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into one coherent document. It includes many aspects of perturbative and non-perturbative QCD,
including the basic theoretical concepts we need to compute observables at hadron colliders.
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I. BASICS

The theory of strong interactions, quantum chromodynamics (QCD), has been developed on the basis of scat-
tering experiments that showed an internal SU(3)-symmetry and related charges much the same way quantum-
electrodynamics (QED) shows the U(1)-symmetry related to the electric charge. The corresponding gauge theory,
SU(3) Yang-Mills theory, is non-Abelian and hence self-interacting, i.e. the (quantized) pure gauge theory is already
non-trivial, in contrast to the U(1)-based QED.

A. Yang-Mills theory

We start by constructing the pure gauge part or Yang-Mills part of QCD as an SU(3) gauge theory, fixing our
conventions and repeating the main features known from the QFT II lecture. The weak SU(2)-theory turns out to
have the same qualitative features as QCD (asymptotic freedom and confinement), but is technically simpler. On the
other hand, the SU(2) gauge bosons in the Standard Model are massive, leading to a major modification of this theory.
Instead, we will assume massless gauge bosons throughout this lecture. As for QED, the classical action of QCD can
be derived from the gauge-invariant (minimal) extension of the action of a free spin-one particle. The requirement
of invariance of physics under local SU(N,) or color rotations with & € SU(N,..), combined with a minimal coupling,
leads us from partial to covariant derivatives,

Op—D,(A)=0,—1igA,. (I.1)
The gauge field A, in the adjoint representation is Lie-algebra—valued,
A, = Ante, with  a=1,..,N>—1. (1.2)

The matrices t* are the generators of SU(N.). In physical QCD the gauge group has eight generators, a = 1, ..., 8,
the Gell-Mann matrices. They are defined through

1
[t 1] = i fabete, tr (t44°) = 55‘“’, (1.3)

where the coefficients f2%¢ are the structure constants of the Lie algebra. and tr; is the trace in the fundamental
representation. The covariant derivative ([.1) does not carry any indices. In the adjoint representation it links to
SU(N,) indices and reads

D (A) = 9,6 — g fU°AS . with (15" = —i fb°. (L4)

The covariant derivative D,, with its two color indices then has to transform as a tensor under gauge transformations,

D,(A) = D, (A")y=uD,u", with U=e“ e SU(N,), (1.5)

where w € su(N,) is the corresponding Lie algebra element. The covariance of D under gauge transformations in (I.5))
implies

A, — AY = éU (D UY =u AU + éu @) (L6)

From the first term we confirm that in a non-Abelian gauge theory the gauge boson A, carries the corresponding
color charge. There are various notations on the market leading to factors ¢ and — in the Lie algebra relations above.
In the present lecture notes we have chosen hermitian generators which leads to the factor +1/2 for the trace in (L.3)).
It also entails real structure constants f**° in the Lie-algebra in .

In analogy to QED the field strength tensor is defined through the commutator of covariant derivatives, it is the
curvature tensor of the gauge theory. Based on the definitions in (I.1)) and ([.3|) we find

Fu ==[Dy, D))= F,t*  with  F%, =0,A% — 0,A% + g f**° A}, AS. (L.7)
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Defined as in (I.7)) the field strength F),, also transforms covariantly (as a tensor) under gauge transformations,

Fuy(A") = ~[D,,(A%), D, (A")]

g
= L UDL(A), Do (AN UT = U B (AU (L8)

Q

This allows us to define a gauge-invariant Yang-Mills (YM) action,
1 1 o a
SYM [A] = 5 tI'f (FHV F‘HV) = Z pr F‘[U/ ) (19)
with [, = [d?a. Its gauge invariance follows from (L8],

Soula] = 3 [ (U B Fu(A)UT) = Syyil4], (110)

where the last equality holds due to cyclicity of the trace in color space. Clearly, the action (L.9) with the field
strength (I.7]) is a self-interacting theory with coupling constant g. It has a quadratic kinetic term and three-gluon
and four-gluon vertices. This is illustrated diagrammatically as

-1
SYM [A] [© Qe + +
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%,

This allows us to read off the Feynman rules for the purely gluonic vertices. The full Feynman rules of QCD in the
general covariant gauge are summarized in Fig. 7?7 in Appendix 77. As in QED we can identify color-electric and
color-magnetic fields as the components in the field strength tensor,

E? = Fg,
a 1 a
Bz’ = §6ijk jk* (111)

In contrast to QED these color-electric and magnetic fields are no observables, they change under gauge transforma-
tions. Only tr E2,tr B? are observables.

