +m?] [54(,2 —y) —gA(z —y)S(z)] , (71.13)

provided the propagator cancels the free Lagrangian contribution, A(z — 4)(0? + m?) = §*(z — y). In the path
integral Eq.(71.11)) only the interaction term will eventually contribute, so we limit ourselves to

1
= det (04(z —y) — gA(x — y)X(x))

Z(9) (71.14)
If we interpret the delta distribution as unity we can evaluate the path integral following the general property
det M = exp Trlog M. This way we can reproduce the known results for the transition amplitude in this model
and confirm the functional determinant approach.
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7. The last step in terms of complex scalar fields we should be able to define in terms of Grassmann valued fields.
Naively, those would be fermions in the spinor representation of the Lorenz group, but from the above
discussion it should be clear that we can as well define scalar anti-commuting fields. The net result of the switch
to anti-commuting scalars will be that we can express determinants instead of inverse determinants as path
integrals.

Without an actual motivation we can start from a Lagrangian for an anti-commuting scalar field c¢* with adjoint
SU (3) charge which couples to gluons. The change in conventions from ¢ and ¢ to ¢ and ¢ just reflects the
conventions in the literature. The color-octet fields ¢ and ¢ we call Fadeev-Popov ghosts. We write the kinetic
and coupling terms for the ghosts independently,

L =0,e"0"c" — gf™ A5 (9"e)c" (71.15)

there this form of the dimension-4 interaction term requires some justification. If we could write it in terms of
the covariant derivative this would definitely be helpful, so we find

L = 0, 0" —ig(T5)" A5 (9"e") using f**¢ = i(T5)"
= 0" [5‘“’3" —ig(T5) AZ] &
= auéa(Dﬂ)abcb
= —"9,(D")"c = & (x) M (x — y)(y) . (71.16)

In the second to last step we use the definition of the covariant derivative, acting on a color-adjoint field, as
defined in Eq.(69.25) of Srednicki’s book. By pure analogy we include this Lagrangian in our path integral and
find

Z(c) = / DeDe et Prd'vE MY _ qog MY —det 54z — y) [0, (D")™] . (71.17)

The factor 1/2 in the exponent of Eq.(71.9) can be absorbed into the definition of the fields ¢ and ¢ because we
never really use the integral measure of the path integral. Of course, all this only helps if this object 8M(D“)“b
ever appears inside a path integral and needs to be removed. So let us look at the path integral in QCD and its
problems.

The trick which we apply to the photon path integral is a projection of the photon field on its transverse degrees of
freedom. In other words, we only consider degrees of freedom which in momentum space fulfill k#A,, = 0. The local
U (1) gauge transformation

A, — A, -9,T or A, — A, +ik,T (71.18)

induces only a longitudinal shift in A, which means that the projection on transverse states is gauge invariant. In QCD
the same relation reads

Al — A% — Db 9" (71.19)

which means that gauge transformations will ruin our projection onto transverse gluons inside the path integral. What
we need to do is include the gauge transformations 8 in the path integral, knowing that we can remove them from the
Lagrangian. We will see that they indeed cannot be neglected. In his Eq.(71.14) Mark Srednicki shows how in an
n-dimensional double integral we can include a set of integration variables which get removed by a set of boundary
conditions G;(z,y) = 0:

Z = /d”x 5@ = /d”x d*y 5" (y) ) = /d"m d"y det <80G1) 5"(G) 5@ (71.20)
Yj
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The additional determinant arises because we change the form of the boundary condition. For example in QED or
QCD such functions G fix the gauge. In QED we usually use the Lorenz gauge G = 0* A, = 0. The general R,
gauge is a generalization of this form with its gauge transformation gives us the dependence of G* on 6°,

G*(z) = 0" A (z) — w*(z)
— AL (x) — DI O* — W (z) = Gx) — "D 6" . (71.21)

The additional factors w are not necessary, but there is no reason why we should not be able to include them. The path
integral version of Eq.(71.20) for gluons is

Z(A,) = /DADO det (‘;C;) 5(Go(x)) S Ae(=3FVEL =AY (71.22)

From Eq.(71.2T)) we can compute the functional derivative

6G* () 4

——2> = —0%(x —y)o* DI 71.23
The Fadeev-Popov determinant is precisely what the Lagrangian of two Grassmann scalars gives us in Eq.(71.17), so
we can write the gluon path integral as

