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Abstract

This is a set of lecture notes for the theory modules in master-level particle physics 1 and 2, where the second
class used to be taught as Standard Model. It assumes a solid theory background from the theory bachelor courses,
for instance analytical mechanics, ellectromagnetism, and quantum mechanics. Aspects of quantum field theory are
sketched and then skipped, we refer to the specialized lectures for more details. The goal of the lecture is to
understand the theory background of modern particle physics, from low to high energies, and be able to do simple
calculations.
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1 A simple scattering process

When we compute transition amplitudes for collider like LEP or LHC, we usually combine building blocks defined by
Feynman rules in a way which does not make it obvious that we are dealing with a quantum field theory. One of the
easiest processes we can look at is

+

eTe” =" —=qq, (1.1)

through a photon, all starting from these Feynman rules. Let is see what we start from and how we can compute this
process using so-called Feynman rules. For this scattering process we need to describe four external fermions, their
coupling to a photon, and the propagation of this boson from the e™e¢™ annihilation to the point where is splits into a
quark and antiquark pair.

From theoretical mechanics we remember that there are several ways to describe a physical system and calculate its
time evolution. Assuming one degree of freedom or a real scalar field ¢, we can for instance start with the action

x

S = / Az L($,0,6) with z= (@) . (1.2)

The position z is given by a space-time 4-vector, as we know if from special relativity. Under the integral there is a
Lagrange density, which works exactly like the Lagrange function in mechanics, just that the object ¢ now is a
quantum field, and that in particle physics we use space-time and the Minkoswki metric (+ - - -). The action has to be
invariant under a variation .5 = 0. We can translate this condition into the Euler-Lagrange equations

o2 N _0r 0
"\ 0(0,9)) ~ 0 ST

The second field for our switch from Lagrangian to the Hamiltonian is the (conjugate) momentum, which we can
calculate just like in a classical field theory. It is

(1.3)
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™) = 5600)

=¢. (1.4)

With these two field we define the third object which we can use to describe the dynamics of a system, the
Hamiltonian or energy functional

H(t) = /d% (m's—f) . (1.5)
While for example in quantum mechanics this Hamiltonian is the basis of most calculations, in field theory we usually

start from the Lagrangian. This also means that at the end of the day we never really use the time-dependence given
by the conjugate momentum.

1.1 Boson field

We already know that for our scattering process we need to compute a transition amplitude between two kinds of
matter particles, namely incoming electrons and outgoing quarks, interacting via their electric charges. The interaction
is classically described by the electromagnetic Lagrangian based on the abelian U (1) field theory,

1
Lphoton = _ZFWFW with F,., =0,A, -0,A,, (1.6)

in terms of a photon 4-vector field A,,. This is exactly what we know from classical electrodynamics written in a
covariant way. The Maxwell equations

0=0"F,, = 0"9,A, — 0"0,A, =04,  with O=0,0" (1.7)



are the equations of motion for this photon field. In the last step we assume the Lorenz gauge condition 9, A* = 0 and
find the d’ Alembert equation for the vector potential A,,.

To omit the vector index of the photon field, let us instead use the real scalar ¢ from Eq.(T.2)) to illustrate bosonic
fields. Including a mass for this real scalar field we can write down its equation of motion which is the same for a
spin-zero scalar boson as for the spin-one vector boson of Eq.(1.7)

(O+m?) ¢(z)=0. (1.8)

This Klein—Gordon equation corresponds to the d’ Alembert equation for the electromagnetic vector potential in
Lorentz gauge. This equation of motion for a scalar field with a mass m corresponds to a Lagrangian

1 2
Licalar = i(aﬂ¢)(au¢) - %¢2 y (1.9)

which we can confirm using the Euler-Lagrange equation Eq.(T.3). If we want to compute the scattering amplitude in
momentum space, we need to Fourier-transform the scalar field into momentum space and then quantize it, i.e. define
commutation properties for the field in position and momentum space.

For our scattering process we need an object that describes the propagation of the (virtual) photon from its production
from an et e pair to its splitting into a ¢q pair. This so-called propagator in position space is defined as a
time—ordered product of two field operators sandwiched between vacuum states. We can think of it as describing a
photon starting from its birth out of an e*e™ pair to its death as a ¢q pair,

Az —a') =i (0T (¢(x)¢(2")) 0) . (1.10)

The time—ordered product of two operators is defined as

(1.11)

We can transform this propagator into Fourier space and find

d*k : / 1
Alx—2') = — —ik(@—a) 1.12
(z =) / (2m)4 ¢ k%2 —m? +ie (1.12)

The propagator is the Green function for the Klein—-Gordon equation Eq.(1.8)), as we can explicitly confirm

d*k

(D + m2) Alx —a') = _/ (2m)* (D + m2) etk (z—2") 1

k2 — m2

d'k 122 2\ —ik-(z—az’ -1

d4k —ik-(x—z")
VACOI
=0z —1). (1.13)

All these properties we will later use for the photon field A*, a vector field, where each component obeys the
Klein—Gordon equation. The propagator and quantization aspects like commutation relations for the field operators
will not change. The propagator only gets dressed by factors g,,,, where appropriate. For the propagator this
generalization is strictly speaking gauge dependent, g"” corresponds to Feynman gauge.

1.2 Fermion field

Next, we need to describe (external) fermion fields. Matter particles or fermions, like leptons or quarks, have a
different equation of motion and a different contribution to the Lagrangian. A field describing a fermionic particle has



to include two spin states of this particles. Moreover, in quantum field theory every fermion x has an antiparticle
with the same mass. The altogether four degrees of freedom naturally combine to one equation with the same mass
and the particle and the antiparticle described by one field ).

The form of the fermion field is given by the transformation property under the Lorentz transformation. We remind
ourselves that a scalar field ¢(x) transforms under a Lorentz transformation via a unitary operator U (A) as

UM o(2)UA) = p(A ) . (1.14)

The fermion field has to live in a different, the so-called spinor representation. It transforms under the Lorentz
transformation as

UN) (@) U(A) = Ay jp (A ) (1.15)

where A /5 is this special representation of the Lorentz transformation. We can define it using the four Dirac matrices
~# with their anti-commutator Clifford algebra

(Y =2¢"1. (1.16)

The unit matrix has the same size as the v matrices. That we usually write them as 4 x 4 matrices has nothing to do
with the number of — also four — <y matrices. The explicit form of the +y,, matrices is not relevant because it never
appears in actual calculations. All we need is a few trace relations arising from their commutators. A representation of
the Lorentz algebra in terms of the Dirac matrices is

Wpy v
Aijz = exp (8 [7,97) (1.17)
This give us the transformation rule for the Dirac matrices
Ay " Aijp = Ay (1.18)

We now postulate an equation of motion for the fermions, the Dirac equation, which describes fermions in Nature
perfectly. One way to motivate this form is by taking some kind of square root of the Klein-Gordon equation. Another
way is to write 2-spinors separately, for the two-spin states of the particle or of the antiparticle. Because of the spin,
each of these two Dirac equation is then written with the help of the Pauli matrices as generators of the spin group
SU(2). For the full Dirac spinor it reads

(iv*0,, —ml) Y(z) = (id — ml) P(x) =0. (1.19)

The unit matrix in the mass term is a four-by-four matrix, just like the Dirac matrices. Note that the size of the v
matrix and the number of Lorentz indices p is only coincidentally the same. We want to check that this equation is
invariant under Lorentz transformations, keeping in mind that A; /, commutes with everything except for the Dirac
matrices

(190, — m) Y(@) — (9" (A)*, 8y = m1) Ajpp(A~"z)
= AupAsh (97 (A7)7,0, = mi ) Ay (A~ ")
= Aja (A7 57 A ja(A)7 0, = mil) w(A~a)
= Ajo (877 (A1) ,0, = mil) w(A~1a)
= Aiya (ig” 700 — ml) (A" a)
= Ay 2 (970, —mll) p(A™'z) =0. (1.20)
We also see that we can multiply the Dirac equation with (—éy*0,, — m1) and obtain
(=iy"9, — m1) (v 9, — ml) ¥(z) = (Y47 9,.0, + m211) P(x)
AV VAl
_ (W@May n m211) ()
= (0> +m’1) Y(x) , (1.21)



symbol ‘ meaning operator

us (k) incoming fermion (e, g) with momentum & and spin s | as
Us (k) incoming anti—fermion (e, q) bs
us (k) outgoing fermion (e~ , q) al
vs(k) | outgoing anti-fermion (e%, q) bl

Table 1: Assignment of generation and annihilating operators for particle and antiparticle spinors in momentum space,
as given in Eq.(T.23).

which means that every fermion field that obeys the Dirac equation also fulfills a Klein—Gordon equation. We will see
this similarity when we construct the fermion propagator.

To define a mass term in the Lagrangian we need to form Lorentz scalars or invariants out of the fermion fields .
Naively, (1/71)) would work if the Lorentz transformations in (wTAI /2A1 /2%) cancelled. Unfortunately A, /5 is not a
unitary transformation. Instead, one can show that the Dirac adjoint

¥ =0 with Yy — Py (1.22)

has the correct transformation property. This allows us to write down the Lagrangian which corresponds to the Dirac
equation for a fermion field

Lrermion = Y(id — m1)e) . (1.23)

Because we will later need the fermion—photon interaction in the Lagrangian, we introduce the convenient form of the
covariant derivative

ﬁermion—pholon = a (ZD - m]l) ¢
P (i(@ + ieA) — ml) Y = (i(@ — ml) Y + eqA,, vy (1.24)

The last term describes the coupling of a vector photon field A,, to a vector-like expression 1y"1) which we call a
vector current of a spinor field.

Just like in the bosonic case we now Fourier-transform the Dirac field operators, which we know have to include four
degrees of freedom, particle and anti-particle with two spins each,

P(z) = / (d3k Z (eimvs(kz)bi(l;) + e_ikxus(k)as(g))

3
27T) 2ko spins = £1/2
U(z) = / Pk > (e“wa (k)al (k) + e~ ™5, (k)b (12)) (1.25)
(27T)22k0 spins = +1/2 ) ’ ’ ’ ' .

The 4-dimensional spinors u and v in Fourier space create or annihilate the particle, while % and v create or annihilate
the antiparticle in Fourier space, as listed in Tab.[T] As before, we skip the quantization steps and directly quote the
spin sums for the spinors v and v and their Dirac adjoints

Z us(k)us(k) = k+ ml

spins = £1/2
> wi(k)vs(k) =k —ml . (1.26)
spins = +1/2

These spin sums do not combine spinors to scalars, but to Dirac matrices. For many applications in LHC physics the
masses are negligible, and since they really complicate formulas we evaluate the spin sums without masses whenever
we can.



1.3 Scattering

Now we have everything we need to compute a transition amplitude for our scattering process

e (k1,51) + et (ka, s2) — q(ks, s3) + q(ka, s4) , (1.27)

where k; and s; are the four-momenta and spin orientations of the external fermions, and k1 + ko + k3 + k4 = 0. We
neglect the electron and quark masses of the external particles. In the future, or more specifically asymptotically for

t — 400, the initial state lim;_, . |t) = |¢) will have evolved into the final state lim;_,, [t) = S|i) via a yet
unknown linear operator S. To describe this scattering into a final state { f| we need to compute the transition
amplitude

S = (f|S|i) = (g3qa|Slefe3) = (0]akbl S a1bs)0) . (1.28)

We use a single iindex to indicate the momenta and spins of the external particles. This transition amplitude is not a
vacuum expectation value, but the operator S sandwiched between physically measurable states made from the
vacuum using the generation and annihilation field operators a, a', b, bt defined in Eq.(T.25).

The transition matrix element S can be computed from the time evolution of the initial state id;|t) = H(¢)|t) in the
interaction picture with a time-dependent Hamilton operator,

S=T (e*i J d”*(t)) : (1.29)

again with time ordering 7'. This form ensures that it generates a unitary transformation. For our computation we will
be fine with the interaction Hamiltonian for two incoming and two outgoing fermios, each pair involving a different
particle species j with charge g;,

Hin(t) = — / Pw L(x) D —eq; / Pz Ay (1.30)
J

in terms of the four-vector = including its first entry ¢ = x. We skip the corresponding calculation and just give the
result for the numbering of the incoming and outgoing particles defined in Eq.(1.27)

S = Z i(27r)4(54(k1 + ko — k3 — ky) e2qeqq U3y, V4

spins

1 _
mvg’}/#’lll . (131)

Stripping off unwanted prefactors we define the transition matrix element for quark—antiquark production in QED as

vayHuy) (1.32)

1
— 2 o
M = €°qeqq (Usyuva) CEYSE (

We have to square this matrix element or transition amplitude to compute the transition probability. Part of the
squaring is the sum over all spins which uses the spin sums Eq.(1.26) to get rid of the spinors and then some trace
rules to get rid of all Dirac matrices. For neither the spinors nor the Dirac matrices we need to know their explicit form

1
|IM? = Z 64(]3%? ( ———— (D4 u3) (17 va) (Uzy,va) (V2" ur)

. ki + k2)4
spin, color
=e'q2q; N, S E (Vaypus) (17 v2) (Usyuva) (V2" ur) - (1.33)
e (k1 + ko)t a

spin

The color factor N, is the number of outgoing color singlet states we can form out of a quark and an antiquark with
opposite color charges. Because color only appears in the final state we sum over all possible color states or multiply
by .. In the next step we can observe how the crucial structure of transition amplitudes with external fermions,



namely traces of chains of Dirac matrices, magically form:

1
IMP? =€ @i Ne ————— > (0a)i( )i (a) () k (Y Dkt (v0a): - - for one trace
(kl + kQ) spin
1 _ _
264ngch I RY] Z(U4)l(v4)i Z(Ug)j(“g)k ()ig (Y -+
(kl + k2) spin spin
1 .
=c'qZq; N, (k1 + ko)* (k)i (k3) i (v )i (Yot - -+ using Eq.(1.26), no masses
—e'2¢2N. _ Tr (kayuk3y) Tr (kiy”k2y™) both traces again. (1.34)
elq (kl +k2)4 H

In the final step we need a standard expression for the Dirac trace. Longer traces become very complicated very fast,
and we evaluate them using symbolic manipulation on the computer. We find

1
‘M|2 =€4qu§Nc m 4 (kSVk4u + kSHkély — g“l,(kgkzl)) 4 (k?k‘g + k‘f/ﬂg — guy(/ﬁkg))
1 . v
:16(34ng§]\[C m [2(161]{33)(]{72]64) + 2(]61]{34)(]{72]63) + 0 x (]{)3]6‘4)(](11]{)2)} with gm/gﬂ =4
=826' g2 Ne s [(kaka) (hak) + (uka) (ko) (1.35)

To evaluate this matrix element we first introduce Mandelstam variables as squares of sums of 4-vectors,
s= (k1 +k2)> = 2(k1ko) >0  t= (k1 +k3)?>~=2kiks) <0  u= (ki +ka)? ~2(k1ks), (1.36)

where in this sign convention all momenta are incoming, k; + k2 + ks + k4 = 0, and in the second step we neglect the
masses. The second Mandelstam variable can be expressed through the polar or scattering angle

t=Z(~1+cost) € [~s,0] . (1.37)
Allowing the external particles have a finite mass we can use this 4-momentum conservation to show
s+t+u=Fk+k3+k2+kI=m+m3+md+m?. (1.38)
In our case all masses are zero and we find the compact form

1 [¢2 u?
2 4 22

=32 N, — |[—+ —
\/\/l| € .4, 32 [4 }

1
4 2 2 2 2
= 8e qequcs—2 [s? + 2st 4 2t7]
t t2
= 8¢* ngch [1+28+282] ) (1.39)

We can briefly check if this number is indeed positive, using the definition of the Mandelstam variable ¢ for massless
external particles in terms of the polar angle: the upper phase space boundary ¢ = 0 inserted into the brackets in
Eq.(T.39) gives [- - -] = 1, just as the lower boundary ¢t = —s with [-- -] = 1 — 2 + 2 = 1. For the central value

t = —s/2 the minimum value of the bracketsis [---] =1 —14 0.5 = 0.5.

The azimuthal angle ¢ plays no role at colliders, unless you want to compute gravitational effects on Higgs production
at ATLAS and CMS. Any LHC Monte Carlo will either random-generate a reference angle ¢ for the partonic process
or pick one and keep it fixed.



1.4 Feynman rules

Feynman rules are calculational rules which we can extract from the Lagrangian and which allow us to derive
Eq.(T:32) directly. We start by drawing Feynman diagrams for all ways we can link the given initial and final states

through interaction vertices and internal propagators. For our scattering process there is only one diagram:
v v

U U
It consist of four external fermions labeled according to Tab.|l} one internal photon, and two interaction vertices.
From Eq.(L.25) and Tab. [T we know how to describe external fermions in terms of spinors.