A Yang-Mills theory can most easily be quantized through the path integral. Naively, the generating functional of
pure YM-theory would read

71 = / dA exp (—SYM[A]—i— / e A;) . (112)

The fundamental problem is that it contains redundant integrations due to gauge invariance of the action, see (|[.10).
These redundant integrations are usually removed by introducing a gauge fixing condition

FlAg] =0 (1.13)
Commonly used gauge fixings are
0uA, =0, covariant or Lorenz gauge,
0;4; =0, Coulomb gauge,
n,A, =0, axial gauge. (I.14)

The general covariant gauge has the technical advantage that it does not single out a space-time direction. This prop-
erty reduces the possible tensor structure of correlation functions and hence simplifies computations. The Coulomb
gauge and the axial gauge single out specific frames. At finite temperature (and density) this might be useful as the
temperature singles out the thermal rest frame. In that case the Coulomb gauge and the temporal or Weyl gauge



(nu = 0,0) are used often.

Gauge fields that are connected by gauge transformations are physically equivalent, i.e. their actions agree. They
lie in so-called gauge orbits, {AY, U4 € SU(N)}, and fixing a gauge is equivalent to choosing a representative of such an
orbit A — Ags, up to potential (Gribov) copies. The occurrence of Gribov copies and how to handle them is discussed
in Appendix ?7?. To keep things simple we ignore them for the time being and continue with the construction of the
QCD Lagrangian.

The path integral measure dA introduced in ([.12) can be split into an integration over physically inequivalent
configurations Ag¢ and the gauge transformations U,

dA = J dAgdid (L.15)

In J denotes the Jacobian of the transformation A — (Au,U), and we include dif as the Haar measure of the
gauge group, see e.g. [? |. The coordinate transformation and the computation of the Jacobian J are done
using the Faddeev-Popov quantization, [? ]. To separate the integral into the two parts shown in we
insert a very convoluted unity into the path integral,

1= /du5 [F[AY]] Ar[A] = AF[A] /du5 [F[AY]] & Ar[A]= </ du s []-'[A“H)l, (1.16)

where Ax[A] is gauge-invariant due to the property d(UV) = diU of the Haar measure. For the path integral this
gives us

/ dA e~ Sl = / dA dU § [F[AY]] AF[A] e Sxuldl (1.17)
Let us now consider a general observable O, like e.g. trF?(z)trF?(0). Observables are necessarily gauge invariant

and local. The expectation value of O is defined as

_ JdAO[A] e~Svuldl [dAdU 6 [FAY]] AF[A] OA] e~ Sl

O - ’
© JdA e=SvulA] [ dAQU 5 [FIAU]] Ax[A]e=SvulA]

(L18)

where we have simply inserted ([.16]) into the path integral. In ([.18) all terms are gauge invariant except for the

§-function. Hence we can absorb the U-dependence via A — AY'. Then the (infinite) integral over the Haar measure
decouples in numerator and denominator, and we arrive at

0) = [ dA S [FIA]] Ar[A] O[A] e SxmlAs]
= [ dA S [F[A]] Ar[A] e~ SvulAel

To compute the Jacobian A z[A] we apply a coordinate transformation to the §-distribution

Ow—wi]  w — wi]

S[F[AY]] = 02| = Taet M A] with U =e™, (1.19)
combined with a gauge fixing condition in the form
FlAg = AU =0, (1.20)
Using the definition this leads to
Ar[A] = | det M #[Ag] | with Mz[A] = i—f [4]. (1.21)
w=0

Here Agy is the solution with the minimal distance to A = 0. The inverse Jacobian detM z of the ansatz is called
the Faddeev-Popov determinant. For its computation we consider an infinitesimal gauge transformation Y = 1+igw
where we have rescaled the transformation with the strong coupling g for convenience. Such a rescaling gives global
factors of powers of 1/g that drop out in normalized expectation values. Then, the infinitesimal variation of the



covariant gauge 0,4, = 0 follows as

!