Z(Ay,c,¢) = / DADIDEDe §(G(x)) e/ d'wd'ye™ M g [ dla( =3 o Ff, =T AL
- /DADGDEDcé(G“(x)) (il
. 1 apuv a =a aoc (& =a a, a
with & = _ZF M F, + 0uc b —gfab AL 0,¢ & —J HAL . (71.24)

Note that in the literature the explicit path integral over 6 is often omitted, assuming that gauge transformations are
part of the path integral over A. Because later on it will be convenient, we can add terms including w® to the
Lagrangian at will. If we consider it an auxiliary field w® is fixed by the gauge condition G* = 0. Such terms will not
affect the active field content or the interaction, they will merely contribute to the normalization of the path integral.
What will come in handy is that we can mimic kinetic terms for the gluons,

W = (9 A)(9” AL (71.25)

The complete gluon Lagrangian including Fadeev-Popov ghost and the gauge-fixing term now reads
1 ajuv a =a a aoc c =a 1 a v a ap a
L = = FUEL, + 0,20 — g f beACOME e — 2—5(8“,4#)(8 ALY — JUr AL

with  F%, = 0,A% — 9,A% + g, f*° AL A . (71.26)
The derivation of the QCD Lagrangian including Fadeev-Popov ghosts is the reason why (to the best of my
knowledge) we need the path integral formalism in any field theory lecture. Without it, we would miss this part of the
QCD Lagrangian. To avoid confusion, the strong coupling now consistently carries an index g;. I should admit that I
am not 100% sure about the prefactor of the ghost-ghost-gluon interaction, which is tied to the definition of the
covariant derivative. Mark Srednicki defines it as D, = 9,, — igA,, while my usual reference Ellis-Stirling-Webber
defines D, = 0,, +igA,,, while Otto Nachtmann’s book has the same conventions as Srednicki’s. For the Feynman
rules in the next chapter I refer to Otto Nachtmann’s appendix as the standard reference.
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72 The Feynman rules for nonabelian gauge theory

The Feynman rules for QCD we can largely read off the gluon Lagrangian in Eq.(71.26). All we need to add is a set of
fermions (quarks) which live in the fundamental representation of SU(3). These fermions also carry electric as well
as weak SU (2) charges, but as long as we are only interested in perturbative series in the strong coupling g, we do not
have to worry about those weaker interactions.

The complete QCD Lagrangian including one massless quark flavor and without the coupling to the external current is

1 S —a a abc Ac —a 1 a vV AQ
Z = _ZFGWFSV + it Dy + 0, 0M " — go f A0, & — i(a“AN)(a ALY
with — FY, = 0,A% — 0, A5, + g f*"° AL A
Dythi = i — igs TS Al ;. (72.1)

The interactions between quarks, gluons, and ghosts we can simply read off the respective terms in Eq.(72.1). The
only object we need to study a little more carefully is the gluon propagator.

For the kinetic term of the gluon we can translate the energy-momentum tensor squared into gluons fields. For the
photon we know from chapter 54 how this looks:

FWE,, = =24, (¢"9°—0"0") A, (72.2)

In the gluon case the F),, F'** term will also give rise to three and four gluon interactions, but the structure of the
propagator is the same as for the photon. Combining this term with the gauge fixing term we find

1 1
T Aa ur 92— auar A — aquav pa
LD =G4y (g0 = 010) AL — A0 O A,
1 1
— __ Aa uY 92 _ auav —anAav a
QAM (g 0° —0"0" + 56 0 ) A7 . (72.3)

The corresponding momentum-space gluon propagator in ¢ gauge we can construct after replacing 0,, — —ik,,.
Using the path integral this means inverting the quadratic term in A as it appears in the quadratic term in J. We use
the method of the known result, namely

1 krEY 1 KHFEY kM EY kHEY
- puro - Yo | =
1 (g 2 +€ 2 ) (g 2 +¢£ 2 > 1. (72.4)

Unlike in QED this does not lead to a projector in the propagator. Interestingly enough, it turns out that the form of the
propagator does not depend on the sign of the 1/£ term in Eq.(72.1)); and I have no idea why this symmetry exists.
Taking into account the over-all factor +k2 /2 of the Lagrangian after Fourier transform, we now