Spin sums are the only way to get rid of spinors in the computation. Equation (1.26) shows that as long as we neglect
fermion masses the two spinors « and v for particles and antiparticles are identical. To link external particles to each
other and to internal propagators we need vertices. If two fermions and a gauge boson interact via a vector current
proportional to v*, and adding a conventional factor 7, the one vertex rule in QED reads

ieqs " (f = F—=) (1.40)

This factor ¢ we can consistently change for all three-point and four-point vertices in our theory. Finally, there is the
intermediate photon which propagates between the v* and the v* vertices. The wave line in the Feynman diagram
corresponds to
g
—1 — .
p? + i€
Again, the factor —i is conventional. For a bosonic propagator it does not matter in which direction the momentum

flows. Blindly combining these Feynman rules gives us directly Eq.(T-32), so all we need to do is square the matrix
element, insert the spin sums and compute the Dirac trace.

(1.41)

We do not need it for our QED calculation, but for instance process e~y — e~y is described by an intermediate
fermion propagator in the s-channel. This propagator is described by the Feynman rule

. p+ml .p+ml . P+ ml . _1

= = = —ml . 1.42

b e = eGP (14
It lives in the same space as gamma matrices. Because the sign of the 4-momentum matters we asign it in parallel to
the fermion arrow. This will work fine until we have to deal with Majorana particles in the neutrino sector or
supersymmetry (for those who still remember that).

Whenever we compute such a matrix element starting from a Feynman diagram nothing tells us that the lines in the
Feynman diagrams are not actual physical states propagating from the left to the right. Even including loop diagrams
will still look completely reasonably from a semi—classical point of view. Feynman rules define an algorithm which
hides all field theory input in the calculation of scattering amplitudes and are therefore perfectly suited to compute the
differential and total cross sections on the computer.

1.5 Chirality

The vector structure of the QED couplings, for example mediated by a covariant derivative Eq.(T.24) we did not
actually motivate. It happens to work on the Lagrangian level and agrees with data, so it is correct. We can write a
completely general interaction of two fermions with a boson in terms of basis elements

gOMp =Y " g, OM;1) . (1.43)

basis j



For areal (4 x 4) matrix M the necessary 16 basis elements can be organized such that they are easy to keep track of
using Lorentz transformation properties. This eventually leads to the so-called Fierz transformation. The vector y*
from the QED interaction gives us four such basis elements, the unit matrix a fifth. Another six we already know as
well, they are the generators of the spinor representation [y, +"]. All of them are linearly independent.

Five basis elements are still missing. To define them, we start with another (4 x 4) matrix which is invariant under

proper Lorentz transformations. We can write it in two equivalent forms

. ;
75 = iy'y' % = 11 oo (1.44)

using the totally anti—-symmetric Levi-Civita tensor €, ,o. This form already shows a major technical complication in
dealing with ~5: in other than four space—time dimensions we do not know how to define the Levi—Civita tensor,
which means that for example for regularization purposes we cannot analytically continue our calculation to

n = 4 — 2¢ dimensions. The main properties of 5 are

V=1 and {Vu, 5+ =0. (1.45)

It gives us all 16 basis element for the interaction of two spinors:

degrees of freedom | basis elements M

scalar 1 1
vector 4 ol
pseudoscalar 1 5
axialvector 4 Y 5
tensor 6 % [, 7]

In the renormalizable Standard Model as a fundamental theory, tensor interactions do not play a role.

An obvious question is: what does it mean to include a factor 75 in the interaction, i.e. what distinguishes a scalar
from a pseudoscalar and a vector from an axialvector? We can give an easy answer by defining three transformations
of our field in space and time. The first one is the parity transformation P which mirrors the three spatial coordinates
(t,Z) — (t,—Z). The second is charge conjugation C' which converts particles into their anti—particles. Both of them
leave the Dirac equation intact and can be represented by a unitary transformation. The third transformation is

time reversal 7" which converts (¢, ) — (—t, &), also leaves the Dirac equation intact, but only has an anti—unitary
representation. Every single one of them is violated in our Standard Model.

Instead of writing out the representation of these transformations in terms of Dirac matrices we characterize them
using the basic interactions from Eq.(T.43). Parity symmetry does not allow any interaction including 75, which
means it forbids pseudoscalars and axialvectors. Time reversal symmetry does not allow any complex couplings g;.
Because any field theory described by a Lagrangian not including some kind of external field is invariant under CPT,
and we have never observed CPT violation, a combined CP-invariance is essentially the same as T invariance.

To look at the parity and CP symmetry more systematically, we rotate the {1, s} plane and define the two matrices

1
Prr=5 (I£7) . (1.46)
It is easy to show that the two are orthogonal projectors,
1 1 9
PLPr = 1 (I —75) (I 475) = 1 (1-93)=0
1 1 1
Ph L = 1 (1£2y5+42) = 7 @UE2y5) =5 (L+75) =P p . (1.47)

10



We first look at what happens when we write a kinetic term with left-handed and right-handed projectors or fermion
fields,

VdY =9 (P +PR) ¥
=9 (PrdPL + PLOPR) ¢
= (PLy)d(PLy) + (Pry)D(Prip)
= thp D + Vg DR - (1.48)

The general kinetic term covers left-handed and right-handed fields. Their effect on a mass term is different,

R XY

¥ (P, +Pgr)y

¥ (P +PR) v

Vi (PF +P%) with ¢ = fy°
v (

= (Pr

= (Pry

=g

Pry’Pr +Pry’Pr) ¢ with  {75,7,} =0
D) (PLy) + (Pry)'y° (Pry) with 7l =5, P o =Pp R
P)N(PLY) + (Pry)1(Pry)
1, + ¢y Mg (1.49)

To include a fermion mass we need to combine left-handed and right-handed projectors and fermion fields,

@«’91#:%«’91/}3 +@L$¢L
3 RUERUPSS RUESEIIN KO (1.50)

In other words, we can write for example QED in terms of independent left and right handed fields as long as we
neglect all fermion masses. This defines the chiral limit where the Lagrangian is symmetric under ¢';, <> ¥g.
Introducing fermion masses breaks this chiral symmetry, or turning the argument around, to introduce fermion masses
we need to combine a left-handed and a right-handed fermion fields and give them one common Dirac mass.

Moving on to interactions, we define a combined vector—axialvector coupling as v, £ v,vs = 27,Pr,r. Sandwiching
this coupling between fermion fields gives for example

¢’YHPL Y= w’Yu]P) P

=Py 7, Prap with {757} =0
= (Pr) Y074 Pty with 4] =15
=V YL with Y r =PLrY . (1.51)

If we call the eigenstates of Pr ;, right-handed and left-handed fermions %1, g this chirality allows us to define a
vector coupling between only left handed fermions by combining the vector and the axialvector couplings with a
relative minus sign. The same is of course true for right handed couplings. We can now describe the ~y f f coupling in
QED using the Feynman rule

—iy" ({Pr, + rPR) with £=7r=gqe. (1.52)

At this stage it is not obvious at all what chirality means in physics terms. However, we will see that in the Standard
Model the left handed fermions play a special role: the massive W bosons only couple to them and not to their right
handed counter parts. So chirality is a property of fermions known to one gauge interaction of the Standard Model as
part of the corresponding charge.

11



1.6 Helicity and spin

There exists a property which is identical to chirality for massless fermions and has an easy physical interpretation,
helicity. It is defined as the projection of the particle spin onto its three-momentum direction

h:§.£:<§+ﬁ>.£:j£
|l Pl 1Pl
or equivalently the projection of the combined orbital angular momentum and the spin on the momentum direction.
From quantum mechanics we know that there exist discrete eigenvalues for the z component of the angular
momentum operator, symmetric around zero. Applied to fermions this gives us two spin states with the eigenvalues of
h being +1/2. Unfortunately, there is no really nice way to show this identity. What we need to know is that the spin
operator is in general given by

with 7L L, (1.53)

§=7"7. (1.54)

We can show this by writing it out in terms of Pauli matrices, but we will skip this here and instead just accept this
general form. We then write the solution v to the massless Dirac equation after transforming it into momentum space

P(F) = u(p) exp(—ip - x)

(Vopo - 75) u(p) =0
Y57 7°po w(p) = v57° 75 u(p)
Yspo w(p) = §- P u(p) with ('yo) =1

57

75 u(@) = = u(p)
Po

5
5 u(p) = :I:W u(p) = £h u(p) . (1.55)

In other words, the chirality operator 5 indeed gives us the helicity of a particle, modulo a sign depending on the sign
of the energy. For the helicity it is easy to argue why for massive particles this property is not Lorentz invariant and
hence not a well defined property: massless particles propagate with the speed of light, which means we can never
boost into their rest frame or pass them. For massive particles we can do that and this way switch the sign of i’ and the
sign of h. Luckily, for almost all Standard Model fermions we can neglect their masses at the LHC.

1.7 Cross section measurements

To compute a 2 — 2 scattering rate we combine the scattering matrix element from Eq.(T.39) with a two-particle
phase space integration for massless particles,

™
= Kij IM[? (1.56)

with an averaging factor K;; for initial-state spins and colors, as only the sum is included in Eq.(T.39). For incoming
electrons as well as incoming quarks this factor K;; includes 1/4 for the spins. For an incoming ¢g pair we would also
average over the color, 1/N2.

do
27
ot

2—2

For our QED process we then find the differential cross section in four space—time dimensions, using o = e2/(4)

do 1 = 1 t t2
— == 8PP Una)’ N, |142-+2—
dt  s?(47)? 4 4edy (4me)” Ne |1+ s * 52
1 9 5 o t 2
= 52ma® N ¢2q; |1+2=+2—| . (1.57)
S S S

12



We integrate this expression over the polar angle or the Mandelstam variable ¢ to compute the total cross section

1 2 2 2 0 ¢ r
o = S2ma’ N. @2 /ﬂf” {1 t2o+ 232}
= 8%271'042 N, ngg [t + g + 32,2?;} OS
_ 3%2m2 N. ¢2q; [S - % + ;zz}
- §2m2 Neqlq; g = olefe” = qq)| = Mcz’jich Getly (0
QED

In the history of QCD, this process played a crucial role, namely the production rate of quarks in e™e™ scattering. For
small enough energies we can neglect the Z exchange contribution. At leading order we can then compute the
corresponding production cross sections for muon pairs and for quark pairs in eTe~ collisions.

4ra®Ne , o
P o(ete” — hadrons) _ 2 quarks QT g N, gl n od) _ LN , (1.59)
olete™ = £+(7) dra® 9 9 9
T3 040

for example for five quark flavors where the top quark is too heavy to be produced at the given e™e™ collider energy.
For those interested in the details we did take one short cut: hadrons are also produced in the hadronic decays of
ete™ — 777~ which we strictly speaking need to subtract. This way, R as a function of the collider energy is a
beautiful measurement of the weak and color charges of the quarks in QCD.

Finally, if we face the fact that most particle physicists nowadays work on precision hadron colliders, and high-energy
ete™-colliders are either a thing of the past or a dream for the future, we want to compute our QED process the other
way around. This means we move the quarks into the initial state and include a color-averaging factor. The
corresponding process is called the Drell-Yan process

4o’

" 3N.s

olqq— €7€7)
QED

q,% qg . (1.60)

It will be the process which guides us through the discussion of modern collider physics. Obviously, to describe lepton
pair production at the LHC, we need to include the massive electroweak gauge bosons, not just the photons. We will
get to that later.
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2 Extra: helicity amplitudes

In research, transition amplitudes are not computed by squaring matrix elements and computing gamma matrix traces.
Instead, all elements of the Feynman rules are evaluated numerically, combined, and then squared. From the previous
section we know how to compute the cross section for Z production by writing down all external spinors, external
polarization vectors, interaction vertices and propagators and squaring the amplitude analytically. The amplitude itself
inherits external indices for example from the polarization vectors, while |/\/l|2 is a real positive number with a fixed
mass dimension depending on the number of external particles.

As an example for a more modern computation of transition amplitudes, we consider again lepton pair production in
QED,

wi — = ot 2.1

The structure of the amplitude M with two internal Dirac indices ¢ and v involves one vector current on each side
(@pyuuy) where f = u, p are to good approximation massless, so we do not have to be careful with the different
spinors u and v. The entries in the external spinors are given by the spin of the massless fermions obeying the Dirac
equation. For each value of x = 0 - - - 3 each current is a complex number, computed from the four component of each
spinor and the respective 4 x 4 gamma matrix 7*. The intermediate photon propagator has the form g,,,, /s, which is a
real number for each value of ;# = v. Summing over i and v in both currents forms the matrix element. To square this
matrix element we need to sum M* x M over all possible spin directions of the external fermions.

Instead of squaring this amplitude symbolically we can follow exactly the steps described above and compute an array
of numbers for different spin and helicity combinations numerically. Summing over the internal Dirac indices we
compute the matrix element; however, to compute the matrix element squared we need to sum over external fermion
spin directions or gauge boson polarizations. The helicity basis we have to specify externally. This is why this method
is called helicity amplitude approach. To explain the way this method works, we illustrate it for muon pair production
based on the implementation in the Madgraph/Helas package.

Madgraph is a tool to compute matrix elements this way. Other event generators have corresponding codes serving the
same purposes. In our case, Madgraph5 automatically produces a Fortran (!!) routine which then calls functions to
compute spinors, polarization vectors, currents of all kinds, etc. These functions are available as the Helas library. For
our toy process Eq.(2.1)) the slightly shortened Madgraph5 output reads

REAL%8 FUNCTION MATRIXI1 (P,NHEL, IC)
Generated by Madgraph 5

Returns amplitude squared summed/avg over colors
for the point with external lines W(0:6, NEXTERNAL)

Process: u u”~ > mu+ mu- / z WEIGHTED=4 @1

[oNoNe NN NN NS!

INTEGER NGRAPHS, NWAVEFUNCS, NCOLOR
PARAMETER (NGRAPHS=1, NWAVEFUNCS=5, NCOLOR=1)

REAL*8 P (0:3, NEXTERNAL)
INTEGER NHEL (NEXTERNAL), IC(NEXTERNAL)

INCLUDE 'coupl.inc’

DATA DENOM (1) /1/

DATA (CF(I, 1),I= 1, 1) / 3/

CALL IXXXXX(P(0,1),%ERO,NHEL(1),+1+IC(1),W(1,1)

CALL OXXXXX (P (0,2),ZERO,NHEL (2),-1%IC(2),W(1,2)

CALL IXXXXX (P (0,3),ZERO,NHEL(3),-1%IC(3),W(1,3)

CALL OXXXXX (P (0,4),ZERO,NHEL (4) ,+1+IC(4),W(1,4)

CALL FFV1_3(W(1,1),W(1,2),GC_2,ZERO, ZERO, W(1,5))
))

CALL FFV1_0(W(1,3),W(1,4),W(1,5),GC_3,AMP (1
JAMP (1)=+AMP (1)

DO I = 1, NCOLOR
DO J = 1, NCOLOR
ZTEMP = ZTEMP + CF (J, I) *JAMP (J)
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ENDDO
MATRIX1 = MATRIX1 + ZTEMP*DCONJG (JAMP (I))/DENOM (I)
ENDDO

END

The input to this function are the external four-momenta p(0 : 3,1 : 4) and the helicities of all fermions npe(1 : 4) in
the process. Remember that helicity and chirality are identical only for massless fermions because chirality is defined
as the eigenvalue of the projectors (1 + ~5)/2, while helicity is defined as the projection of the spin onto the
momentum direction, i.e. as the left or right handedness. We give the exact definition of these two properties in
Section[I] The entries of nne will be either +1 or —1. For each point in phase space and each helicity combination the
Madgraph subroutine MATRIX1 computes the matrix element using standard Helas routines.

- IXXXXX(p, m, npel, Nse, F') computes the wave function of a fermion with incoming fermion number, so either
an incoming fermion or an outgoing anti—fermion. As input it requires the four-momentum, the mass and the
helicity of this fermion. Moreover, ng = +1 marks the incoming fermion v and ng¢ = —1 the outgoing
anti—fermion u T, because by convention Madgraph defines its particles as u and ™.

The fermion wave function output is a complex array F'(1 : 6). Its first two entries are the left—chiral part of the
fermionic spinor, i.e. F'(1:2) = (1 —~5)/2uor F(1:2) = (1 —~3)/2 v for ng = 1. The entries F'(3 : 4)

are the right—chiral spinor. These four numbers can directly be computed from the four-momentum if we know

the helicity. The four entries correspond to the size of one v matrix, so we can compute the trace of the chain of
gamma matrices. Because for massless particles helicity and chirality are identical, our quarks and leptons will

only have finite entries F'(1 : 2) for npe = —1 and F'(3 : 4) for npe = +1.

The last two entries of F' contain the four-momentum in the direction of the fermion flow, namely
F(5) = nst(p(0) +ip(3)) and F(6) = nsi(p(1) + ip(2)).

- OXXXXX(p, m, Nper, Nse, F) does the same for a fermion with outgoing fermion flow, i.e. our incoming @ and
our outgoing .~ . The left—chiral and right—chiral components now read F'(1 : 2) = @(1 — v5)/2 and
F(3:4) =a(ll +5)/2, and similarly for the spinor ©. The last two entries are F'(5) = ng(p(0) + ip(3)) and
F(6) = ng(p(1) + ip(2)).