FIAY] = 0, AY = 0, A, — 0,Dpw + O(w?) = 0. (1.22)
This gives us the Faddeev-Popov matrix

7(58#D#w ow

Mgz[A] = o —-0,D, S0 = -0,D,1. (1.23)
We assume that —0*D,, is a positive definite operator and we arrive at
Ar[A] = det M[A] = det (—0,D,,) . (1.24)

A useful observation is that determinants can be represented by a Gaussian integral. In regular space such a Gaussian
integral reads

Iy 27Tn
/e baT M \/(ﬁ. (1.25)

We want to use this relation to replace the Faddeev-Popov determinant (I.24)) in the Lagrangian. It turns out that the
usual form does not give a useful action or Lagrangian. However, we can instead use two anti-commuting Grassmann
fields C' and switch the sign in the exponent to

det M z[A] = /dcdé exp {/ddx ddy Ea(x)/\/l%’(x,y)cb(y)} . (1.26)
Finally we slightly modify the gauge by introducing a Gauflian average over the gauges
1
SIF[AY]] — / dC S| F[AY — C]] exp {—25 caca} . (1.27)

In summary, and restricting ourselves to the covariant gauge we then arrive at the generating functional for our
Yang-Mills theory

Z[Ja, Jes Je] = / dAdedgeSalAedt], (Ja-AtTee=zle) (1.28)

The action including a general gauge fixing term and the Faddeev-Popov ghosts ¢® is
~ 1 1 2 _
SalA,e.d = ; /T Fi,FY, + E/r (0,4%)" + /1c 0, Db’ (1.29)

where fz = d?z and the Landau gauge is achieved for ¢ = 0. Note that the ghost action implies a negative
dispersion for the ghost, related to the determinant of the positive operator M = —0,,D,,. However, this is a matter
of convention, we might as well use a positive dispersion, the minus sign drops out for all correlation functions which
do not involve ghosts, and only those are related to scattering amplitudes. The source term with all indices reads

/ (Ja-Atdoc—e J)= / (T8 A% + Joct — ]2 . (1.30)
: |

x

The Feynman rules derived from ([.29) are summarized in Appendix ?7.

B. QCD

After briefly sketching the gauge part of QCD we now add fermionic matter fields. As before we start with the
classical action, now given by the Dirac action of a quark doublet,

Spivac |, i, A] = i / b (P + my+ 0) (131)



where the Dirac matrices are defined through

s, wh=26u (1.32)

In , the fermions carry a Dirac index defining the 4-component spinor, gauge group indices in the fundamental
representation of SU(3), as well flavor indices. The latter we will ignore as long as we only talk about QCD and
neglect the doublet nature of the matter fields in the Standard Model. The Dirac operator ) is diagonal in the flavor
space as is the chemical potential term. The mass term depends on the current quark masses related to spontaneous
symmetry breaking of the Higgs sector of the Standard Model. The up and down current quark masses are of the
order 2 — 5 MeV whereas the current quark mass of the strange quark is of the order 10> MeV. The other quark
masses are of order 1 —200 GeV. In low energy QCD this has to be compared with the scale of strong chiral symmetry
breaking Am ~ 300 MeV. This mass scales are summarized in Table [I}

Generation || first | second t
Mass [MeV]|[1.5-4|1150-1350] 17(
Quark u ¢ t
Quark d S b —
Mass [MeV][[ 4-8 [ 80-130 [(4.1-4.4)x 107

hird Charge
)% 103

o Ing

fol—

TABLE I: Quark masses and charges. The scale of strong chiral symmetry breaking is Am ~ 300 MeV as is Aqcp.
This entails that only 2 4+ 1 flavours have to be considered for most applications to the phase diagram of QCD.