5ab

A = (1 )RR F le: —iA% 72.5
w =73 g —( —f)? eynman rule: — @A} (72.5)
While this propagator depends on the gauge parameter &, observables like cross sections will of course not. The
propagator for the ghost field is the usual scalar propagator, because the Grassmann property only appears in

symmetry factors,

A = —_ Feynman rule: + iAP (72.6)

Just for completeness, we repeat the Feynman rule for a propagating quark,

. p+m
Zpiz

(72.7)

—m?
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Of the different interactions we also start with the F"*** F}j, term. In addition to the quadratic term shown in Eq.(72.3)
the covariant derivative includes higher powers of the gluon field
£ —i (0uAL — 0, AL + g fr°AD AT) (OMA™ — 9V A™ + g, f29 A% A
5 _i (GMA,‘f _ auAZ) gs fO9e AdH AV _ igsfabcAZAi (O" AW — g¥ Am) — iggfabCfadeAlLAlc/AduAeu
_ _gsfabc(aHAg)AbuAcu _ iggfabCfadeAZAlc/AduAeu (72.8)
The four terms contributing to the triple gluon Lagrangian are all identical. However, when we derive the Feynman

rule for the triple gluon vertex we need to take into account all possible assignments of the external gluon indices and
momenta. In terms of three incoming gluon momenta k; we find

*gsfalazas [9#1#2 (kl - k2)#3 + Guops (kQ - k3)#1 + Gpspr (k3 - kl)ﬂz] ) (72'9)

while the corresponding four-gluon expression is
Qg2 fO102% fA9394 g Gunpa — Gpa s Guapa + Cyclical permutations] . (72.10)

These multi-gluon interactions tend to make calculations even of simple processes very lengthy. It is highly
recommended to use a tool like FORM for such computations.

The Feynman rule for the quark-quark-gluon interaction is
igs T v s (72.11)

in complete analogy to the QED case éey,,. The (3 x 3) color matrix T%(a = 1, ..., 8) is sandwiched between the
quark indices. Similarly to the gamma matrices we usually have to evaluate traces of color matrices. This is why the
index and the quadratic Casimir introduced in chapter 70 turn out useful. Two color matrices which linked by a gluon
will have the same index a1 = as.

b c

Finally, the interaction of a gluon Az with two ghost ¢, ¢

out> Cin» includes a derivative in position space, translating into

9sF* Phu (72.12)

The momentum is defined in the direction of the outgoing ghost leg.

Because they are new in QCD we need to briefly discuss the impact of the ghosts. Whenever we encounter virtual
gluons we need to check if corresponding virtual ghost diagrams exist. One example will be the gluon self energy
which we will compute soon. Because of their Grassmann property ghost loops come with a symmetry factor (—1),
just like closed fermion loops. The gluon propagator depends on the gauge choice:

— Feynman gauge £ = 1 gives a particularly simple propagator g /k?
— Landau gauge ¢ = 0 guarantees a transverse gluon propagator k“AW =0
— Unitary gauge £ — oo is only useful for massive weak gauge bosons

From the QED case we know that the polarization sum for external gluons is essentially identical to the residue of the
gluon propagator. If we use the simple (Feynman) form Zpols €4€,;, = —gu, We need to take into account external
ghosts. Only if we project the external gluons onto the transverse degrees of freedom external ghosts do not appear. In
general, we need to square the matrix elements for external gluons and ghosts independently, add them after taking
into account all statistics factors, and consider the sum as the result for external physical gluons.
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73 The beta function in nonabelian gauge theory

The computation of the beta function for the strong coupling g5 from one-loop vertices and propagators follows
exactly the same path as the QED case. The only difference is the appearance of new diagrams in the gluon self
energy, both from the gluon self coupling and from Fadeev-Popov ghosts. Before we can compute these contributions
we need to define the QCD Lagrangian including its Z factors. Note that for these Z factors I am not following Mark
Srednicki’s conventions

7= _% A (9,0 — 0,0,) A™ + 2—15 A 9,8, A

aobc a cv Z ) gg aobc pfaade C eV
— Zy5gsf™° 0, ACAD A — %f befade Ab AS A A
+ Ze0, O ¢ — Zg ogs [ AL(0,8)CC + iZg b + Zg qg5 VAT Y (73.1)