- FEV1_3(F;, Fy, g, m, T, J;,) computes the (off—shell) current for the vector boson attached to the two external
fermions F; and F),. The coupling g(1 : 2) is a complex array with the interaction of the left—chiral and
right—chiral fermion in the upper and lower index. For a general Breit—Wigner propagator we need to know the
mass m and the width I" of the intermediate vector boson. The output array J;, again has six components which
for the photon with momentum q are

Tolp 1) = =5 Y 5 (g(l) 2 1 2) “f) F, §=0.123
Jio(5) = —Fi(5) + Fo(5) ~ —pi(0) 4+ po(0) + i (—pi(3) — po(3))
Jio(6) = —Fi(6) + F,(6) ~ —pi(1) + po(1) + i (—pi(2) + po(2)) - (2.2)

The first four entries in J;, correspond to the index p or the dimensionality of the Dirac matrices in this vector
current. The spinor index is contracted between ! and F;.

As two more arguments .J;, includes the four-momentum flowing through the gauge boson propagator. They
allow us to reconstruct ¢* from the last two entries

¢" = (ReJ;o(5), Redio(6), ImJio (6), ImJ;0 (5)) (2.3)

- FFV1_0(Fy, Fy, J, g, V') computes the amplitude of a fermion—fermion—vector coupling using the two external
fermionic spinors F; and F,, and an incoming vector current .J which in our case comes from FFV1_3. Again,
the coupling g(1 : 2) is a complex array, so we numerically compute

FT g (g(l) I _275 +9(2) ]1275 > F; . (2.4)
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All spinor and Dirac indices of the three input arguments are contracted in the final result. Momentum
conservation is not enforced by FFV1_0, so we have to take care of it by hand.

Given the list above it is easy to follow how Madgraph computes the amplitude for v — v* — p+p~. First, it calls
wave functions for all external particles and puts them into the array W (1 : 6,1 : 4). The vectors W (%, 1) and
W (%, 3) correspond to F;(u) and F;(p*), while W (x,2) and W (x,4) mean F,(u and F,(p™).

The first vertex we evaluate is the incoming quark—photon vertex. Given the wave functions F; = W (x, 1) and

F, = W(%,2) FFV1_3 computes the vector current for the massless photon in the s-channel. Not much changes if we
instead choose a massive Z boson, except for the arguments m and I in the FFV1_3 call. Its output is the photon
current J;, = W(x,5).

The last step combines this current with the two outgoing muons coupling to the photon. Since this number gives the
final amplitude, it should return a complex number, not an array. Madgraph calls FFV1_0 with F; = W (%, 3) and

F, = W(*,4), combined with the photon current .J = W (x, 5). The result AMP is copied into JAMP without an
additional sign which could have come from the relative ordering of external fermions in different Feynman diagrams
contributing to the same process.

The only remaining sum left to compute before we square JAMP is the color structure, which in our simple case
means one color structure with a color factor N, = 3.

As an added bonus Madgraph produces a file with all Feynman diagrams in which the numbering of the external
particles corresponds to the second argument of W and the numbering of the Feynman diagrams corresponds to the
argument of AMP. This helps us identify intermediate results 1/, each of which is only computed once, even if is
appears several times in the different Feynman diagrams.

As mentioned above, to calculate the transition amplitude Madgraph requires all masses and couplings. They are
transferred through common blocks in the file coupl.inc and computed elsewhere. In general, Madgraph uses unitary
gauge for all vector bosons, because in the helicity amplitude approach it is easy to accommodate complicated tensors,
in exchange for a large number of Feynman diagrams.

The function MATRIX1 described above is not yet the full story. When we square M symbolically we need to sum
over the spins of the outgoing states to transform a spinor product of the kind uu into the residue or numerator of a
fermion propagator. To obtain the full transition amplitude numerically we correspondingly sum over all

helicity combinations of the external fermions, in our case 2% = 16 combinations.

SUBROUTINE SMATRIX1 (P, ANS)
Generated by Madgraph 5

Returns amplitude squared summed/avg over colors
and helicities for the point in phase space P (0:3,NEXTERNAL)

Process: u u~ > mu+ mu- / z

a0

INTEGER NCOMB, NGRAPHS, NDIAGS, THEL
PARAMETER (NCOMB=16, NGRAPHS=1, NDIAGS=1, THEL=2xNCOMB)

REAL«*8 P (0:3, NEXTERNAL)

INTEGER I,J, IDEN
INTEGER NHEL (NEXTERNAL,NCOMB) ,NTRY (2), ISHEL (2) , JHEL (2)
INTEGER JC (NEXTERNAL) ,NGOOD (2), IGOOD (NCOMB, 2)

REAL*8 T,MATRIX1

LOGICAL GOODHEL (NCOMB, 2)

DATA NGOOD /0,0/
DATA ISHEL/0,0/
DATA GOODHEL/THEL«*.FALSE./

DATA (NHEL (I, 1),1=1,4) /-1,-1,-1,-1/
DATA (NHEL (I, 2),1=1,4) /-1,-1,-1, 1/
DATA (NHEL (I, 3),1=1,4) /-1,-1, 1,-1/
DATA (NHEL (I, 4),1=1,4) /-1,-1, 1, 1/
DATA (NHEL (I, 5),1=1,4) /-1, 1,-1,-1/
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DATA (NHEL (I, 6),I=1,4) /-1, 1,-1, 1/
DATA (NHEL (I, 7),1=1,4) /-1, 1, 1,-1/
DATA (NHEL (I, 8),I=1,4) /-1, 1, 1, 1/
DATA (NHEL (I, 9),1=1,4) / 1,-1,-1,-1/
DATA (NHEL(I, 10),I=1,4) / 1,-1,-1, 1/
DATA (NHEL(I, 11),I=1,4) / 1,-1, 1,-1/
DATA (NHEL(I, 12),I=1,4) / 1,-1, 1, 1/
DATA (NHEL(I, 13),I=1,4) / 1, 1,-1,-1/
DATA (NHEL(I, 14),I=1,4) / 1, 1,-1, 1/
DATA (NHEL(I, 15),I=1,4) /1, 1, 1,-1/
DATA (NHEL(I, 16),I=1,4) / 1, 1, 1, 1/

DATA IDEN/36/

DO I=1,NEXTERNAL
JC(I) = +1
ENDDO

DO I=1,NCOMB
IF (GOODHEL (I, IMIRROR) .OR. NTRY (IMIRROR) .LE.MAXTRIES) THEN
T = MATRIX1 (P ,NHEL(1,I),JC(1))
ANS = ANS+T
ENDIF
ENDDO

ANS = ANS/DBLE (IDEN)
END

The important part of this subroutine is the list of possible helicity combinations stored in the array npe (1 : 4,1 : 16).
Adding all different helicity combinations means a loop over the second argument and a call of MATRIX1 with the
respective helicity combination. Because of the naive helicity combinations many are not allowed the array GOODHEL
keeps track of valid combinations. After an initialization to all ‘false’ this array is only switched to ‘true’ if MATRIX1
returns a finite value, otherwise Madgraph does not waste time to compute the matrix element. At the very end, a
complete spin—color averaging factor is included as TDEN and in our case given by 2 x 2 x N2 = 36.

Altogether, Madgraph provides us with the subroutine SMATRIX1 and the function MATRIX1 which together

compute | M |2 for each phase space point given as an external momentum configuration. This helicity method might
not seem particularly appealing for a simple (2 — 2) process, but it makes it possible to compute processes with many
particles in the final state and typically up to 10000 Feynman diagrams which we could never square symbolically, no
matter how many graduate students’ live times we throw in.
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3 Electroweak theory

The fundamental structure describing the interactions between the elementary particles of the Standard Model is
gauge interaction. We have already looked at QED, the interaction of leptons and quarks with a photon, leading to
interactions between fermion currents. We need to have a closer look at this gauge symmetry structure, before we can
describe for instance the weak interaction.

3.1 QED gauge invariance

Even though we already know how to use Feynman rule to compute QED scattering amplitudes, and we even have an
idea how these Feynman rules are related to the underlying quantum field theory, let us have another look at the QED
Lagrangian. We already know that the Lagrangian in Eq.(T.6) describes the quantum version of the photons from
electrodynamics,

1
Zhhoton = _ZFWFW with F,., =0.A, -—0,A,, 3.1

The field strength is already symmetric under the local gauge transformation with a space-time-dependent parameter
a(z),

1 1 1
Ay A= 00 = Fu o0, (AV - eaua) ~ 0, (AM - eaﬂa>

1

= Fu = - (0,0, = 0,8,)a = Fyy . (3.2)

We know this shift symmetry from electrodynamics, but it is not clear what o really means. This becomes clear when
we introduce a generic fermion spinor 1 as in Eq.(T-24),

ﬁermion—photon = J (Z-D - m]l) 1/]
= (i(@ + ieqA) — mil) (3.3)
where ¢ is the fermion charge in units of the electron charge. We can rotate the fermion field by the angle a(z),
% — €1
) — e 1%, (3.4)

such that the fermion mass term is symmetric in itself, which means QED has no problem with massive fermions. The
kinetic term with the covariant derivative transforms into

ip DY = ipy* (0, + ieqA, ) — ipe MYyt (6# +ieq (A,,, - i@,px)) %)
e (e 1 i (3, a,0) ) o
= jppyHe 4 (éq%q@a + €170, + €'1%ieq (Au - i@ua)) P
= ipy" (iq0ucr + Oy + ieqA, — iqdua) v

= iy" (O +ieqAu) Y
=ipD . (3.5)

The combined QED Lagrangian is invariant under a local rotation of the fermion field(s), if we also shift the photon
field the way we know it from electrodynamics. Already there, this shift was referred to as a gauge transformation. In
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combination, we say that the QED interaction between photons and fermions is defined by a local U(1) gauge
transformation of both fields.

To understand why the covariant derivative is useful, we look at the first and last lines of Eq.(3.3). We immediately see
that the gauge transformation of the covariant derivative is

D — el Pe~ i (3.6)

We can also replace the definition of the field strength in terms of the gauge field by a definition in terms of the
covariant derivative, for example acting on a test function f(z) with [4, f] =0,

_ b

Fu 1 1eq

[DAHDV] f

1 , . 1 . )
E (O +ieqA,) (0, +iegA,) f — @ (0y + teqA,) (0, + ieqA,) f

= (OuAL) [+ Av(Ouf) + Au(0uf) = (Ov AL — Ap(Ou f) — Au(Ouf)
= ((auAu)f - (avAu)) I 3.7

In this form the partial derivative acts only on the gauge field, so unlike the first line the definition in the last line is not
an operator equation. In this derivation we assume that the gauge field commutes, which we call abelian,

(A, A =0. (3.8)

3.2 Massive gauge bosons

One of the shortcomings of QED is that it only defines long-range interactions. From the work of Hideki Yukawa in
1935 we know that the mass of the exchange particles changes the form of the interaction potential in Fourier space,

Vir)=—-— massless particle exchange

massive particle exchange with m. 3.9

Yukawa did not actually talk about the weak nuclear force at the quark level. His model was based on fundamental
protons and neutrons, and his exchange particles were pions. But his argument applies perfectly to the electroweak
Fermi interaction between quarks. This leads to the challenge of formally including a photon mass in the
gauge-invariant QED Lagrangian.

The first step towards defining a massive version of QED is to include a photon mass in the kinematic Lagrangian of
Eq.(3.1). We immediately see that just adding a photon mass term

1 1 1 ?

2 42 2
§m AC — §m (AM — e(%oz) (310)
is not allowed by the gauge symmetry. The key idea is to add an innocent looking real scalar field without a mass and
without a coupling to the photon, but with a scalar—photon mixing term and a well-chosen gauge transformation. The
result is called the Boulware—Gilbert model or Stiickelberg mass generation,

1 1 1
L = _ZFHVFW + 562]0214/% + 92 (6u¢)2 —efA,0%¢

1 1% 1 2 r2 1 ?
:—EFWF +§e f Aufgaud’ , 3.11)

where f is a common mass scale for the photon mass and the mixing. It ensures that all terms in the Lagrangian have
mass dimension four — remembering that bosonic fields like A,, and ¢ have mass dimension one. If we define the
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massive photon field as
~ 1
A, =A4,——=0,¢ (3.12)

the field strength does not change,

= 8MAV - 8,,AM - F/’”’

) (3.13)
A

and we can write the Lagrangian of Eq.(3.11) as

1 R
& == Fu "+ §€2f2Ai
1 v 1 2 42 :
= *ZFWFH + §mAA” with mag=cef . (3.14)

For a gauge invariant theory, a suitable gauge transformation of the scalar field has to cancel the contribution of the
explicit mass term in Eq.(3.11)). The simple choice

6— ¢ fa. (3.15)
indeed gives us
1 1 1 1 1

This Lagrangian describes a massive photon field Au’ which has absorbed the real scalar ¢ as its additional
longitudinal component. This is because a massless gauge boson A, has only two on-shell degrees of freedom, the
left-handed and right-handed polarizations, while the massive f‘iu has an additional longitudinal polarization. To
describe it, the massive photon A has ‘eaten’ the real scalar field o.

What kind of properties does this field ¢ need to have, so that we can use it to provide a photon mass? From the gauge
transformation we immediately see that any additional purely scalar term in the Lagrangian, like a scalar potential
V(¢), needs to be symmetric under the shift ¢ — ¢ — fa, so it does not spoil gauge invariance. This means that we
cannot write down polynomial terms ¢, like a mass, a self coupling, or an interaction term ¢ AA. Only derivative
interactions proportional to J¢ attached to gauge-invariant currents are allowed. For them, we the shift by « turns into
a total derivative in the Lagrangian.

This example illustrates a few vital properties of Nambu—Goldstone bosons (NGB). Such massless physical states
appear in many areas of physics and are described by Goldstone’s theorem. It applies to global continuous symmetries
of the Lagrangian which are violated by a non—symmetric vacuum state, a mechanism called spontaneous symmetry
breaking. Based on Lorentz invariance and states with a positively definite norm we can then prove: If a global
symmetry group is spontaneously broken into a group of lower rank, its broken generators correspond to physical
Goldstone modes. These scalar fields transform non—linearly under the larger and linearly under the smaller group.
This way they are massless and cannot form a potential, because the non—linear transformation only allows derivative
terms in the Lagrangian.

For our massive QED case we are breaking the U(1) gauge symmetry, which naively introduces a massless scalar
degree of freedom ¢. Following Eq.(3.12) it provides the missing longitudinal polarization for the massive photon.
This combines two problems into one solution — we can break the gauge symmetry without creating unobserved
massless particles, and our massive photon gets an additional degree of freedom. We will use the same trick for the
Higgs later.
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3.3 Fermion doublets

The structural element of the Fermi theory and also of the Standard Model is the SU(2) doublet structure of paired
fermions, like protons and neutrons. If a common gauge transformation should link the two double components, an
obvious choice is to replace the local U(1) gauge invariance by a local SU(2) gauge invariance. We remind ourselves
that an SU(2) transformation is very similar to an O(3) rotation, and the generators of the SU(2) transformation are
the Pauli matrices. This means that a representation of SU (2) transformations is given by

vy (01 (0 —i /10
U=c¢e¢ with Tl—(l 0) TQ—(i O) Tg—(o 1 (3.17)

They satisfy the relation
TaTh = Oab + 1€abeTe & [Tas To] = 2i€abeTe - (3.18)

This means that we can write a commutation of two objects with SU(2) indices as an object with one SU(2) index.
For later use we also need a sum rule for the Pauli matrices 71 2 3,

Z TaTy = Z (6116 + ieabcTc) - Z 6ab +1 Z €abcTe = Z 5ab +1 Z (Eabc + 6bac) Te = Z 6ab . (319)
a,b a,b a#b a<b

The basis of three Pauli matrices we can write in terms of 7y » 3 or in terms of 7 _ 3 with

0 1 0 0
T = <0 0) T_ = <1 O) (3.20)

From the QED Lagrangian we know how to describe fermion masses and interactions with gauge bosons in a
dimension-4 Lagrangian. Before we move on, let us briefly look at the dimensionality of the Lagrangian, so we can
use it to structure the weak Lagrangian.

The dimensionality is crucial for the renormalizability or fundamental nature of a Lagrangian. The definition of the
transition in terms of the interaction Hamiltonian in Eq.(1.29),

S ~exp {—i/dt?—[(t)} — exp {—i/d‘lx (mb—z)} , 3.21)

suggests that the Hamiltonian should have the unit energy or momentum, and the Lagrangian should have mass
dimension four. The elements of the Lagrangian have the mass dimensions.

scalar field [¢] = M
explicit mass [m] =M
gauge field [A) =M
space derivative O =M
field strength (] = M?
fermion spinor [p] = M3/2. (3.22)

If we want our theory to be renormalizable and valid to arbitrarily large scales, the Lagrangian cannot include inverse
masses, because in that case a momentum or energy in the numerator would eventually lead to an exploding ratio in
the ultraviolet. This means all terms in a fundamental Lagragian should have mass dimension two to four,
complemented by explicit masses. This is the way we will organize the weak Lagrangian.