Evidently, for most applications of the QCD phase diagram we only have to consider the three lightest quark flavors,
that is up, down and strange quark, to be dynamical. The current quark masses of up and down quarks are two order
of magnitude smaller than all QCD infrared scales related to Aqcp. Hence, the up and down quarks can be considered
to be massless. This leads to the important observation that the physical masses of neutrons and protons — and
hence the masses of the world around us — comes about from strong chiral symmetry breaking and has nothing to
do with the Higgs sector.

In turn, the mass of the strange quark is of the order of Aqcp and has to be considered heavy for application in low
energy QCD. The three heavier flavors, charm, bottom and top, are essentially static they do not contribute to the
QCD dynamics relevant for its phase structure even though in particular the c-quark properties and bound states are
much influenced by the infrared dynamics of QCD. In summary we will consider the Ny = 2 and Ny = 2 + 1 flavor
cases for the phase structure of QCD, while for LHC physics all flavors are relevant.

Again in analogy to the Yang-Mills action we describe the quantized theory using its generating functional. The

full generating functional of QCD is the straightforward extension of the Yang-Mills version in ([.28]). The quark
fields are Grassmann fields because of their fermionic nature and we are led to the generating functional

Z[J) = /dq? e—Sacp[®]+/, J'¢’ (1.33)

As a notation we have introduced super-fields and super-currents
QZ(A7CaE,1/J?7Z)) J:(JA7JC7JC7J11J7J_’¢)
d(IJ:/dAdcd(‘:dwdu_) J ®=Jy - A+Je-c—C-JetJyp =P Jy. (1.34)

The gauge-fixed action Sqcp in (1.33) in the Landau gauge is given by
1 1 2 _ . -
Sqcp[®] = i / FoFS, + % / (0,A4%)" + / "0, Db’ + i / V(D + my + pyo) (1.35)

The action in is illustrated diagrammatically as

For physical observables the gauge dependence entering through the last two graphs in the first line, the ghost terms, is
cancelled by the hidden gauge fixing dependence of the inverse gluon propagator. The Feynman rules are summarized
in Appendix ?77.
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FIG. 1: Diagrammatical form of the QCD action.

II. PHYSICS OF DIVERGENCES

Now that we know the quantized action of QCD we can compute all kinds of processes to leading order in the strong
couplings and beyond. From general field theory we know that when we are interested for example in cross section
prediction with higher precision we need to compute further terms in its perturbative series in az. This computation
will lead to ultraviolet divergences which can be absorbed into counter terms for any parameter in the Lagrangian.
The crucial feature is that for a renormalizable theory like our Standard Model the number of counter terms is finite,
which means once we know all parameters including their counter terms our theory becomes predictive.

We will see that in QCD processes we also encounter another kind of divergences. They arise from the infrared
momentum regime. To understand their effects in LHC physics it is instructive to see what happens to the much
better understood ultraviolet divergences. First, we will review how such ultraviolet divergences arise and how they are
removed. Next, we will remind ourselves how running parameters appear in this procedure, i.e. how scale dependence
is linked to the appearance of divergences. Finally, we need to interpret the use of running parameters physically and
see that in perturbation theory they resum classes of logarithms to all orders in perturbation theory. For the infrared
divergences we will follow exactly the same steps and develop some crucial features of hadron collider physics.

A. Ultraviolet divergences

Renormalization as the proper treatment of ultraviolet divergences is one of the most important things to understand
about field theories; you can find more detailed discussions in any book on advanced field theory. The particular aspect
of renormalization which will guide us through this section is the appearance of the renormalization scale.

In perturbation theory, scales automatically arise from the regularization of infrared or ultraviolet divergences. We
can see this by writing down a simple scalar loop integral, with to two virtual scalar propagators with masses m; o
and an external momentum p flowing through a diagram

d*q 1 1

. II.1
1672 ¢2 —m? (g +p)?2 —m3 (IL.1)

B(p?*;m1,mo) E/

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; = ma. The integration measure 1/(1672) is dictated by the Feynman rule for
the integration over loop momenta. Counting powers of ¢ in Eq. we see that the integrand is not suppressed by
powers of 1/q in the ultraviolet, so it is logarithmically divergent and we have to regularize it. Regularizing means
expressing the divergence in a well-defined manner or scheme, allowing us to get rid of it by renormalization.