Altogether, there are four renormalization constants for the strong coupling Z, . which should lead to identical
definitions gs,0 — gs. To write down this relation we first have to compute the mass dimension of gs ind =4 — ¢
dimensions. Compared to the corresponding argument for ey — e in QED nothing changes, so we can use it to write

Z‘] q ~e/2 Zg 9 -~ (73 2)
5,0 = === 1" gs or 050 = 555 P° Qs .
90 = 7 7 B 0= gz, "

If it is indeed true that the same strong coupling governs all the interactions listed in Eq.(73.1)) this should hold for the
bare as well as for the renormalized strong coupling,

Zog _ _Zge _ Zgs _ |Zga (73.3)
Zq\/ZA Zc\/ZA Zi/2 Z{24

This is the non-abelian version of the Ward identities in QED, where we found Z, = Z», or Z, , = Z, in QCD
conventions. We will find that this relation is not true for QCD. This means that while for QED we would only have
needed to compute Z3 for the running of the coupling constant, in QCD we need to compute all three renormalization
constants involved.

The easiest Z factor we need to compute is the quark self energy correction. In Feynman gauge the gluon propagator
becomes Azby = yab guv/k?, which is identical to the photon propagator in the same gauge. The only modification is
the additional color factor. Two color matrices 7 linked by a gluon have the same index, so for external quarks j and
7 we find

(T°T),,; = C(R) 6 - (73.4)

Adding the color factor to the QED result from Eq.(62.34) gives

2
_ _ gs 1 : 4
Zg=1 812 C(R) (e + ﬁnlte> + O(gy) - (73.5)

Part of the one-loop correction to the quark-quark-gluon vertex we can also read off the QED result. Here, the series
of color matrices 7 is evaluated along the fermion line, with the additional condition that a gluon propagator
identifies the two indices. This means that for an external gluon with color index a attached between the external
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quarks j and ¢ we need to compute
bramb _ b ba a b
(P11, = (1 (1T + (1, 7)),

T (T*T* +if*°T°)), .

z]

—~

C(R)T" + %f“bC[Tb, TC]) )
ij

C(R)Ta _ ;fn,bCfbchd>
ij

I
N N N

ij

CRT® + (T ()T

a 1 arpd d T(A) a 4 3 a
= (C(R)T — 3 Te(T3T4) T )ij = <C(R) - T = 373 T - (73.6)
Applying this factor to Eq.(62.50) we find
2
abelian 9s T(A) 1 . 4
Zyen =1 — o2 (C’R - - + finite | + O(g;) - (73.7)

Note that the quark self energy and the abelian vertex corrections do not share the same color factor. The second
Feynman diagram we need to compute for Z 4 is the external gluon attached to the gluon inside the loop. We only
compute the color factor for this diagram

abe c 1 abc c
e (197%),, = L e (2,79
72 abc pbed pd
= STy
7 )
= LTI =~ ST(A) T 138)

The contribution of the three-gluon vertex to Z, 4 altogether gives

ij

2
non-abelian 9s 3T(A) 1 . 4
Z{],q :1—8?7 E—i—ﬁnlte +O(g5)
abeliz abeli 2 1 .
Zyq = 205 + Zy0y e = 1 = 5 (Cp 4 T(4)) (6 + ﬁnlte) +0(g). (73.9)

Finally, we need to compute the one-loop correction to the gluon propagator. Four diagrams contribute at one loop:

1. the (abelian) quark loop we can generalize from the QED case — remember the factor (-1) for the closed
fermion loop. Its color factor is Tr(T%T?) = T(R)§% = §9°/2.

2. the gluon loop with two three-gluon vertices gives a color factor %<4 fb = —T(A)§*°. Remember that it
requires a phase space factor 1/2 for two identical particles running in the loop.

3. the one-point diagram with one four-gluon interaction would only contribute for a massive particle in the loop.
For a massless gluon it vanishes based on symmetry arguments.

4. the ghost loop looks like a purely scalar integral at first, but the interaction gives a momentum dependence in
the numerator. Its color factor is the same as for the gluon loop. For a closed loop of anti-commuting field we
again have to add a factor (—1).