As a starting point, the interaction of fermions, our case quarks, with gauge bosons is most easily written in terms of
covariant derivatives. Just like the kinetic term for the gauge bosons, they have mass dimension four,

_ _ 1 ,
Lps = QLZDQL + QRZDQR — ZFQ#UF# (3.23)
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From Eq.(3.7) we know that the covariant derivatives can be used to describe the field strengths. Howewer, going from
the abelian U (1) transformation to the non-abelian SU(2) transformation the condition [A4,,, A, | = 0 is not true
anymore. The good news is that the definition of the field strength in terms of the covariant derivative still holds for
the non-ablelian case,

1
—|

Fow = D,.D,],

ieq
OpAay — OvAa +teq[Ay, Avla (3.24)

now with the SU(2)-index a. The gauge invariance of the field strength follows conveniently from Eq.(3.7).

3.4 Weak gauge bosons

The main theme of the electroweak theory is that it combines our known QED with the U (1) gauge transformation of
the physical photon and the fermion singlet with the SU(2) gauge transformations of the gauge bosons and fermion
doublets. In this combination there appears a mixing which we can describe in two different ways:

1. The neutral gauge bosons can mix, so the observed mass eigenstates are the photon A,, and the massive Z,,, but
they are related to the interaction eigenstate Wg’ and a massless B,,. We can think of the 53,, as the photon of a
proto-QED before we combine QED with the weak symmetry to the actual QED. This description leads to the
weak mixing angle.

2. The U(1) rotation of the fermion fields and the neutral SU(2) rotation via 75 can be combined to individual
U (1) rotations of the left-handed and right-handed fermion spinors. This desciption leads to the
Gell-Mann—-Nishijima formula.

Starting with the mixing from interaction eigenstates to mass eigenstates, we assume that the two ingredients to the
neutral electroweak interactions are a massless proto-photon B,, and the neutral electroweak gauge boson field Wg
Both are neutral particles with the same quantum numbers, so they can mix to the mass eigenstates A,, and Z,,,

AN cw  Sw B, . . _
<Z ) = <Sw Cw> (WS with Sw =8inf,, ¢, =cosb, . (3.25)
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The photon describes the U (1) charge transformation and couples to electric charge. The field B,, couples to the
so-called U (1) hypercharge y. The angle 6,, is the weak mixing angle or Weinberg angle. Both B,, and A,, are
massless, because the determinant of the mass matrix keeps its zero eigenvalue after rotations.

Unlike QED, the weak interaction knows about the chirality of the fermion fields, so we have to distinguish D, and
Dpg. In the interaction basis the covariant derivatives include the massless B,, and the three massive W, ,,

Ta

Dy, =0, + zg'gB,L +ig Z Wa, 5

a=1,2,3

Dg, =Dy, (3.26)

71,2,3=0

This definition implies that our SU(2) gauge transformation only act on the left-handed doublets, so we refer to it as
SU(2) L. The right-handed fields can be written as ntuples, but they do not have a doublet structure under SU(2). The
effect of this is structure is that the massive charged W -boson only couples doublet like (uy,, dy,).

In the mass basis for the neutral states the covariant derivative from Eq.(3.26) has to read

. . T3 . T1 T2
Dr, =0, +ieqA, +igz (—qs?vll + 5) Z, +1g (§W,} + 5W3>
(3.27)
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We omit the relations between the couplings e and gz to ¢’ and g and the weak mixing angle. The relation of ¥ to ¢
and the 73 eigenvalues will be discussed later.

The mass basis of the charged weak bosons is most conveniently written in terms of 71.. To switch bases we only have
to make sure we keep the standard normalization of all fields,

0 0

! 0 w! 0 —iWw?
L 'er; JrTgWi = <W1 OH) + (iW2 0 M)
I

\/§(T+Wlf+T—W;f):\/§(0 ¢ >+f< U O>

& W, = 7( = i) W;:%(Wgﬂwj)
= =0, +ieqA, +zgz< qs> + )Z —Hji(uW:%-LW;) (3.28)

To check this mass basis, we look at the masses of the gauge bosons, which appear as dimension-2 mass terms in the
electroweak Lagrangian. Using the above relation, we write them in terms of the charged W -fields,

2 2 2
Lo = T (W + WHIWE) + ZL 202, = miy WHWy + L2V 7, (3.29)

Now both mass terms are proportional to the field combination ¢*¢ = |¢|?, as we know it from scalars. The relative
factor two in front of the W mass appears because the Z field is neutral and the W field is charged, again the same as
for neutral and charged scalars.

Finally, we look at the Lagrangian terms describing the fermion masses with mass dimension three. From Eq.(1.50)
we know that it requires a combination of the left-handed doublet )1, and the right-handed singlet fields Q gy,

Lp3 = —@LmQQR + ... (3.30)

This form will require a doublet structure of the Higgs—Goldstone fields, which we will discuss next term. For now we
ignore this complication. Moreover, these mass terms can be matrices in generation space, which implies that we
might have to rotate the fermion fields from an interaction basis into the mass basis, where these mass matrices are
diagonal. Flavor physics dealing with such 3 x 3 mass matrices is its own field of physics. We will also omit this
complication for now.

The problem with the mass term in Eq.(3.30) is that they are not invariant under the SU(2), gauge transformation
U (x), which only transforms the left-handed fermion fields

QL5 UQ, Qr 5 Qr . (3.31)

Obviously, there is no way we can make left-right mixing fermion mass terms in Eq.(3.30) invariant under a
left-handed SU (2), gauge transformation,

QrmoQr 5 QLU 'mqQr # QrmoQr . (3.32)

To see what we need to add to make fermion masses consistent with the electroweak gauge symmetry, we need to
combine the local U(1) transformations with the neutral component of the SU(2), transformation

V = efs/2 (3.33)

From our QED calculation we know that the gauge transformation of the fermion fields is related to the form of the
covariant derivative. Equation (3.28) then tell us how to combine V' with the U(1) charge transformation to a U (1)
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hypercharge transformation. This means we need to evaluate

exp(ifq) V= exp(ifBq) exp (;6Tg> with V =U(z)| =exp <;[373>
T3
1 ) 1 1
= exp (26?124-7'3) exp (—;,@7'3> with ¢l = y7;-7'3 ye=3 yL= -1
= exp (igml) . (3.34)

The relation between the charge ¢, the hypercharge y, and the isospin 73 is the same as in Eq.(3.27)), called the
Gell-Mann—Nishijima formula. The indices () and L denote quark and lepton doublets. In this notation we do not
distinguish U (1) rotations by a real angle and SU (2) rotations proportional to a unit matrix. This is reflected in the
Gell-Mann-Nishijima formula, where 73 has to be replaced by its eigenvalue £1 for up—type and down-type fermions
to relate charge and hypercharge.

In analogy to Eq.(3.31) left-handed and right-handed fermion spinors transform under the combination of V" and the
two U (1), now denoted as V, as

QL % exp (iBao) VIQrL = exp <i§yQﬂ> Qr

Qr % exp (iBaq) Qr - (3.35)

The right-handed fermions only see the electric charge.

3.5 Sigma model

One way of solving this problem with weak gauge invariance of fermion mass terms is to introduce an additional field
3 (). This field will a similar role as the real scalar field we used for the photon mass generation. Its physical
properties will become clear piece by piece from the way it appears in the Lagrangian and from the required gauge
invariance.

First, we introduce X into the fermion mass term. This will tell us what it takes to make this mass term gauge invariant
under the weak transformations defined in Egs.(3.31) and (3.33)

R R [ —
Q.EmoQr 2 QLU 'S D moQr = Q. 5moQr
o Yy 2@ =—yy. (3.36)

and

@u5maQn 4 Qe (~igut) S m o (150 @

= @LZ(V) exp (—igy]l) exp (18q) moQr exp (zfy]l) always commuting
= Q2" VmoQr
20,5moQr & Yo xMoxyt. (3.37)

Combining both gives us the needed transformation property

Y- Uxvt. (3.38)

We see that X is a 2 x 2 matrix with mass dimension zero. The fermion mass Lagrangian is gauge invariant without
specifying anything about the relation of ¥ with propagating or physical fields
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In a second step, we use X to introduce gauge boson masses. We recall the covariant derivative from Eq.(3.20),

Dy, =0, + ig’%B# + igWa,#% . (3.40)
We first choose the form of the covariant derivative acting on X,
.y Yy . Ta
DY =0,2+19'¥B,> +igWa =2
2 q=0 2
— 0,5 — ig’EBM% + z‘gWW%“E : (3.41)
With the abbreviations
V,=%(D,2)  and T=%pXl, (3.42)

we will show in Sec. [3.6]that we can write the gauge boson mass Lagrangian as
v? v?
Lpo = - Tr[V,V*] — Ap§ Te[TV,] Te[TVH] . (3.43)

The trace acts on the 2 x 2 SU(2) matrices. The parameter Ap is conventional and will be the focus of Section
Before we compute the weak boson masses, we see which gauge invariant terms of mass dimension four we can write
down using X. Our first attempt for a building block

st W wevhiwsvh) = veivtusyt = veisvt £ xiy (3.44)

is forbidden by invariance under Eq.(3.38). However, a circular trace Tr(X1¥) — Tr(VEIXVT) = Tr(X1Y) allows
for the additional potential terms, meaning terms with no derivatives
2,2 Aot
L = —”4” TH(Ety) - 1—% (Tr(=T2))* + -+ (3.45)
with properly chosen prefactors p, v, A. This finalizes our construction of the weak Lagrangian organized by mass
dimension,

L= Lpo+ Lps+ Lps+ L. (3.46)

3.6 Weak boson masses

To check that Eq.(3.43)) gives the correct masses in the Standard Model we assume that 3 acquires a vacuum
expectation value. The simplest way to achieve this and obtain the correct fermion masses is to just write

S(z)=1. (3.47)

This choice is called unitary gauge. It looks like a dirty trick to first introduce ¥ (x) = 1 and then use this field for a
gauge invariant implementation of gauge boson masses. Clearly, a constant does not exhibit the correct transformation
property under the U and V' symmetries, but we can always work in a specific gauge and only later check the physical
predictions for gauge invariance.

We now check Zps as written in Eq.(3.43) for the correct gauge boson masses. Using the covariant derivative from
Eq.(3.41) acting on a now constant field we can compute V), in unitary gauge

Vu = E(DME)T = H(DME)T

o . + T+ . _T— . 37-3 .7 T3

= —ZgWM ﬁ — ZgW:U' ﬁ — ZgWHE + 19 BH?

_ ;9 + - : 73

=~z (Whry+ W, r_) - i92Zp% » (3.48)
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with Z,, = CoW3 — 8w B,, and the two coupling constants

n
g7=2  and = P (3.49)
Cw Cw
This gives us the first of the two terms in £ps using 77 = 0 and Tr(7374) = 0,
g 9%
Tr[V,VH] = —2 5W“+W*“ Tr(ry7) — ZZZHZ“ Tr(r3)
2
— —PWEW - ‘%ZZ#Z“ , (3.50)

In the second step we use Tr(7:.7%) = 1, and Tr(73) = Tr 1 = 2. The mass term proportional to Ap also simplifies
in unitary gauge

77:12732ﬁ = T3
T2
= Te(TV,) = Tr <—z’gZZH23> = —igzZ,
= Tu(TV,) Te(TV*) = g5 2, 7" . (3.51)

Combining both terms with the prefactor in Eq.(3.43)) yields the complete gauge boson mass term

v? 217+ 11— 9% v? 2
Lpr=——F|—g W, WH— 7ZHZ“ — Apg (—gZZ#Z“)

4
0292 B U292
= W,iw =+ TZ (1+Ap) Z,2" . (3.52)

Identifying the masses with the form given in Eq.(3.29) and assuming universality of neutral and charged current
interactions (Ap = 0) we find

mW:?

gzv Ap=0 gzV _ gu
=1+Ap = "= = ="
mz tarT, 2 " %
A possible additional and unwanted Z-mass contribution Ap will come back in Sec. From the known gauge
boson masses (my ~ 80 GeV) and weak coupling (g ~ 0.7) we find v ~ 246 GeV.

(3.53)

3.7 Weak boson propagators

Finally, let us at least mention different gauge choices and the appearance of Goldstone modes. If we break the full
electroweak gauge symmetry SU(2)r, x U(1)y — U(1)g we expect three Goldstone bosons which become part of
the weak gauge bosons and promote those from massless gauge bosons (with two degrees of freedom each) to massive
gauge bosons (with three degrees of freedom each). This is the point of view of the unitary gauge, in which we never
see Goldstone modes.

In the general renormalizable ¢ gauge we can actually see the Goldstone modes in the gauge boson propagators

Ayy(p) = 2_72 g+ (E— 1)%
p* —my, + 1€ p? —Emi,
—i [ p'pY ] .
= |9 — unitary gauge & —
P2 —m? +ic | m? | y gauge { — 00
- 2__7; g Feynman gauge £ =1 (3.54)
DT —my, + e " i
—1 pupy
- 9" — Landau gauge £ =0 .
P2 —m? +ie |7 p? | gauge {




If these gauge choices are physically equivalent, something has to compensate for the fact that in Feynman gauge the
whole Goldstone term vanishes and the polarization sum looks like a massless gauge boson, while in unitary gauge we
can see the effect of these modes. This is done by the Goldstone propagator

T — — (3.55)

p? —Emi, + ie

The Goldstone mass v/£my depends on the gauge: in unitary gauge the infinitely heavy Goldstones do not propagate
(Avyv(p?) — 0), while in Feynman gauge and in Landau gauge we have to include them as particles. From this form
we can guess that they will indeed cancel the second term of the gauge boson propagators.

These different gauges have different Feynman rules and Green’s functions, even a different particle content. For a
given problem one or the other might be the most efficient to use in computations or proofs. For example, the proof of
renormalizability was first formulated in unitary gauge. Loop calculations might be most efficient in Feynman gauge,
because of the simplified propagator structure, while many QCD processes benefit from an explicit projection on the
physical external gluons. Tree level helicity amplitudes are usually computed in unitary gauge, etc...

3.8 Custodial symmetry

Analyzing the appearance of Ap in Eq.(3.43)) and Eq.(3.53)) we will see that not only higher energies, but also higher
precision leads to a breakdown of the effective sigma model. The general gauge-symmetric Lagrangian for the gauge
boson masses in Eq.(3.43) involves both terms, where Tr[V,,V#] gives my, and m proportional to g = gy and gz,
while (Tr[T'V,,])? only contributes to m .

The the two gauge boson masses can be expressed in terms of the weak mixing angle 6., assumping that that G or g
universally govern charged-current and neutral-current interactions. At tree level this experimentally very well tested
relation corresponds to Ap = 0 or

2 2

Two_ I~ (3.56)
mz 9z
We can introduce a free parameter p, which breaks this relation
9%~ 9z p
myz — My \/ﬁ:mz \/1+Ap, (3.57)

It corresponds the theoretically derived Ap. In experimental reality, we need a reason to ensure Ap = 0, and the
SU(2);, x U(1)y gauge symmetry unfortunately does not do the job.

In the Standard Model p = 1 is actually violated at the one-loop level. This means we are looking for an
approximate symmetry of the Standard Model. What we can hope for is that this symmetry is at least a good
symmetry in the SU(2), gauge sector and slightly broken elsewhere. One possibility is to replace SU(2);, x U(1)y
symmetry with a larger SU(2);, x SU(2) g symmetry, which could even be global,

¥ — Unvi UecSU2)L V e SU?2)r
Tr(2'Y) — Tr (VEUTUSVT) = Tr(21Y) . (3.58)

In this setup, the three components of W# form a triplet under SU(2), and a singlet under SU(2)g, so p = 1.