One regularization scheme is to introduce 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. 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 /ﬁ% which is an artifact
of the regularization of such a Feynman diagram.

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 pr. 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 up nevertheless appears once we ensure the two-point function and with it observables like
cross sections keep their correct mass dimension

d*q 9 d*—2¢q in3 [C_4 9
e € R— . I1.2
/ 1602 MR / 1672 (47)2 € +Co+Ciet0(€) (11.2)

At the end, the scale ug might become irrelevant and drop out after renormalization and analytic continuation, but
to be on the safe side we keep it. The constants C; in the series in 1/¢ depend on the loop integral we are considering.
To regularize the ultraviolet divergence we assume e > 0 and find mathematically well defined poles 1/e. Defining
scalar integrals with the integration measure 1/(iw?) will make for example C_; come out as of the order O(1). This
is the reason we usually find factors 1/(47)? = 72 /(2m)* in front of the loop integrals.

The poles in 1/e will cancel with the universal counter terms once we renormalize the theory. Counter terms we
include by shifting parameters in the Lagrangian and the leading order matrix element. They cancel the poles in the
combined leading order and virtual one-loop prediction

IMvro(g) + Muire* = [Mro(g9)]* + 2Re Mo (g)Myiee + -+
— [Muo(g +69)]* + 2 Re Mro(g) Muire + -+
with g — ¢P = g+ dg and dg x ag/e . (I1.3)

The dots indicate higher orders in «y, for example absorbing the dg corrections in the leading order and virtual
interference. As we can see in Eq. the counter terms do not come with a factor u% in front. Therefore, while
the poles 1/e cancel just fine, the scale factor /ﬁ{ 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.(II1.2)) in a Taylor series in €, no question asked about convergence radii

(3 % +Co+ O(e)} = e*elogur [061 + Co + O(e)]

= [1+ 2¢clog g + O(€%)] {Cgl +Co+ 0(6)}

C_
= Tl +Co+C4 log,u%:i + O(E)

C 2

2l L G+ Oy log % +O(e) . (IL.4)

€
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 pp which appears as log(/ﬁ% /M?) in the renormalized expression for our observables. There is
no way of removing ultraviolet divergences without introducing some kind of renormalization scale.

In Eq.(II.4) there appear two contributions to a given observable, the expected Cjy and the renormalization—-induced
C_1. Because the factors C'_; are linked to the counter terms in the theory we can often guess them without actually
computing the loop integral, which is very useful in cases where they numerically dominate.

Counter terms as they schematically appear in Eq. are not uniquely defined. They need to include 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. Needless to say, such schemes do not automatically
work universally. 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 that we replace the leading order mass with the bare mass, for which we then insert the expression
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in terms of the renormalized mass and the counter term

bare
mg = my + dmy
a,C 1 2 m?
=my; +my 47rF (3 (—6 + v — log(4m) — log ;\2’2) — 4+ 3log ]\/[t2>
a,C 3 m? 1 1 A2
=my +my 47rF (—€—4+310g]\/[’;> & 752—7E+10g$, (I1.5)

2
~( PR
()

with the color factor Cr = (N? —1)/(2N). 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 at this stage arbitrary energy scale M to separate the universal logarithm
of the renormalization scale and the parameter-dependent logarithm of the physical process.

A theoretical problem with this on—shell renormalization scheme is that it is not gauge invariant. On the other
hand, it describes for example the kinematic features of top pair production at hadron colliders in a stable perturbation
series. This means that once we define a more appropriate scheme for heavy particle masses in collider production
mechanisms it better be numerically close to the pole mass. For the computation of total cross sections at hadron
colliders or the production thresholds at eTe™ colliders the pole mass is not well suited at all, but as we will see later
this is not where we expect to measure particle masses at the LHC, so we should do fine with something very similar
to the pole mass.