Adding all contributions gives

Za=1+ g: §T(A)féT(R) L4 finic +0O(g?) (73.10)
A7 T8 \3 3 e T e 9s) - '
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We can insert Eq.(73.3), (73.9) and (73.10) into Eq.(73.2)) and find

2

log s o = log Zgg;A +elogii+logas +---
g2 ) 4
=3 5 (—2C(R) —2T(A) +2C(R) — gT(A) + 3T(R)) +elog i + log avs + - - -
€
a 11 4
_ s —*TA -T 1 7 1 s 73.11
e ( 3 ( )+3 (R)>+eogu+ og g + ( )

The dots stand for higher order corrections and finite terms. Starting from the condition that o o should not depend
on the scale i we can use Eq.(66.9) with an additional square in the scale logarithm to compute the running of the
strong coupling constant

da 2d a 11 4
= % % @ % pa) 4o
b dlogi> 2 das 27 ( 3 (A4)+ 3 (R)>
a? 11 4
- (—3T(A) + 3T(R)) . (73.12)

In general, the beta function of the strong coupling constant is given by a series in «, so in general we write

2
B=1= > DiTj=-a2) bna?, (73.13)
n=0

colored states

with T; = T'(R) = 1/2 for particles in the fundamental representation of SU(3) and T = T'(A) = 3 for particles in
the adjoint representation. The factors D; are -11 for a the gluon, +4 for a Dirac fermion or quark, +2 for a Majorana
fermion, +1 for a complex scalar, and +1/2 for a real scalar. In this form we can compute the running of o in
essentially any renormalizable theory. For the Standard Model with six quarks we find

1 2
bp=—1(11-6x=-]>0. 73.14

O 4r ( 3) ( )
The positive sign of by or the negative sign of § imply that the strong coupling decreases for larger energy scales or
smaller distances. Just like the ¢ theory in six dimensions, which we discussed in chapter 27, QCD is asymptotically
free.

Following our argument from chapter 27 we can use the beta function to relate the strong coupling at one energy scale
to the strong coupling at another energy scale. In Eq.(27.13)) of these notes we solve the one-loop renormalization
group equation. For QED we have learned in Eq.(62.10) that we can resum photon self energy diagrams when they are
one-particle irreducible, so we find

2
(1) = s (12) (1 b log 2+ 0<az>)
1

2
- o (1) . (73.15)

2
1+ ay by log % + 0(a?2)
1

Of course, to fixed order in perturbation theory the two expressions are identical. As long as p2 > 11 asymptotic
freedom by > 0 ensures that the strong coupling is well defined everywhere. On the other hand, towards small scales
2 < 1 this is not true any longer. We can define a low-scale reference value j12 = Agcp where the denominator of
Eq.(73:13) becomes zero. This is the Landau pole of the strong coupling. If we want to compute this pole it makes
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sense to identify the scale of the strong coupling in the denominator with p1, so at one loop order we find

1+ as(p?) by 1 Agen 0 1 Agen !
as(ui) bo log = & og =
! It I as(13)bo
CVS(:UQ)
as(u3) = = e
1+ as(u?) bo <log A/;2 + log Q(23D>
QCD M1
_ 0‘8(#%)
B 15
as(p7) bo log =5
QCD
1
- (73.16)
bl Ha
0 10g A2
QCD

This scheme can be generalized to any order in perturbative QCD and is not that different from the Thomson limit
renormalization scheme of QED, except that with the introduction of Aqcp we are choosing a reference point which is
particularly hard to compute perturbatively. One thing that is interesting in the way we introduce Aqcp is the fact that
we introduce a scale into our theory without ever setting it. All we did was renormalize a coupling which becomes
strong at large energies and search for the mass scale of this strong interaction. This trick is called dimensional
transmutation.
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Running couplings and resummation

In the last chapter we have introduced the running strong coupling, not really linked to physics. To interpret the effect
of a running coupling we look for an observable which depends on just one energy scale. One simple example which
includes o at least in the one-loop corrections is the R parameter in QED and QCD

+

olete” — hadrons 2 _ N,
R= = —_— 73.17

quarks

The numerical value at leading order assumes five quarks. Including higher order corrections we can express the result
in a power series in the renormalized strong coupling cv,. The only physical scale is the energy of the eTe™ system p?.
The strong coupling we can in principle evaluate at any scale z2. The parameter R has no mass dimension, so the
perturbative series in o including all scale dependences reads