In the gauge boson and fermion mass terms computed in unitary gauge the X field becomes identical to its vacuum
expectation value 1. The two SU(2) transformations act on the vacuum expectation value as

() = wsvh = wivh =vvi £ 1. (3.59)

The symmetry requirement can only be satisfied if U = V, which means that the vacuum expectation value for X
breaks SU(2), x SU(2)r to the diagonal or custodial subgroup SU(2) 1+ r.
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Even beyond tree level the global SU(2), x SU(2)r symmetry structure can protect the relation p = 1. If fermions
reside in SU(2) 1, and SU(2) g doublets we cannot generate any difference between up—type and down-type fermions,
which implies for instance m; = m;. The measured masses m; >> my, leads to p # 1, because self energy loops in the
W propagator mix a the bottom and top quark, while the Z propagator includes pure bottom and top loops,

3G 2,2 2

d (mf + m% — 277?””1’ 5 log m;>
V22 m; —m;  m;
3Gr

= NP <2m§+m§52m§
_ 3Gp 9 9 5 (1 5 8 4
2 .
_8?\’%1”27715 <2+6—2—26+5+62—352+0(55))
T
3Grp 4

= s/ (;52 + @(53))

_ Gemiy ((m?—m§)2+u_> . (3.60)

8v/ 272 m‘?/vm%

Ap D

8
146

log (1 + 5)) defining m? = m(1 + )

In the Taylor series above the assumption of § being small is of course not realistic, but the result is nevertheless
instructive: the shift vanishes very rapidly towards the symmetric limit m; ~ my. For the realistic Standard Model
mass ratios it becomes

2 2 2 2 2
29> 200 i (12 vog 1) - PR L (1, (1)) (3.61)
8v/2m? my Mg 8v2r2  miy, M

A second contribution to the p parameter will arise from Higgs loops,

11Gpm}s:, 7
_NGEmz s, o, M (3.62)

ApD —— 2w
p 24+/272 m%

We want to mention that is another parameterization of the same effect, the 1" parameter. It is part of an effective
theory parameterization of deviations from the tree level relations between gauge boson masses, mixing angles, and
neutral and charged current couplings,

{s,1,U} (3.63)

Two of these so-called Peskin—-Takeuchi parameters can be understood fairly easily: the S-parameter corresponds to a
shift of the Z mass. The T" parameter compares contributions to the W and Z masses. The third parameter U is less
important for most models. Again, we quote the contributions from the heavy fermion doublet,

N, m2
AS =— <1 —2Ylogm§>

6m i
N, 2mim? m?
AT = — e (2 pp2 = 20,0 T 3.64
4s2 2 m?, (mt o mi —mj 8 mi) "’ (3.64)

with Y = 1/6 for quarks and Y = —1/2 for leptons. While the parameter S has nothing to do with our custodial
symmetry, p and T ~ Ap/« are closely linked. Their main difference is the reference point, where p = 1 refers to its
tree level value and 7" = 0 is often chosen for some kind of light Higgs mass and including the Standard Model
top-bottom corrections.

Typical experimental constraints form an ellipse in the .S vs T plane along the diagonal. They are usually quoted as
AT with respect to a reference Higgs mass. Compared to a 125 GeV Standard Model Higgs boson the measured

28



values range around 7" ~ 0.1 and S ~ 0.05. Additional contributions AT ~ 0.1 tend to be within the experimental
errors, much larger contributions are in contradiction with experiment.

There are two reasons to discuss these loop contributions breaking the custodial symmetry in the Standard Model.
First, Ap is experimentally very strongly constrained by electroweak precision measurements, which means that
alternative models for electroweak symmetry breaking usually include the same kind of approximate custodial
symmetry by construction. Second, in the Standard Model we can measure the symmetry violations from the heavy
quarks and from the Higgs sector shown in Egs.(3.60) and (3.62) in electroweak precision measurements. Even
though the Higgs contributions depend on the Higgs mass only logarithmically, we can then derive an upper bound on
the Higgs mass of the order of O(200 GeV). Since the Higgs discovery , studying electroweak precision data given
the measured Higgs mass is one of the most sensitive consistency tests of the Standard Model.
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4 Quantum Chromodynamics

After introducing QED as a U(1)-gauge interaction and the weak force as an SU (2)-gauge interaction, the step to the
strong interaction or QCD with based on SU(3) gauge invariance is structurally simple. In particular, we assume, in
agreement with all existing measurements, that the gluons as the QCD gauge bosons as massless and that their
interaction is not affected by the weak quantum numbers or the fermion doublet structure. This means we can build
QCD as a non-abelian version of QED. We will see that QCD, in spite of the structural similarity to QED, has
especially interesting properties and equally interesting experimental consequences.

4.1 QCD Lagrangian

We start with the SU(3)-version of the same argument we made for SU(2) from Eq.(3.17) on. The SU(3)
transformations are given by

; 1 71.2.3 0
U=eTe  with Tiog=-( "> 4.1
12,3 = 5 0 0 4.1)
witha=1... N 3 — 1 =1 ... 8 and the number of colors in the fundamental representation, N, = 3. Please note the
conventional factor 1/2 relative to the Pauli matrices. The (3 x 3) matrices T, are the traceless, hermitian, and unitary
Gell-Mann matrices. We give the first three of them in terms of the Pauli matrices, but there is no point in writing
them down because we only need their algebraic properties to compute the color factors of scattering amplitudes,

[To, To) = ifapeTe and Tr(T,Tp) = TrOap» = %éab . 4.2)
Here, f,p. are the antisymmetric structure constants of SU(3) with
Jacdfoecd = Nedab - (4.3)
The one formula we need to compute color factors for quark processes will be
(Ta)ij(Ta)ke = : (51‘@53'1@ - 15i,j5kz> . (4.4)
2 N,

The QCD Lagrangian can be constructed as a non-abelian massless version of the QED Lagrangian. For the
dimension-4 Lagrangian we follow Eq.(3.23)), limit ourselves to the quarks as fermions charged under SU(3), and
write

. 1 v
Zoco = GiY"(Dy)ija; — ZFGHMVF# , 4.5)
with the gluon field strength tensor
Fa,p,u = aMAa,l/ - 6VAa,p, - ng [A/u Au]a ’ (4’6)

and the SU (3)-covariant derivative with the appropriate color indices
(D/L)ij = 8;A]1ij - igsA;L,a(Ta)ij (47)

From these formulas we see immediately that the quark propagators are the same as for QED, and unlike for the weak
interaction we do not have to keep track of the chirality. The quark-quark-gluon interaction is very similar to the
quark-quark-photon vertex in Eq.(T.40),

—igs Y (Ta)ij (g — @i — Ga,u)- (4.8)
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The only additional element is the SU (3)-matrix, and we already see that all color matrices in a scattering process
will form traces along the quark line(s). The color factors factorize from the Dirac algebra and can be computed
independently.

Let us start with the electroweak processes

ete™ = qq and qq@ — ete” 4.9
Here no gluons appear at leading order, which means we do not have any matrices 7' in our calculations.
Nevertheless, a color factor appears because we sum over the (identical) colors of the two external quarks. We can
write this color sum for the squared matrix element formally as

045055 = 055 = N (4.10)

The different between the process e™e™ — ¢g and g — e e~ is that for the former we sum over the color states in
the final state and for the latter we average over the color states in the initial state, giving us another factor 1/N.. Let
us now radiate a gluon from any of these processes, for instance

ete” = qqg and q@—ete g 4.11)

First, we have to deal with another gluon in the Dirac traces, just like when radiating a photon. In addition, there is the
color contribution in Eq.(#.8),

1 N2 -1
(Ta)ij (Ta)ji = TI‘(TaTa) = 55(1@ = CT . (412)
It can be expressed in terms of the fundamental Casimir as
NZ-1 4
Te(T,T,) = N.C ith Cp=—5 =—, 4.13
( ) F Wi i3 ON. 3 (4.13)
Another example is the successive radiation of two gluons from a hard quark,
4 — q9a9b - (4.14)
Depending on the order of the two gluons, we first find the planar color factor,
Te(TTT T") = (T°T*)(T°T"),;
1 056 050
= (o0 252 (500 - 52
1 (51‘1 5il
=—(0ulNe— — | [ 0aNe — —
(e 5) (o )
N2 -1\? , 16 5
= N, N, = N.Cp = 3= O(N?) . (4.15)
When we cross the gluon lines between the diagram and its complex conjugate we get the same way
2
(T, ,T,T,) = —% =-3= O(N,) . (4.16)

That contribution is suppressed by a factor eight, which means that two gluons have a significant preference for
ordered emission.

We can also compute the color factor for the purely gluonic theory, i.e. radiating gluons off two hard gluons in the
final state. For instance, planar double gluon emission with the exchanged gluon indices b and f gives us the largest
color factor

feripebe pito feIo = N5% Nes* = O(N?) .17

now independent of the ordering.
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4.2 Ghosts

The main complication of QCD compared to QED comes from the kinetic term of the gluons, where we keep in mind
that for non-abelian gauge groups the term F,, ,, /" gives rise to the gauge boson propagator and to the
self-interactions. We immediately see this when we insert the formula in Eq.(#.6) into the Lagrangian of Eq.(@.3) and
encounter up to four powers of the gluon field, and no derivative.

Let us go back to QED, where in Sec. [3.2] we emphasize that photons have only two transverse degree of freedom and
then still write the gluon field in terms of a 4-vector A,,, effectively consisting of four degrees of freedom. How does
QED ensure that in the actual calculation the longitudinal and the scalar degrees of freedom do not contribute?

The way to tackle this question is through the gauges introduced in Eq.(3:54), simplified in the massless limit to

—1
p? + i€ g
—1 o pﬂpu
p2 + je p2

o Feynman gauge £ = 1

—i
A (p) =
() p? +ie

(4.18)

oV
o022

} Landau/Lorenz gauge £ =0 .

Here we need to be careful with the word ‘gauge’, because the different forms of the propagator have nothing to do
with the gauge symmetry of the Lagrangian. The unitary gauge makes no sense for massless particles. For the weak
bosons the unitary gauge was the only way to decouple and get right of the Goldstone modes.

To learn how to remove the unwanted degrees of freedom we write the photon Lagrangian from Eq.(3.1) such that it
gives us the photon propagator from Eq.(4.18) in the R, gauge. We only quote the result as

1

4F;WF‘W _

1
o%hoton, of — — i(auA#)Q . 4.19)

In analogy to Eq.(1.7) this Lagrangian gives us the equation of motion
1
00, A, — (1 + 5) 0"0,A,=0. 4.20)

It is equivalent to the version without the gauge fixing term, in that it requires the d’ Alembert equation for the photon
and the Lorenz gauge condition.

From the massive photon example we know how to turn Eq.(@.19) gauge-invariant. From the weak gauge bosons we
also know how to switch from one gluon propagator to another — again we need to introduce another field. For the
massless gauge bosons we will refer to these new fields as ghosts. Let us start with the QED Lagrangian in Eq.(4.19),
including the gauge fixing term corresponding to the general photon propagator. Because we know from Eq.(3:2) that
F,,, is U(1)-gauge invariant, we also know that the Lagrangian in R, gauge is not locally U (1)-symmetric. From
Eq.(3.2) we remember the gauge transformation of the photon as

v ar— Long
(&

2
1 1 1 1 1
——(0,A"? - —— (9, 4" — —9%a | =~ ——=(0,A")* + —(9,4")(d%a) . 4.21
25(# ) 2§<u o 0‘) 25(# )+e§(’ )(0%a) (4.21)
In the last step we ignore higher powers of o, because we are working with infinitesimal gauge transformations. To
turn this Lagrangian gauge invariant we add an auxiliary field ¢ such that
1

1
v%hoton—ghost = 7ZF[LVFMV - i(auAu)Q +c (9204 ) (422)

We see that the combination of the gauge fixing term and this new term is gauge-invariant if
1
e§

c—e——(9,4"). (4.23)
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To give a meaning to this auxiliary term we move one of the derivatives through an integration by parts. In this form
the additional term in the Lagrangian makes sense if we upgrade « to another field, « — ¢, such that the auxiliary ¢
and the upgraded c form a complex scalar,

1 1
»%hoton—ghosl = _ZF,U,VFHV - i(auAu)Q + (8#06) (3ua)
1 1
— —ZFWFW — i(aufw)? + (9,¢) (0%c) . (4.24)

In Eq.(3-T1) we have seen something similar, namely a scalar field added to the QED Lagrangian to make sure the
massive degrees of freedom are correctly described. Because the unitary gauge is not defined in Eq.([@.I8)), there is no
gauge choice for which we can decouple and neglect the ghosts, they have to be computed in the Lorenz and in the
Feynman gauges. What saves us in QED is that they do not appear elsewhere in the Lagrangian, so they are
propagating but non-interacting fields. For our QED calculations this means that they are irrelevant and we can ignore
them.

The situation changes because of the non-abelian structure of QCD, which replaces the standard derivative with a
covariant derivative in the gauge transformation and also in the kinetic term for the ghosts. The gauge-fixed
Lagrangian with the compensating ghost fields then reads

1

26
The gluon propagator in the R, gauge is the same as the photon propagator in Eq.(@.18)), just with a factor ¢, in the
numerator. We are skipping the crucial triple and quartic gluon self-interactions, because they are lengthy. However,
we can write down the ghost Feynman rules, including the ghost propagator following from Eq.([.22))

5ab
P2 + e

1
%luon-ghost = _iFa,y,VFgV (3NA5)2 - (aﬂéa)(a,uca) + gsfabcAg(a;LEb)Cc . (425)

(4.26)

and the ghost-ghost-gluon interaction

_igfabcp# (C —Cc— g) ) (427)

where p,, is the 4-momentum of the incoming ghost field.

Because we derived the ghosts through gauge invariance, we can at least for external gluons follow a slightly different
direction to ensure the correct degrees of freedom contribute to the matrix element. For a matrix element with two
external gluons M* the explicit condition is

puM" =0=p, M (4.28)

and we can enforce it by projecting M*# onto the allowed tensor structures. Following the same line of thought for
propagators leads us back to Eq.(@-18)), where we find for the so-called transverse tensor

qu — g PP TR — O = p, TH 4.29
=9 - p2 = Pu =U=Dpy . ( )

It is a projector on the transverse degrees of freedom because

p’p* pup’
TP = (g“" e ) (9{3 -

_ glm B pHpP B pPpH N p2pupp

— THP (4.30)
p? p? pt

This means that the gauge propagator in Lorenz gauge is guaranteed to be transverse in the covariant sense. The
problem with this argument is that propagators define individual Feynman diagrams, and gauge invariance only holds
for all Feynman diagrams combined. This means that for internal gluons, including loop integrals, even the Lorenz
gauge does not ensure the correct gluon polarization and we always have to include the ghosts explicitly.
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4.3 Ultraviolet divergences

Renormalization as the proper treatment of ultraviolet divergences is one of the most important things to understand
about quantum field theory. It is driven by the appearance of ultraviolet divergences, which we first regularize, i.e.
describe in a well-defined manner, and then renormalize away through counter terms. This renormalization leads to
the appearance of the renormalization scale.

Scales automatically arise from infrared or ultraviolet divergences. We can see this by writing down a simple scalar
loop integral, with to two virtual scalar propagators with masses 11 2 and an external momentum p flowing through a
diagram,

dq 1 1

167 @ —ml (G4 P2~

B(p*;my,msy) = / 4.31)
Such two-point functions appear for example in the gluon self energy with virtual gluons, with massless ghost scalars,
with a Dirac trace in the numerator for quarks, and with massive scalars for supersymmetric scalar quarks. In those
cases the two masses are identical m; = my. The integration measure 1/(1672) is dictated by the Feynman rule for
the integration over loop momenta. Counting powers of ¢, we see that the integral behaves like

1 d*q
B(p®;m1,mg) ~ o /q—4 (4.32)

in the ultraviolet, so it is logarithmically divergent.

One regularization scheme is a cutoff into the momentum integral A, for example through the so-called Pauli—Villars
regularization. Because the ultraviolet behavior of the integrand or integral cannot depend on any parameter living at a
small energy scales, the parameterization of the ultraviolet divergence in Eq.(@.31)) cannot involve the mass m or the
external momentum p?. The scalar two-point function has mass dimension zero, so its divergence has to be
proportional to log(A/ur) with a dimensionless prefactor and some scale p% which is an artifact of the regularization
of such a Feynman diagram. Because it is an artifact, this scale ©r has to eventually vanish from our theory prediction.

A more elegant regularization scheme is dimensional regularization. It is designed not to break gauge invariance and
naively seems to not introduce a mass scale ;1. When we shift the momentum integration from 4 to 4 — 2e
dimensions and use analytic continuation in the number of space—time dimensions to renormalize the theory, a
renormalization scale pr appears when we ensure the two-point function and with it observables like cross sections
keep their correct mass dimension

d*q 1 1 2 [d*7%q 1 1
2 2 2 2 3 7 MR 2 2 2 2 2
1672 ¢* —m{ (q +p)* —m3 167% % —mf (q +p)* —m3
ing  [C-
(4m)? €
The constants C; in the series in 1/¢ depend on the loop integral. To regularize the ultraviolet divergence we go into
the limit ¢ > 0 and find mathematically well defined poles 1/¢. Defining scalar integrals with the integration measure

1/(im?) will make for example C'_; come out as of the order O(1). This is the reason we usually find factors
1/(47)? = x2/(2m)* in front of the loop integrals.

+Co+Cre+ 0] . (4.33)

4.4 Counter terms

The ultraviolet poles in 1/e will cancel with universal counter terms once we renormalize the theory. We include
counter terms by shifting parameters in the Lagrangian and the leading order matrix element. They cancel the poles
for example from virtual one-loop diagrams,

[Mro(g) + Myi* = [Mro(g)]” +2Re Mio(g) M + -+
= [Muio(g +d9)|* +2Re Mio(g) Myin + -+
with g— ¢"" =g+ dg and 09 x ag/e. (4.34)
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The dots indicate higher orders in o.

The counter terms do not come with a factor u%{, so this factor will not be matched between the actual ultraviolet
divergence and the counter term. We can keep track of the renormalization scale best by expanding the prefactor of the
regularized but not yet renormalized integral in Eq.(4.33)) in a Taylor series in €, no question asked about convergence
radii

it [ v vvota] = e [ 46y o)

= [1 + 2elog g + 0(62)] |:C€1 +Co+ 0(6)]

C4
7+C’0+C’_1 loguR—&-O( )

C 1

—>—+OO+O +O( ) (4.35)

1 IOg M2
In the last step we correct by hand for the fact that log u% with a mass dimension inside the logarithm cannot appear in
our calculations. From somewhere else in our calculation the logarithm will be matched with a log M? where M? is
the typical mass or energy scale in our process. This little argument shows that also in dimensional regularization we
introduce a mass scale p g which appears as log(u% /M?) in the renormalized expression for our observables.