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. We can generalize this scheme for mixing scalars as they for example appear in supersymmetry, but it is
not gauge invariant with respect to the weak gauge symmetries of the Standard Model either. For QCD corrections,
on the other hand, it is the most convenient scheme keeping all exchange symmetries of the two scalars.

To finalize this discussion of process dependent mass renormalization we quote the result for a scalar supersymmetric
quark, a squark, where in the on—shell scheme we find

bare __ . _
mg* = mg + dmg

sC 2
=mg +mqa47TF <_€r —1—3r—(1-2r)logr — (1 —r)*log

1 m2

with r = mg / mg. The interesting aspect of this squark mass counter term is that it also depends on the gluino mass,
not just the squark mass itself. The reason why QCD counter terms tend to depend only on the renormalized quantity
itself is that the gluon is massless. In the limit of vanishing gluino contribution the squark mass counter term is again
only proportional to the squark mass itself

bare

mg

a,C 1 m2
:mq—i—émq :m;j—l—mq 47‘(‘F <—g —3+10g ]\4,(;> . (II?)

mg=0
Taking the limit of Eq.(IL.6)) to derive Eq.(IL.7)) is computationally not trivial, though.

One common feature of all mass counter terms listed above is dm oc m, which means that we actually encounter a
multiplicative renormalization

mbarc:me:(1+5Zm)m:(1+i;n)m:m+5m, (IIS)

with §Z,, = dm/m linking the two ways of writing the mass counter term. 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 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.

When we introduce counter terms in general field theory we usually choose a slightly more model independent
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scheme — we define a renormalization point. This is 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 — eP = ¢ 4 fe. (11.9)

Looking back at dm; as defined in Eq. we also see a way to define a completely general counter term: if
dimensional regularization, i.e. the introduction of 4 — 2¢ dimensions does not break any of the symmetries of our
Lagrangian, like Lorentz symmetry or gauge symmetries, we can simply subtract the ultraviolet pole and nothing
else. The only question is: do we subtract 1/e in the MS scheme or do we subtract 1/¢ in the MS scheme. In the MS
scheme the counter term is then scale dependent.

Carefully counting, there are three scales present in such a scheme. First, there is the physical scale in the process.
In our case of a top self energy this is for example the top mass m; appearing in the matrix element for the process
pp — tt. Next, there is the renormalization scale pg, a reference scale which is part of the definition of any counter
term. And last but not least, there is the scale M separating the counter term from the process dependent result,
which we can choose however we want, but which as we will see implies a running of the counter term. The role of
this scale M will become clear when we go through the example of the running strong coupling a,. Of course, we
would prefer to choose all three scales the same, but in a complex physical process this might not always be possible.
For example, any massive (2 — 3) production process naturally involves several external physical scales.

Just a side remark for completeness: a one loop integral which has no intrinsic mass scale is the two-point function
with zero mass in the loop and zero momentum flowing through the integral: B(p? = 0;0,0). It appears for example in
the self energy corrections of external quarks and gluons. Based on dimensional arguments this integral has to vanish
altogether. On the other hand, we know that like any massive two-point function it has to be ultraviolet divergent
B ~ 1/eyy because setting all internal and external mass scales to zero is nothing special from an ultraviolet point of
view. This can only work if the scalar integral also has an infrared divergence appearing in dimensional regularization.
We can then write the entire massless two-point function as

dq 1 1 i (11
I 1 _ 11 11.10
(p y Uy ) /]_6772 q2 (q+p)2 1672 <€UV €IR> 7 ( )

keeping track of the divergent contributions from the infrared and the ultraviolet regimes. For this particular integral
they precisely cancel, so the result for B(0;0,0) is zero, but setting it to zero too early will spoil any ultraviolet and
infrared finiteness test. Treating the two divergences strictly separately and dealing with them one after the other
also ensures that for ultraviolet divergences we can choose € > 0 while for infrared divergences we require € < 0.