2 2
P _ p w2 1IN,
R <’u2a) = m <u2> g (1) ro=—g— - (73.18)

n=0

Because R is an observable it cannot depend on any artificial scale choices p. Writing this dependence as a total
derivative and setting it to zero we find an equation which would be called a Callan-Symanzik equation if instead of
the running coupling we had included a running mass

1od p? o) 0 Oas 0 p?
O_dlogqu<u2’asw )> g {&t "o 3043]R<u2’as

2
[ ] Z Tn (p2> ay for the two arguments of R(u?, a,)
1
n=0
11N,
Z v+ Z Brnnoy with rg = 5 = const
Z arn al =N el by, with f=—-a2)" bpnal'
n=1m=0 m=0
87"1 (97’2 or T3
_ 2 2 2 3 4
=W 87/12 g+ (/1' 87/12 — leO) oy + (M ﬁ —1r1b1 — 2rabg oy + (’)(as) . (73.19)

This series has to vanish in each order of perturbation theory. The non-trivial structure, namely the mix of r,,
derivatives and the perturbative terms in the 3 function we can read off the o term in Eq.(73.19): first, we have the
appropriate NNNLO corrections r3. Next, we have one loop in the gluon propagator by and two loops for example in
the vertex 2. And finally, we need the two-loop diagram for the gluon propagator b; and a one-loop vertex correction
71. The kind-of Callan-Symanzik equation Eq.(73.19) requires

87“1

=0
dlog p?
(97“2
dlog p? = ribo
or
Flogyz ~ 101+ 22l

(73.20)

There will be integration constants c,, which are independent of 12. Their p? dependence has to cancel the mass units
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inside log 112, so we find

11N,
9

To = Co =

T =C
2 2
T2 :CQ+7’1b010g;% :CQ<|~(21bOIOgI:f2

p? p? p? 2
T3 /dlog — b1 +2(ca+cibolog— | bo | =3+ (c1b1 + 2¢2bp) log — + clbg log? —
p p p p
(73.21)

This chain of r,, values looks like we should interpret the apparent fixed-order perturbative series for R in Eq.(73.18)

as a series which implicitly includes terms of to the order ag x (as log 12/ p2)n_1. They become problematic if we
evaluate the strong coupling at scales far away from the generic scale of R, i.e. log u?/p* > 1/a, ~ 10,

Instead of the series in r,, we can use the conditions in Eq.(73.21) to express R in terms of the ¢,, and collect the
logarithms appearing with each c¢,,. The geometric series we then resum to

P’ 2 p 272 5 1 2
R:Zrn (lﬂ) al () =co+ <1+asbologpz+ozsbolog p2+> as(p?)

2
+ co <1+2asbologg2+--->a§(u2)+-~-

2

as (1 s (p?
o) D)
1 — asbg log 'M—Q 1 — asbg log /%
p p
=> e al(p?). (73.22)

In the last step we use what we know about the running coupling from Eq.(73.15). Note that in contrast to the r,,
integration constants the c,, are by definition independent of % /p?.

This re-organization of the perturbation series for R can be interpreted as re-summing all logarithms of the kind

log 42 /p? and absorbing them into the running strong coupling, now evaluated at the scale p?. All scale dependence in
the dimensionless observable R is moved into ay. In Eq. we also see that this series in ¢,, will never lead to a
scale-invariant result when we include a finite order in perturbation theory.

Some higher-order factors c,, are known, for example inserting N, = 3 and five quark flavors just as we assume in

Eq.(73.17)
11 2 3 4
R=— <1+a5+1.4(0‘5) —12(2) 1o (%) > . (73.23)
3 T m s 7r
This alternating series with increasing perturbative prefactors seems to indicate the asymptotic instead of convergent
behavior of perturbative QCD. At the bottom mass scale the relevant coupling factor is only as(m?)/m ~ 1/14,s0 a
further increase of the c,, would become dangerous. However, a detailed look into the calculation shows that the
dominant contributions to ¢,, arise from the analytic continuation of logarithms, i.e. large finite terms for example
from Re(log?(—E?)) = log? E? 4 72 In the literature such 72 terms arising from the analytic continuation of loop
integrals are often phrased in terms of (; = 72/6.
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