In Eq.(@.33) there appear two finite contributions to a given observable, the expected Cj and the
renormalization—induced C'_;. Because the factors C'_; are linked to the counter terms in the theory we can often
guess them without actually computing the complete loop integral, which is very useful in cases where they
numerically dominate.

Counter terms are not uniquely defined. They remove a given divergence to return finite observables, but we are free
to add any finite contribution we want. This opens many ways to define a counter term for example based on physical
processes where counter terms do not only cancel the pole but also finite contributions at a given order in perturbation
theory. An example for such a physical renormalization scheme is the on—shell scheme for masses, where we define a
counter term such that external on—shell particles do not receive any corrections to their masses. For the top mass this
means

m?are =my + 0my
OLSCF 1 2
=my + my o (3 <—+7E—log( ) — logM2>—4+310gM2)
. asCr 3 m? 1 1 4,
=my +my = (_g 4+3logM2> & g(@) :g—7E+log e (4.36)
M

with the color factor C = (N? — 1)/(2N) and the Euler constant vz = 0.577 coming from the evaluation of the
Gamma function I'(€) = 1/e + vg + O(e). The convenient scale dependent pole 1/€ includes the universal additional
terms like the Euler gamma function and the scaling logarithm. This logarithm is the big problem in this universality
argument, since we need to introduce the arbitrary energy scale M to separate the universal logarithm of the
renormalization scale and the parameter-dependent logarithm of the physical process.

Another example for a process dependent renormalization scheme is the mixing of v and Z propagators. There we
choose the counter term of the weak mixing angle such that an on—shell Z boson cannot oscillate into a photon, and
vice versa.

One common feature of all mass counter terms is dm o m, which means that our renormalization is multiplicative,
bare 6m : 6m
m*=Z,m=01+6Z,)m=[1+— |m=m+dm with 0Ly = — 4.37)
m m

This form implies that particles with zero mass will not obtain a finite mass through renormalization. If we remember
that chiral symmetry protects a Lagrangian from acquiring fermion masses this means that on—shell renormalization
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does not break this symmetry. A massless theory cannot become massive by mass renormalization. Regularization
and renormalization schemes which do not break symmetries of the Lagrangian are ideal.

Another way of introducing counter terms is by defining a renormalization point. This can be the energy scale at which
the counter terms cancels all higher order contributions, divergent as well as finite. The best known example is the
electric charge which we renormalize in the Thomson limit of zero momentum transfer through the photon propagator

e — " = ¢ 4 fe . (4.38)

Finally, there is a way to define a completely general counter term: if dimensional regularization does not break any of
the symmetries of our Lagrangian, we can simply subtract the ultraviolet pole. The only question is: do we subtract
1/€ in the MS scheme or 1/€ in the MS scheme. In the MS scheme the counter term becomes scale dependent.

Carefully counting, there are three scales we need to consider:

1. the physical scale in the process, like the top mass m; in the matrix element for the top decay;
2. the renormalization scale i, a reference scale as part of the definition of the counter term;

3. The scale M separating the counter term from the process dependent result, which we can choose however we
want. The role of M will become clear when we go through the example of the running strong coupling «s.

Of course, we would prefer to choose all three scales the same, but in a complex physical process this will not be
possible. For example, any massive (2 — 3) production process naturally involves several external physical scales.

4.5 Running coupling

To get an idea what these different scales mean we compute the running strong coupling s (1%). A simple process
where we can study it is bottom pair production, where at some energy range we will be dominated by valence quarks:
qq — bb. The only Feynman diagram is an s-channel off-shell gluon with momentum p? = s,

At next—to—leading order this gluon propagator will be corrected by self energy loops, where the gluon splits into two
quarks or gluons and re-combines before it produces the two final-state bottoms. Let us for now assume that all
quarks are massless. The Feynman diagrams for the gluon self energy include a quark look, a gluon loop, and the
ghost loop which removes the unphysical degrees of freedom of the gluon inside the loop:

;7 -~
\
/
@ + w@w SERCI T tole)
~ _ - 4
The gluon self energy correction or so-called vacuum polarization will be a scalar. All fermion lines close in the
Feynman diagram and the Dirac trace is computed inside the loop. In color space the self energy will (hopefully) be

diagonal, just like the gluon propagator itself, so we can ignore the color indices for now. In Lorenz gauge the gluon
propagator is proportional to the transverse tensor defined in Eq.(4.29). The same should be true for the gluon self
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energy, which we therefore write as I[1*” = II T*¥. Including the gluon, quark, and ghost loops the regularized gluon
self energy with a momentum flow p? through the propagator reads

1 % s 1 p? 13 2
— I (p];) = <_g + log e ch — 3Ny + O(logm3)

1 /11 2
but reall bp=—|—=N.— = . 4.
ut really 0 47r<3 . 3nf>>0 (4.39)
The number of fermions coupling to the gluons is ny. The factor by reflects the one-loop corrections. Strictly

speaking, it gives the first term in a perturbative series in the strong coupling ag = g2/ (4).

In the last step of Eq.(.39) we have snuck in additional contributions by replacing the factor 13/6 by a factor 11/3.
This is related to the fact that there are actually three types of divergent virtual gluon diagrams in the physical process
qq — bb: the external quark self energies with renormalization factors Z}/ 2, the internal gluon self energy Z 4, and the
vertex corrections Z 4 7. The physical parameters we can renormalize in this process are the strong coupling and the
quark masses. Wave function renormalization constants are not physical. The entire divergence which eventually
needs to be absorbed in Z, is given by the combination

Za
Zass = 2,2Y°7; & =12, (4.40)
24" %y

This changes the factor from 13/6 to 11/3 in the running of the strong coupling.

We can check this definition of Z; by comparing all vertices in which the strong coupling g5 appears, namely the
gluon coupling to quarks and ghosts, as well as the triple and quartic gluon vertex. All of them need to have the same

divergence structure
Zags V Zace 1 Zza | Zsa
= = - = _ (4.41)
7%z, 7\Pz, 732 Z3

If we had done the same calculation in QED and looked for a running electric charge, we would have found that the
vacuum polarization diagrams for the photon do account for the entire counter term of the electric charge. The other
two renormalization constants Z 45y and Z; cancel because of gauge invariance.

In contrast to QED, the strong coupling diverges in the Thomson limit because QCD is confined towards large
distances and weakly coupled at small distances. Lacking a well enough motivated reference point we are lead to
renormalize oy = g2 /(4) in the MS scheme. From Eq.([#39) we know that the ultraviolet pole which needs to be
cancelled by the counter term is proportional to the function bg

da S II
abre — (1+ o >aSMS 1772 as(M2)

S as

pole

Eq.@39) Qg
= 1—
)
M
Here we explicitly include the scale dependence of the counter term. Because the bare coupling does not depend on

any scales, this means that the renormalized o5 depends on an unphysical scale M. We can also evaluate it at the
momentum flowing through the gluon propagator p? and write according to Eq.([@39)

bo | as(M?) . (4.42)

2 b 2
b = q (p?) (1 - % + s (p*)bg log Z\p42) . (4.43)
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On the right-hand side a is evaluated at the physical scale p?. The logarithm shifts the argument of € from M? to p?.
This way the formula defines a running coupling « (p?) and accounts for shifts between the physical scale p? and the
general scale M? coming out of the MS scheme. Identifying the right-hand sides of Eqs.([#.42)) and #.43) we find

2

aS(MQ) = ozs(pz) + ai(pQ)bo log %
2
= a,(p?) (1 + as(p?)bo log J\pp) . (4.44)

To the given loop order the argument of the strong coupling squared on the right side can be neglected — its effect is
of higher order. We nevertheless keep the argument as a higher order effect to later distinguish different approaches to
the running coupling.

4.6 Resummation

We can do better than fixed order in perturbation theory: instead of simply including the gluon self energy bubble at a
given order in perturbation theory we can include chains of one-loop diagrams with II appearing many times in the
gluon propagator. It means we replace the off—shell gluon propagator by

e TR (T T\"
7+ (T )
T T T\"
_|_<p2.(_TH).p2.(_TH).pz) + .-
AN T L |
TP Z(_zﬂ) P2 L+I/p? @49
=0

schematically written without the factors ¢. To avoid indices we abbreviate 7/*T#? =T - T and
(T-T-T)" =T"T]T; =TT, =T" . (4.46)

This (re-)summation moves the finite shift in s from Eqs.(.39) and (#.43)) into the denominator, while we assume
that the pole will be properly taken care of at any given order,

2b 2 2b
al;are — Oés(MQ) _ O‘s~ 0 = as(p ) - — 048~ 0 - (4.47)
€ D €

1 — as(p?) by log el
As before, we can relate the values of ay at two reference points, i.e. we consider it a renormalization group equation
(RGE) which evolves physical parameters from one scale to another in analogy to the fixed order version in Eq.([@.44)

1 1 P2 1 P2
= 1—a,(p?) by log~— | = —— — by log <+ . 4.48
0O~ ou ) < as(p”) bo OgM2> o) ez (4.48)
The factor o, in the parentheses can be evaluated at either of the two scales, the difference is a higher order effect. If
we keep it at p* we see how Eq.(&48) is different from Eq.(#43) and how resumming the vacuum expectation bubbles
differs from the un-resummed result in higher order contributions. When we differentiate o, (p?) with respect to p? we
find with d/dz(1/as) = —1/a? da,/dx

pz dozs(pQ) _ dozs(pQ) — o2 d 1
dp? d log p? Sdlogp o )
p?
= byl
Sdlogp [ + 008 a2
= —a bo + O i
- a2Zb ot =8 (4.49)
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This is the running of the strong coupling constant including all higher order terms b,,. From Eq.(4.39) we know that
bo > 0, which means that towards larger scales the strong coupling has a negative slope. The ultraviolet limit of the
strong coupling is zero and QCD is asymptotically free, while in the infrared it hits a Landau pole.

If we are interested in the running of the strong coupling as a function of the physical measurement scale, a5 (p?), we
can solve Eq.([@.48) for

1 _ 1 1 M2 log 2 4.50
o (4ot ) 0

For by > 0 this multiplicative factor can become zero at p> < M?. This implies a5(p?) — oo, the so-called Landau
pole defining a small energy scale at which the strong coupling diverges and our theory switches degrees of freedom
from quarks and gluon to mesons and baryons. We turn the problem into a feature by turning the Landau pole into a
reference scale Agcp at a given loop order through

1+ as(M?) by lo AéCDé s o A(QQCD:, 1
: 0198 2 &2 as (M2)by
2 2
p P 1
& log—— =1 - 4.51
0og M2 0g A%CD OZS(MQ)bO ) ( )
and then include it in the running
1 eq@am 1 »’
— T~ 4 py log— 4.52
X NI e T @32
1 p? 1 p? 9 1
= +blog-—o— — ——— =bylog —— & )= ——s
arg(M?) AéCD s (M?) A%CD bo log p?
A(Q)CD

An interesting aspect of Agcp is that we introduce a scale into our theory without ever setting it. All we do is
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.

In terms of language, there is a little bit of confusion between field theorists and phenomenologists: we have
introduced the renormalization scale pp as the renormalization point, for example of the strong coupling constant. In
the MS scheme, the subtraction of 1/ shifts the scale dependence of the strong coupling to M? and moves the
logarithm log M2/ A%CD into the definition of the renormalized parameter. This is what we call the renormalization
scale in the phenomenological sense, i.e. the argument we evaluate « at.

4.7 Resumming scaling logarithms

Up to now we have introduced the running strong coupling in a fairly abstract manner and did not link the
resummation of diagrams and the running of «, in Eqs.(d.44) and (4.49) to physics. In what way does the
resummation of the one-loop diagrams for the s-channel gluon improve our prediction of the LHC observables?

As an illustration we look at a simple observable which depends on just one physical energy scale p2. The first
observable coming to mind is again the Drell-Yan cross section o(qg — p+ ™), but since we are not really sure what
to do with the parton densities we resort to simpler ete~ collisions. A simple observable which includes o at least in
the one-loop corrections is

o(ete™ — hadrons 11N,

R= ):NCZng o (4.53)

olete” — ptp~)

quarks
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The numerical value at leading order assumes five quarks. Including higher order corrections we can express the result
in a power series in a;. In the MS scheme we introduce an unphysical scale dependence on M in the individual r,,

2 2
D _ P nyn 2 . 11N
R(Mz,ozs> = g Tn (Mz) al(M*?) with ro = B (4.54)

n=0

The 7,, we can assume to be dimensionless. This implies that the calculated r,, only depend on ratios of two scales,
the external p? and the artificial M 2.

At the same time R is an observable, so including all orders in perturbation theory it cannot depend on any artificial
scale M. 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

0L a2 ? R<p2 as(MQ))

dmz "\ M2’
0 0 p? . oo
_ 2 _ 2 s
or 11N,
— M2 n n . n—1 ith —_ ¢ _ t
; o2 + n; B rp nag with  rg 9 cons
= M? 881\7;2 oy — Z Z nrp, 2T g, with f = —a? Z bmal’
n=1 n=1m=0 m=0
ory Org ors
_ a2 2 2 2 3 4
=M EYE g + (M BIVE — le()) oy + (M BIVE — 2r9bg — 1101 oy + O(Oés) . (4.55)
This perturbative series in «s has to vanish in each order of perturbation theory,
87‘1 -
dlog M2
7(%2 =r1b
dlog M2 1o
87“3 2
——— =711by + 2ro(M*)b
Tlogarz ~ "1br+2r2(M)by

(4.56)

The mix of 7, derivatives and the perturbative terms in the /3 function can be seen for o2: first, we have the appropriate
NNNLO corrections 73; next, we have one loop in the gluon propagator by and two loops for example in the vertex r2;
and finally, we need the two-loop diagram for the gluon propagator b; and a one-loop vertex correction .

The M?-dependence vanishes for r and 7. Keeping in mind the integration constants c,, we find the solutions

11N,
9

o = Cop =

r =C
M? M?
T9 = C2 +leo logp—Q = C2 +Clb0 10gp—2

M M M? M?
Ty = /dlog p> <61b1 + 2 <02 + c1bg log pQ> b0> = c3 + (e1b1 + 2¢2bp) log p—Q + clbg log2 piz

(4.57)

This chain of r,, values suggests to interpret the fixed-order perturbative series in Eq.(#.34) as implicitly including
terms log” ' M?/p? in each r,,. They become problematic if the logarithm becomes large enough to spoil the
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convergence in terms of a; ~ 0.1, i.e. measuring R at scales p? far away from the scale choice for the strong
coupling constant. M2,

Interestinglty, we can use Eq.(.57) to express R in terms of the c,,,

R= P\ rar?) — 1 Mo log 2L 1 222 1002 M M?
—Zm el ag(M?) = co+er {1+ as( )Oong+Ofs( )b log pT+ as(M7)

M2
+co (1+2as(M2)b0 log —- +> Q2(M?) + - (4.58)
p
We can resum this geometric series to
2
s (M? s (M?
R=cy+c s(M7) e + o (A7) e +-~~Ech ag(p2) . (4.59)
1 — as(M?)bg logp—2 1 —ozs(MQ)bologp—2

In the last step we use Eq.(#.48) with flipped arguments p? and M2, derived from the resummation of the vacuum
polarization bubbles. In contrast to the r,,, the c,, are by definition independent of p? /M? and therefore more suitable
as a perturbative series in the presence of potentially large logarithms. This re-organization of the perturbation series
for R can be interpreted as resumming all logarithms of the kind log M2 /p? in a new organization of the perturbative
series. Some higher—order factors ¢,, are known, for example inserting N. = 3 and five quark flavors just as we

assume in Eq.(@.33)

R:% <1+O‘S§sz)+1.4 (asgﬂ)f—m (@)Z(D(aﬁp%)j . (4.60)

This alternating series with increasing perturbative prefactors indicates the asymptotic instead of convergent behavior
of perturbative QCD. At the bottom mass scale the relevant coupling factor is only as(m3)/m ~ 1/14, so 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, which are large finite terms for example from
Re(log?(—E?)) = log® E? + 72, In the literature such 72 terms arising from the analytic continuation of loop
integrals are often phrased in terms of (» = 72/6.

Before moving on we collect the logic of the argument given in this section: when we regularize an ultraviolet
divergence we automatically introduce a reference scale ;1. Naively, this could be an ultraviolet cutoff scale, but even
the seemingly scale invariant dimensional regularization in the conformal limit of our field theory cannot avoid the
introduction of a scale. There are several ways of dealing with such a scale: first, we can renormalize our parameter at
a reference point. Secondly, we can define a running parameter and this way absorb the scale logarithm into the MS
counter term. For the asymptotically free strong coupling Aqcp leaves us with a compact form of the running coupling
as(M?).