To get an idea what these different scales which appear in the process of renormalization mean let us compute such
a scale dependent parameter, namely the running strong coupling « (u%{). The Drell-Yan process is one of the very
few relevant processes at hadron colliders where the strong coupling does not appear at tree level, so we cannot use it
as our toy process this time. Another simple process where we can study this coupling is bottom pair production at
the LHC, where at some energy range we will be dominated by valence quarks: ¢§ — bb. The only Feynman diagram
is an s-channel off-shell gluon with a momentum flow 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
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ghost loop which removes the unphysical degrees of freedom of the gluon inside the loop.

;7 -~
\
/
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The gluon self energy correction or vacuum polarization, as propagator corrections to gauge bosons are usually labelled,
will be a scalar. This way, 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 unitary gauge the gluon propagator is proportional to the transverse tensor

TH = gt — pVpH /p?. As mentioned in the context of the effective gluon-Higgs coupling, the same should be true for
the gluon self energy, which we therefore write as IT*” = IIT*. We find the simple relations
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Including the gluon, quark, and ghost loops the regularized gluon self energy with a momentum flow p? through the
propagator reads

(iR _ as 1 2N\ /13 2 .
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The minus sign arises from the factors ¢ in the propagators. The number of fermions coupling to the gluons is ny.
From the comments on B(p?;0,0) we could guess that the loop integrals will only give a logarithm log p? which is
then matched by the logarithm log M? implicitly included in the definition of €.

The factor by arises from one-loop corrections, i.e. from diagrams which include one additional power of a. Strictly
speaking, it gives the first term in a perturbative series in the strong coupling a5 = g2/(47). Later on, we will indicate
where additional higher order corrections would enter.

In the second step of Eq. we have sneaked in additional contributions to the renormalization of the strong
coupling from the other one-loop diagrams in the process, 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 qg — bb:
the external quark self energies with renormalization factors Z}/ 2, the internal gluon self energy Z4, and the vertex
corrections Zayrs. The only physical parameters we can renormalize in this process are the strong coupling and, if
finite, the bottom mass. Wave function renormalization constants are not physical, but vertex renormalization terms
are. The entire divergence in our q§ — bb process which needs to be absorbed in the strong coupling through Zg is
given by the combination

Z
Zass = 2,257, & =2z, (IL.13)
24" Zs

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

divergence structure
Zagr V Zangy 1\ Zsa 1 | Zaa
= = =)= - (I1.14)
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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 Z4fy 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 a, in the MS scheme. From Eq. we know that the ultraviolet pole which needs to be cancelled by
the counter term is proportional to the function bg

are (;gs
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Only in the last step we have explicitly included the scale dependence of the counter term. Because the bare coupling
does not depend on any scales, this means that «s depends on the artifical external scale M. Similar to the top
mass renormalization scheme we can switch to a more physical scheme for the strong coupling as well: we can absorb

also the finite contributions of II(u%/p?) into the strong coupling by simply identifying M? = p?. Based again on

Eq.(I1.12)) this implies

bo | as(M?). (I1.15)

bare __ 2 aS(p2)b0 2 p2
™ = as(p?) (1 - W + a(p)bo log W) (I1.16)

On the right hand side o is consistently evaluated as a function of the physical scale p?. The lograrithm just shifts
the argument of € from M? to p?. This formula defines a running coupling as(p?), because the definition of the
coupling now has to account for a possible shift between the original argument p? and the scale M? coming out of the
MS scheme. Since according to Eqgs.([L.15) and the bare strong coupling can be expressed in terms of o, (M?)
as well as in terms of a(p?) we can link the two scales through

2 2
s (M?) = oy (p?) + a2(p*)bo log 2 = a,(p?) (1 + a(p%)bo log %)

M M
as(M?
= as(pQ) _ ( ) p2
1 + O[s(pQ)bO log W
dos (p?) 2/, 2 3
= — b . II.1
< C“ng2 as(p ) 0+0(O‘s) ( 7)