Strictly speaking, at each order in perturbation theory the scale dependence should vanish together with the ultraviolet
poles, as long as there is only one scale affecting a given observable. However, defining the running strong coupling
we sum one-loop vacuum polarization graphs. Even when we compute an observable at a given loop order, we
implicitly include higher order contributions. They lead to a dependence of our perturbative result on the artificial
scale M2, which phenomenologists refer to as renormalization scale dependence.

Using the R ratio we see what our definition of the running coupling means in terms of resumming logarithms:
reorganizing our perturbative series to get rid of the ultraviolet divergence o, (p?) resums the scale logarithms
log p? /M? to all orders in perturbation theory.
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S Partons and DGLAP equation

During our introduction to QCD and the running coupling we focused on the ultraviolet or high-energy behavior of
the theory and the running coupling relating subtracted divergences to resummed logarithms. In this section we will
follow a similar approach to infrared divergences, where we will find that collinear divergences lead to the DGLAP
equations for parton densities, which resum collinear logarithms.

5.1 Incoming partons

To predict for instance the Drell-Yan process at a hadron collider, we need to introduce parton distribution functions,
describing the probability of finding a collinear parton with momentum fraction x in a proton. A pdf is not an
observable, only a distribution in the mathematical sense: it has to produce reasonable results when we integrate it
together with a test function. Different parton densities have very different behavior — for the valence quarks (uud)
they peak (quite a bit) below = < 1/3, while the gluon pdf is small at x ~ 1 and grows very rapidly towards small .
For some typical part of the relevant parameter space (x = 1072 - .- 10~1) the gluon density roughly scales like
f4(x) oc 272, Towards smaller z values it becomes even steeper.

While we cannot compute parton distribution functions f;(x) as a function of the momentum fraction z there are a
few predictions we can make based on symmetries and properties of the hadrons, leading to sum rules:

1. The parton distributions in an antiproton are linked to those inside a proton through the CP-symmetry, which is
exact for QCD. Therefore,

f2(x) = fa(@) (@) = fo() fi(x) = fol) . (5.1)

2. If the proton consists of three valence quarks wud, plus quantum fluctuations from the vacuum which can either
involve gluons or quark—antiquark pairs, the contribution from the sea quarks has to be symmetric in quarks and
antiquarks. The expectation values for the signed numbers of up and down quarks inside a proton have to fulfill

(N,) = / dr (fulz) — falz)) =2 (N) = / dr (faz) — f(x) =1.  (5.2)

3. The total momentum of the proton has to consist of sum of all parton momenta. We can write this as the
expectation value

<Zx> B /01 dz o (Z fol@) + 3 fala) +fg(x)> —1. (5.3)

What makes this prediction interesting is that we can compute the same sum only taking into account the
measured quark and antiquark parton densities. We find

1
/0 dx x <Z fa() +qu(x)> ~ % : (5.4)

Half of the proton momentum is then carried by gluons.

With this pdf we can compute a hadronic cross section from its partonic counterpart,

(5.5)

1 1
Utot:/o dxl/o dxs izjfi(ﬂfl)fj(@) 51‘;‘(11@5)

where 4, j are the incoming partons with the momentum factions x; ;. The partonic energy of the scattering process is
s = x2S with the LHC proton energy of v/'S = 13.6 TeV. The partonic cross section & includes all the necessary
and 0 functions for energy—momentum conservation. When we express a general n—particle cross section & including
the phase space integration, the z; integrations and the phase space integrations can of course be interchanged, but
Jacobians will make life hard.
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5.2 Infrared divergences

Let us look at the radiation of additional partons in the Drell-Yan process. We can start for example by computing the
cross section for the partonic process

qQq — Zg . 5.6)

This partonic process involves renormalization of ultraviolet divergences as well as loop diagrams which we have to
include before we can say anything reasonable, i.e. ultraviolet and infrared finite. To make life easier we study
collinear infrared divergences for the crossed process

It should behave like any other (2 — 2) jet radiation process, except that it has a different incoming state than the
leading order Drell-Yan process and hence does not involve virtual corrections. This means we do not have to deal
with ultraviolet divergences and renormalization, and can concentrate on parton or jet radiation from the initial state.

The amplitude for this (2 — 2) process is — modulo charges and averaging factors, but including all Mandelstam
variables
t 2 —2m%L(s+t—m%)

IMPP ~ == — . (5.7
S st

The Mandelstam variable ¢ for one massless final—state particle can be expressed in terms of the rescaled emission
angle

1—cosf 2
t=-s(1—7)y  with yz%e[o,u and =121, (5.8)
s
Similarly, we obtain u = —s(1 — 7)(1 — y), so as a first check we can confirm that t + u = —s(1 — 7) = —s + m%.

The collinear limit when the gluon splits in the beam direction is given by

y—0 & t—0 & u=—s+m%y <0
s2 —2sm% +2mt 1
M — —Z o —Z — 4+ 0@ . (5.9)
s(s —mz) Y

This expression is divergent for collinear gluon radiation or gluon splitting, i.e. for small angles y. We can translate
this 1/y divergence for example into the transverse momentum of the gluon or Z

spp =tu=s>(1-7)>y(1 —y) = (s —m%)’y + O(y*) (5.10)

In terms of pr, the collinear limit our matrix element squared in Eq.(5.9) becomes

2

s —2sm%Z +2mt s—m
Z z Z 4 @(pOT) ) (5.11)

2 2
S br

IM* ~

The matrix element for the tree level process qg — Zq has a leading divergence proportional to 1/p3.. To compute the
total cross section for this process we need to integrate the matrix element over the two-particle phase space.
Approximating the matrix element as C’ /y or C/p? this gives us

max max max

Yy C/ DT C Pr C P"me 1 max
/ dy— = / dpp— = 2/ _dprpr & = 20/ ~dpr— =2C log "L (5.12)
ymin Yy piin pT piin pT pmin y2%al pT
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The form C/p3. for the matrix element is of course only valid in the collinear limit; in the non—collinear phase space
C is not a constant.

For this divergence we can follow the same strategy as for the ultraviolet divergence. First, we regularize it for
example using dimensional regularization. Then, we find a well-defined way to get rid of it. Dimensional
regularization means writing the two-particle phase space in n = 4 — 2¢ dimensions. Just for reference, the complete
formula for the y-distribution reads

do 7T(47T)72+e <’u% >E T¢(1 — 7—)1725 ) <M% )e ‘M|2
- Tta-o \mz) Ha—g M~ nz) s 5.13
S dy F(l — e) 2 ye(l _ y)e | ‘ 5 y5(1 — y)e ( )

mz my
In the second step we only keep the factors we are interested in. The additional factor 1/y¢ regularizes the integral at
y — 0, as long as € < 0 by slightly increasing the suppression of the integrand in the infrared regime. This means that
for infrared divergences we choose n = 4 + 2|¢| space~time dimensions. After integrating the leading collinear
divergence 1/y'*¢ we are left with a pole 1/(—e).

What is important to notice is again the appearance of a scale 12 with the n-dimensional integral. Now it arises from
an infrared regularization and is referred to as factorization scale. The actual removal of the infrared pole —
corresponding to the renormalization in the ultraviolet case — is called mass factorization and works exactly the same
way as renormalizing a parameter: in a well-defined scheme we subtract the pole from the fixed-order matrix element
squared.

5.3 Parton splitting

Infrared divergences occur for massless particles in the initial or final state, so we need to go through all ways
incoming or outgoing gluons and quark can split into each other. The factorized phase space is common to all
different channels. The first and at the LHC most important case is the splitting of one gluon into two,

9(pa) = g(pp) + g(pe)  with  p2 > pp.p2. (5.14)

The two daughter gluons are close to mass shell while the mother has to have a finite positive invariant mass. We
assign the direction of the momenta as p, = —p, — p. and describe the kinematics of this approximately collinear
process in terms of the energy fractions z and 1 — z defined as

Bl _
| Eal |Eal

E.
1| p2 (=py — = 2(pppe) = 22(1 — 2)(1 — cos H)Eg =z(1- z)EﬁH2 + (’)(94)

= ~ 1/ .1
& 0=6,+6.~ |E| (5.15)

in the collinear limit and in terms of the opening angle 6 between pj, and p,.. Using this phase space parameterization
we divide an (n + 1)-particle process into an n-particle process and a splitting process of quarks and gluons. The
phase space factorization is easy to define when we look at the splitting of an outgoing gluon as part of an n-particle
hard production process. This turns this process into (n + 1)-particle production, with the two gluons in the final state,
g(pp) and g(p.). The complete phase space integration has the form

z =

dgﬁb dSﬁc o dgﬁa dgﬁc |Ea |
20273 By| 202m)3[Ee] — 2(2m)%|Ea| 2(27)%|Eo| ||
dpesdprprdg 1

227\ Ba|
dpe,3dpyde 1
42m)3|E.| =

d(pn—l-l =

dd,
= do, (5.16)

We can separate the (n + 1)-particle space into an n-particle phase space and a (1 — 2) splitting phase space without
any approximation.
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Our next task is to translate p. 3 and p2 into z and p2 # 0. This can be done if we assume approximately collinear
collinear splittings, where we find that

dpes  dz
|E.l 1-2

(14 0(9)) and  dp3 = 2(1 — 2)dp? . (5.17)

This gives us the final result for the separated collinear phase space, assuming azimuthal symmetry in an addition step,

B dz dp? do B dz dp?
d®, 11 = dd, 1@n) (14 0(0)) = do, 1(2n)? (1+0()) . (5.18)

Adding the transition matrix elements we can write a full factorization in the collinear approximation as

d0n+1 == |Mn+1|2 d®n+1
dp? dz

= 2 do 1
293 . _ dpgdz . _ 29? -
~ T PO TMGE 0, G assming | Mo > —5 P(2) TGP
dp? Qg ~
= do, p%a dz TP(2). (5.19)

For splitting incoming partons we replace p? — ¢, the usual Mandelstam variable. We can show this assumed
factorization by constructing the appropriate splitting kernels P(z) for all quark and gluon configurations:

* First comes gluon splitting into two gluons. To compute its transition amplitude we need to write down all
gluon momenta and polarizations in a specific frame. We skip the derivation and just quote the result

——  2¢> N, z 1—z2| —=
2 _ %ds Ve _ 2
Mo = 2 Be 2|12 va- 0+ 222 | TR
297 - =3
=5 Pyig(2) [Mn?
»2
R 1—
& Pyylz)=Ca [1ZZ+ ZZ+z(1—z)} , (5.20)

using C'4 = N,. The splitting kernel is symmetric when we exchange the two gluons z and (1 — z). It diverges
if either gluon becomes soft. The notation F;._; ~ P;; is inspired by a matrix notation which we can use to
multiply the splitting matrix from the right with the incoming parton vector to get the final parton vector.

* A second kernel describes the splitting of a gluon into two quarks. Again, we omit the calculation and quote

Pry(z) =Tr [+ (1-2)7] . (5.21)
It is symmetric under z <> (1 — z) because QCD does not distinguish between the outgoing quark and antiquark.

* The third splitting is gluon radiation off a quark line,

A 14 22
Py q4(z)=Cp . (5.22)
1—-=2
* Just switching z <> (1 — z) we can read off the kernel for a quark splitting into the final-state gluon
A 1+(1—2)32
Pyeylz) = CF% . (5.23)

Similar to ultraviolet divergences these splitting kernels are universal. Crucially, they do not depend on the hard
n-particle matrix element as part of the full (n + 1)-particle process.
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5.4 DGLAP equation

To describe successive splittings we start with a quark inside the proton with an energy fraction x, as it enters the
hadronic phase space integral. As this quark is confined inside the proton, it can only have small transverse
momentum, which means its four-momentum squared ¢, is negative and its absolute value is small, |to| = p? = 0. Let
us simplify our argument by assuming that there exists only successive gluon radiation off an incoming quark,

($Oat0) (Il,tl) (m t)
—_—— . nybn

In that case each collinear gluon radiation will decrease the quark energy and increase its virtuality through recoil,
Tjt1 < Tj and |tj+1| = —tj+1 > —tj = |tj| . (5.24)

We know what the successive splitting means in terms of splitting probabilities and can describe how the parton
density f(x, —t) evolves in the (z,t) plane as depicted in Figure[l] We start at (o, to) and interpret each branching as
astep down in z; — xj41 and a step up in |t |. The splitting path in the (z — ¢) plane is marked by discrete points.
The probability of a splitting to occur is given by Eq.(5.19),

Qg - dt Qg - dt

The evolved parton density at (x,,, t,,) enters the hard scattering, including its energy—momentum conservation.

The link between partonic and hadronic cross section is described by the probability or parton density f(x, —t) over
an infinitesimal square,

[z, 2; + dx] and [t 1t5] + ot . (5.26)

In our (x,t) plane we can compute the flows into this square and out of this square, which together define the net
change in f in the sense of a differential equation,

Sfin — O fouw = 0f(x,—t) . (5.27)

0

Itol ot It

Figure 1: Path of an incoming parton in the (x — t) plane. Because we define ¢ as a negative number its axis is labelled
2.
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We compute the incoming and outgoing flows from the history of the (x,t) evolution. At this stage our picture
becomes a little subtle; the way we define the path between two splittings in Figure|l|it can enter and leave the square
either vertically or horizontally. Because we want to arrive at a differential equation in ¢ we choose the vertical drop,
such that the area the incoming and outgoing flows see is given by dt. If we define a splitting as a vertical drop in z at
the target value ¢, an incoming path hitting the square can come from any x-value above the square. Using this
convention and following the fat solid lines in Figure[I|the vertical flow into the square (z, t) is

5 fnl(—t) = 6t (2“75 )(a:,—t)

S0 by (Z.-)

tJ, =z 27r z
5t Qs T . / ’

=— | — P(2)f (7, —t) assuming f(z',—t) =0forz’ > 1. (5.28)
t 0 z 27T z

We use the definition of a convolution

(f@g)(r) = /()1d$1d$2f(331)9(332) §(x — x122) =/ @f( 1)9 (Z) = /01 dﬂf (x) g(xz2) . (5.29)

0 €2 €2

The outgoing flow also leaves the infinitesimal square vertically, again following the fat solid line in Figure|]

- ! Oésp(y) _ 5t ! [OF IS
(=) =0t [y fa—t) = Frle=0) [ dy 2 P (5.30)

The y-integration is not a convolution, because we know the starting condition and integrate over all final
configurations. Combining Eq.(5.28) and Eq.(5.30) we can compute the change in the quark pdf as

1 1
0o 0) =0~ fm =5 | [ E 52 P (L) - [0 52 P flo )

ot [tdz o |- Lo

S [ E e [pe-sa-a [ are) 1(2)
ot [Ydz as - T

- ? eI (5Y)

» 5{5((56 —t) / &0 iy, f<;_t> (5.31)

z 27

Strictly speaking, we require « to only depend on ¢ and introduce the plus subtraction

F(z)1 =F(z)— (1 —2) /01 dy F(y) or /01 dz (1f(z))+ = /01 dz ( fz) S ) . (5.32)

—z 11—z 1-—2z2

For the second definition we choose F'(z) = 1/(1 — z), multiply it with an arbitrary test function f(z) and integrate
over z. The plus—subtracted integral is by definition finite in the soft limit z — 1, where some splitting kernels
diverge. It is related to dimensional regularization, defined as

/dz /dzzlez?
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corresponding to 4 4+ 2¢ dimensions. We can relate the dimensionally regularized integral to the plus subtraction as

R (O R S O R it) Lo
/o Ty ‘/o Ty +f(”/o T
1
-/ 1z LI (14 o) + {1
0

1-=2 €
= /1 dz _fE) (1+0()) + fa) by definition
0 (1—2)+ €
' f(z) ONYE f(z)
o /0 e =R _/0 & 0 (140(0) (534)

The dimensionally regularized integral minus the pole, i.e. the finite part of the dimensionally regularized integral, is
the same as the plus—subtracted integral modulo terms of the order €. This means that the plus-subtraction plays a
similar role as MS renormalization for UV-divergences.

To regularize our splitting kernel Pq<_q in Eq.(5.22) we can, actually, define two subtraction schemes,

2 2 1 2 2 1 2
(1+z) _(1+22)< 1 ) :1+z _5(1_2)/ dy1+y 1+ +5(1_Z)/ dy1+z
+ + 0 0

1—-=2 1—2 1—2 1—y 1—2 1—y

1 2
1 2

—5(1—2)/ dy( +y —)

0 -y 1-y

L2 1 3
:5(1—z)/ dy :(5(1—2)/ dy (y+1)=-5(1—=2). (5.35)

0 y—1 0 2

This means we can write the quark splitting kernel in two equivalent ways, where (1 — z) implies that the difference
is a contribution to a soft-radiation phase space integral. We simplify the notation as P, = P and write

Py y(z) = Cp (ifl —Cp [(ffi + 25(1 - z)}

dfy(z,—t)  dfy(x,—t)  ['dz aq
- di]T(—t) =t Zl(j )z oor Prq(2) fq (* *t) . (5.36)

This is the Dokshitzer—Gribov—Lipatov—Altarelli-Parisi or DGLAP equation for quarks radiating gluons. We have to
generalize this DGLAP equation to quarks and gluons. For the quark density on the left hand side we write

dfg(x, —t) dfq x, —t dz ozg
The splitting from gluon to quark can be included as
ot Ydz as - Ydz oy -
6 fqlz,—t) = T |: o = o Pyeq(2) fo (* _t) + ) > o Pyeg(2) fo (7 _t>:| : (5.38)

The second term is a convolution proportional to the gluon pdf. Quarks can be produced in gluon splitting but cannot
vanish into it. Therefore Eq.(5.38) F,. 4 does not include a plus-regulator

Pyeg(2) = Ppy(z) =Tr [22+(1—2)%] . (5.39)
This kernel is indeed missing a soft-radiation divergence for z — 1.

The second parton density we have to study is the gluon density. The incoming contribution to the infinitesimal square
is given by the sum of four splitting scenarios each leading to a gluon with virtuality —#;1

5 fin(—t) = ff s 7 = [ngg(z) (fg (Z.~t) + 1, (ﬂ—t)) + o) (fa (5.t) + fa (j—t))}

(5t Qg

t o - g [2pg%g(z)fg (%a _t) + Pg%q(z) (fq (g’ _t) + fa (g’ _t))} ) (5.40)

®

48



using Py« ; = Py 4 in the first line and Py, 4(1 — z) = P, 4(z) in the second. To leave the volume element in
(x,t)-space a gluon can either split into two gluons or radiate one of n; light-quark flavors. Combining the incoming
and outgoing flows we find

5fy(z, 1) :% Olaiz 22 2Py (5-t) + Bral®) (0 (5 =t) + 10 (5.1))]
_% /Oldy;; [qu(yﬂnqueg(y)} fola, =) (5.41)

Unlike in the quark case these terms do not immediately correspond to regularizing the diagonal splitting kernel using
the plus prescription.

First, the contribution to ¢ f;, proportional to f, or fz which is not matched by the outgoing flow. From the quark case
we already know how to deal with it. The corresponding splitting kernel does not need any regularization, so we define

. 1—|—(1—z)2'

Py q(2) = Pyy(z) =Cp (5.42)

z

We see that the structure of the DGLAP equation implies that the two off-diagonal splitting kernels do not include any
plus prescription P;._; = P; ;. This is expected because the kernels are finite in the soft limit, z — 1.

Next, we can compute the y-integral describing the gluon splitting into a quark pair directly,

1 1
Qs . Qs .
7/ dyz—nf Pyyy)=—="n; Tg / dy [172y+2y2] using Eq.(5.39)
0 Y 27T 0
1
Qg 2y
S T —2 42
op 1R {y U h
2 (5.43)
= —— — N . .
327 18

Finally, the two terms proportional to the pure gluon splitting P, in Eq.(5.41)) require some work. The y-integral
from the outgoing flow has to consist of a finite term and a term we can use to define the plus prescription for Py._g.
The integral gives

1 1 r
Qg ~ Qs Yy 1_y .
— | dy =P =— 20 dy |—— +—2 1— Eq.
/O v 5 99 () 5, Ca /O y _17y+ ; +y( y)] using Eq.(5.20)
1
Qs 2y
——2C dy | —2— 1—
5 A/O vz +y( y)]
1 r 1
Qs 2(y—1) o /
——2C d 1—y)| —=C dy ——
2m A/O Y 11—y +ul y)] or A 0 ylfy
Qg 1 9 Qg 1 1
:——CA/ dy [—2+y—y]——2c,4/dz
2w 2 0 —z
Qg 1 1 g ! 1
=— 204 |—24=--2]-=2C d
o A[ *y 3} o A/O 1
as 11 Qg ! 1
=2 — 29 d . 5.44
5r 6 Ca 2 OA/O z — ( )

The second term in this result is what we need to replace the first term in the splitting kernel of Eq.(5.20) proportional
to1/(1 — z) by 1/(1 — z)4+. We can see this using f(z) = z and correspondingly f(1) = 1 in Eq.(5.32). The two
finite terms in Eq.(5.43) and Eq.(5:44) are included in the definition of P, , ad hoc. Because the regularized splitting
kernel appears in a convolution, the two finite terms require an explicit factor §(1 — z). Collecting all of them we
arrive at

z 1—=2

(1—2)+ z

Py y(z) =2Cyu < +z(1z)> Jr%C’A 5(172)7§ ngTr6(1—2). (5.45)
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In its standard form and in terms of the factorization scale u% = —t the complete DGLAP equation reads

i) B> / TS P (Do) = 52 3 By @ f) )| 649

dlog pi2. 27 r

Let us briefly recapitulate: for the full quark and gluon particle content of QCD we have derived the DGLAP equation
which describes a factorization scale dependence of the quark and gluon parton densities. The universality of the
splitting kernels is obvious from the way we derive them — no information on the n-particle process ever enters the
derivation.

The DGLAP equation is formulated in terms of four splitting kernels of gluons and quarks which are linked to the
splitting probabilities, but which for the DGLAP equation have to be regularized. With the help of a plus—subtraction
all kernels P;;(z) become finite, including in the soft limit 2 — 1. However, splitting kernels are only regularized
when needed, so the finite off-diagonal quark—gluon and gluon—quark splittings are unchanged. This means the plus
prescription really acts as an infrared renormalization, moving universal infrared divergences into the definition of the
parton densities. The original collinear divergence has vanished as well.

5.5 Solving the DGLAP equation

While it is hard to solve the DGLAP equation in Eq.(5.46) for vectors of pdfs, we can simplify our life by solving it
for eigenvalues in parton space. One such eigenvalue is the non—singlet parton density,

S =(fe—fa) - (5.47)

Since gluons cannot distinguish between quarks and antiquarks, the gluon contribution to their evolution cancels, at
least in the massless limit, at arbitrary loop order. The corresponding DGLAP equation is

df};S(x KE) Vdz a x
Ho AR [ 22 % p NS (f ) . 5.48

dlog 11, /r > o a—aq(%) fq Z“uF ( )
To solve it we need a transformation which simplifies a convolution, leading us to the Mellin transform. Starting from
a function f(x) of a real variable = we define the Mellin transform into moment space m as

1 ct+100 m
(m) = /0 dx ™ ' f(z) flx) = L/ dm MIfl(m) , (5.49)

27TZ —ico
where for the back transformation we choose an arbitrary appropriate constant ¢ > 0, such that the integration contour
for the inverse transformation lies to the right of all singularities of the analytic continuation of M[f](m). The key
property is that the Mellin transform of a convolution is the product of the two Mellin transforms, which gives us the
transformed DGLAP equation

WIS moir) 0y [ [Mde, qa
doi =g M T (D) 200)]

7/\/1[ qeq@f ]( )
= M[ Pyql(m) M[f51(m, pr) . (5.50)
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In Mellin space it has the simple solution

M[fg’s](mdw) = ./\/l[quS](mqu»O) P (;X;r M{FPye—ql(m) log :{0>

/1/2 %M[Pm—q](m)
= M[ff;ls](m7 MF,O) <2F>

9 32v(m)
= M[f*](m, o) (:f) : (5.51)

7,0

defining v(m) = M[P](m).
This solution still includes pr and a as two free parameters. To simplify this form we can include as(u%) in the
running of the DGLAP equation and identify the renormalization and factorization scales

HF = R = [L . (5.52)

Physically, this identification is motivated by one-scale problems where we have no freedom to choose either of the
two scales. In the DGLAP equation it allows us to replace log 12 by «s using Eq.(#352)
d _ dloga d 1 dog d d

= = = —ayb ) 5.53
dlog u?  dlogu? dlogas  as dlogp? dlogas 20 dlog a (5.53)

The pre-factor a5 cancels the factor a; on the right hand side of the DGLAP equation Eq.(5.50)

dM[fNS](m, N
Yo JOt) e tom) MU, g
MIFSIGm, ) = MU ) exp (=g (o) og 2201 )
= M[f®](m, pro) (ZEZég)b : (5.54)

Among other things, in this derivation we neglect that some splitting functions have singularities and therefore the
Mellin transform is not obviously well defined. Our convolution is not really a convolution either, because we cut it
off at Q3 etc; but the final structure in Eq.(5.54) really holds.

We can find the same solution in pure Yang—Mills theory, i.e. in QCD without quarks. Looking at the different color
factors in QCD this limit can also be derived as the leading terms in N.. In that case there also exists only one
splitting kernel defining an anomalous dimension +, and we find the same solution as in Eq.(5.54).

Remembering how we arrive at the DGLAP equation we notice an analogy to the case of ultraviolet divergences and
the running coupling. We start from universal infrared divergences. We describe them in terms of splitting functions
which we regularize using the plus prescription. The DGLAP equation plays the role of a renormalization group
equation for example for the running coupling. It links parton densities evaluated at different scales ;. In analogy to
the scaling logarithms considered in Section we should test if we can point to a type of logarithm the DGLAP
equation resums by reorganizing our perturbative series of parton splitting.

5.6 Resumming collinear logarithms

In our discussion of the DGLAP equation and its solution we encounter the splitting probability in the exponent. To
make sense of such a structure we remind ourselves that ratios of « values to some power can appear as a result of a
resummed series. Such a series would need to include powers of (M []3])” summed over n which corresponds to a
sum over splittings with a varying number of partons in the final state. This suggests that parton densities cannot be
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formulated in terms of a fixed final state because they include effects from any number of collinear partons summed
over the number of such partons, like

pp— T +X where X includes any number of collinear jets. (5.55)

The same argument leads us towards the logarithms the running parton densities re-sum. To identify them we build a
physical model based on collinear splitting, but without using the DGLAP equation. We then solve it to see the
resulting structure of the solutions and compare it to the structure of the DGLAP solutions in Eq.(5.54).

We start from the basic equation defining the physical picture of parton splitting in Eq.(5.19). To treat initial state
splittings, we need a definition of the virtuality t. We introduce a positive transverse momentum variable

7 dt  dp?
_Prr - =2 (5.56)
1—2z t D7

where j. is the transverse three-momentum of of the parton pair after splitting. Equation(5.19) with a running strong

coupling then becomes

1 —
dz,, T ke dp , ag(u?
Ot (T, pp) ~ / — Py <m> T (T, 10) / Wrin 05U (5.57)
i

o]
z0 Tn n o DPrn 2T

Because the splitting kernel is infrared divergent we cut off the convolution integral at x. Similarly, the transverse
momentum integral is bounded by an infrared cutoff 1y and the physical external scale p . They give the range in
which an additional collinear radiation is included in o, 1. For splitting the two integrals in Eq.(5.57)) it is crucial that
o 1s the only scale the matrix element o,, depends on. The other integration variable, the transverse momentum, does
not feature in o, because collinear factorization is defined in the limit 52 — 0.

If ur is the global upper boundary of the transverse momentum integration for collinear splitting, we can apply the
recursion formula in Eq.(5.37) iteratively

1 1
dx, T dxq To
0'n+1<37aMF) S gg <In) o gg - 01(3017/10)
x /MF Pt 0sih) /#F Pt (i) (5.58)
Ko p%“,n 2m o ]5‘%,1 27

Next, we will look for assumptions which allow us to solve Eq.(3.57) and compare the result to the solution of the
DGLAP equation. To develop this physics picture of the DGLAP equation we make two assumptions:

1. We identify the scale of the strong coupling «; with the transverse momentum scale of the splitting,
1k = Pr - (5.59)

2. Finally, we assume strongly ordered splittings in the transverse momentum. If the ordering of the splitting is
fixed externally by the chain of momentum fractions x;, this means

Mo < D1y <Prp << (5.60)

Under these two assumptions the transverse momentum integrals in Eq.(5.58) become

[ AP 0sFrn) [ 0 0 (%) [ Ay 0a()
% I3 H

0 p%,n 2m 0 15%",2 27 0 ]3%71 2m
/ILF dﬁ%ﬂl 1 /pT,S dp%z 1 /;DT,z dﬁ%l 1
= = 5 =3 =) = =
p p p p p p
o Tm 27bg log g“n Ho T2 27hbg log ;“,2 Ho Tl 27bg log 2T’1
AQCD AQCD AQCD
1 /HF dp%,n 1 /pT,3 dp%,z 1 /pT,z dﬁ%’,l 1 5.61)
(27Tb0)n Ho ]5%“ ] ﬁ%“,n Ko 15%,2 ] ]5%2 Mo 15%“,1 1 p%“,l ' .
Og A2 g A2 Og A2
QCD QCD QCD
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We can solve the individual integrals by switching variables, for example in the last integral

T2 Jdp? 1 loglog p%. 5 /A? D d
/ —ZTJ =) :/ dloglog p;m with _d(az) = dloglogx
Mo Pra 1 P log log p2 /A2 AQCD (ax) logx
A(QQCD
lo A
_ log 8712/ Noe 562
log /u'()/AQCD

This gives us for the chain of transverse momentum integrals, shifted to get rid of the lower boundaries,

/PT,n_uF . 10g1ﬁ“n/A(2)CD - ./PT,2_pT,3 . 1ogﬁzT2/A(2)CD /pT,l—PT,z 1ng%1/A(22CD

log 11 / AQCD log 115 / AQCD 0/ AQCD

PTn= “F lngﬂTn/A(%CD _”/pT’szT’3 o 10gp%“2/A(2)CD (10 10ng,2/AQCD>

/ log g/ Adep log 115/ Adcp log 3/ Agep
2

/PT n—NF log;ﬁ% n/AaCD 1 log p7. 3/A<22CD

- 2 . | log —22 <

13/ N 2 log 115 /A
n—1

log 113/ A(%CD 2 n-1 log Ho/ Adep

1 lo A 1 s 2 "
ES bgm = = <log - (/‘g)) . (5.63)

n! log 1§ /Adcp n as(uf)

This is the final result for the chain of transverse momentum integrals in Eq.(5.58). After integrating over the
transverse momenta, the strong coupling is evaluated at up = pp.

Next, we look at the convolution integrals in Eq.(5.57),

1 1 as(pd) " /1 dx, x /1 dxq Ta
. 1 Ynp (2.0 ®rp (22 o). (5.64
Tne1 (T, ) & <27Tb0 o8 as(MQ) zo Tn 9 Tn zo L1 99 x1 o1(@1; Ho) ( )

As before, we Mellin-transform the equation into moment space

Mo 45 () [ 2 (2) ] o
(w

)
Qs 2 n .
:% <27r1b0 log (i 2)> v(m)" Mlo1](m, po) using y(m) = MP)(m)
(n

)
1 1 s 2
_ 7Og0‘ 5)

n! \ 27wbg as((42)

Finally, we sum the production cross sections for up to n collinear jets,

00 o 2 n
S Miowsal(m, 1) =Mlo)(m, po) Z% (110g (113) 7(m))

v(m)> Mla1](m, po) - (5.65)

2mby as(p?)

n=0
—Mioalm, o) exp (35 tog 241 )
as (2 tn)
Mo, o) (2290) (5.6

This is the same structure as the DGLAP equation’s solution in Eq.(5.54). This means that we can understand the
physics of the DGLAP equation using our model calculation of a successive gluon emission, including the generically
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renormalization scale ur factorization scale

source ultraviolet divergence collinear (infrared) divergence
poles cancelled counter terms parton densities

(renormalization) (mass factorization)
summation resum self energy bubbles  resum parton splittings
parameter running coupling a5 (%)  running parton density f;(x, ur)
evolution RGE for as DGLAP equation
large scales decrease of o increase of oo for gluons/sea quarks
theory background | renormalizability factorization

proven for gauge theories  proven all orders for DIS

proven order-by-order DY...

Table 2: Comparison of renormalization and factorization scales appearing in LHC cross sections.

variable number of collinear jets in the form of pp — p*p~ + X, as shown in Eq.(5.53). On the left hand side of
Eq.(5.66) we have the sum over any number of additional collinear partons; on the right hand side we see fixed order
Drell-Yan production without any additional partons, but with an exponentiated correction factor. Comparing this to
the running parton densities we can draw the analogy that any process computed with a scale dependent parton density
where the scale dependence is governed by the DGLAP equation includes any number of collinear partons.

We can also identify the logarithms which are resummed by scale dependent parton densities. Going back to Eq.(5.12))
reminds us that we start from the divergent collinear logarithms log p™* /pfi" arising from the collinear phase space
integration. In our model for successive splitting we replace the upper boundary by pr. The collinear logarithm of
successive initial-state parton splitting diverges for g — 0, but it gets absorbed into the parton densities and
determines the structure of the DGLAP equation and its solutions. The upper boundary i tells us to what extent we
assume incoming quarks and gluons to be a coupled system of splitting partons and what the maximum momentum
scale of these splittings is. Transverse momenta py > p 5 generated by hard parton splitting are not covered by the
DGLAP equation and hence not a feature of the incoming partons anymore. They belong to the hard process and have
to be consistently simulated. While this scale can be chosen freely we have to make sure that it does not become too

large, because at some point the collinear approximation C' ~ constant in Eq.(5.12)) ceases to hold.
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