To the given loop order the argument of the strong coupling squared in this formula can be neglected — its effect is of
higher order. We nevertheless keep the argument as a higher order effect and remember the additional terms neglected
above to later distinguish different approaches to the running coupling. From Eq. we know that by > 0, which
means that towards larger scales the strong coupling has a negative slope. The ultraviolet limit of the strong coupling
is zero. This makes QCD an asymptotically free theory. We can compute the function by in general models by simply
adding all contributions of strongly interacting particles in this loop

1
bo = 15— > DTy, (I1.18)

colored states

where we need to know some kind of counting factor D; which is -11 for a vector boson (gluon), +4 for a Dirac
fermion (quark), +2 for a Majorana fermion (gluino), +1 for a complex scalar (squark) and +1/2 for a real scalar.
Note that this sign is not given by the fermionic or bosonic nature of the particle in the loop. The color charges are
Tr = 1/2 for the fundamental representation of SU(3) and C4 = N, for the adjoint representation. The masses of the
loop particles are not relevant in this approximation because we are only interested in the ultraviolet regime of QCD
where all particles can be regarded massless. This is a fundamental problem when we work with a running strong
coupling constant: it is not an observable, which means that it does not have to ensure the decoupling of heavy states.
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On the other hand, if we treat it like an observable we need to modify it by hand, so it does not ruin the automatic
decoupling of heavy particles. When we really model the running of as we need to take into account threshold effects
of heavy particles at their respective masses. When we really model the running of oy we need to take into account
threshold effects of heavy particles at their respective masses.

We can do even better than this fixed order in perturbation theory: while the correction to o in Eq.([I.16) is
perturbatively suppressed by the usual factor a;/(47) it includes a logarithm of a ratio of scales which does not need
to be small. Instead of simply including these gluon self energy corrections at a given order in perturbation theory
we can instead include chains of one-loop diagrams with II appearing many times in the off-shell gluon propagator.
It means we replace the off—shell gluon propagator by

TR TR (T T\"
T (z'(—TH)'2>
P ' p p p
T T T\"
+(pz.(_TH).pQ.(_TH).p2> +..
N | A L |
_ L R A IL1
> Z( p2> =TT (11.19)
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schematically written without the factors ¢. To avoid indices we abbreviate T#*T¥# = T - T which make sense because
of (T-T -T)" = THPTIT, = TH”. This resummation of the logarithm which appears in the next-to-leading order
corrections to a; moves the finite shift in a, shown in Eqgs.(II.12)) and into the denominator, while we assume
that the pole will be properly taken care off in any of the schemes we discuss

2b 2 2b
abare _ Ots(MQ) _ @500 = as(p”) - = 2‘3 0 = -
p° E(un/M?)

11.20)
S 'é 2 M2 (
(/M) 1 — as(p?) by log 2

Just as in the case without resummation, we can use this complete formula to relate the values of a; 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.([1.17)

1 1

2 o log 2 1 by log L 11
- 1—a, Yy r 21
o (0 as<p2>< o (p") bo log M?) a(?) s (L2

The factor «, inside the parentheses we can again evaluate at either of the two scales, the difference is a higher
order effect. If we keep it at p? we see that the expression in Eq. is different from the un-resummed version
in Eq.([L16). If we ignore this higher order effect the two formulas become equivalent after switching p* and M?.
Resumming the vacuum expectation bubbles only differs from the un-resummed result once we include some next—
to-leading order contribution. When we differentiate as(p?) with respect to the momentum transfer p? we find, using
the relation d/dx(1/a,) = —1/a? dag/dx

d 1
dlogp? a,(p?)

1 dag(p?) B 9
as(p?) dlogp? —os ()

d(l dOé
2 2 s _— S 3 2 E n
= — S b = - - — bn
a (p ) 0 or D l 2 ” 2 as — as

(I1.22)

In the second form we replace the one-loop running by by its full perturbative series. This is the famous running of
the strong coupling constant including all higher order terms b,,.

In the running of the strong coupling constant we relate the different values of as through multiplicative factors of
the kind

2
<1 + o, (p?)bo log ]\]}2> . (I1.23)

Such factors appear in the un-resummed computation of Eq.([1.17) as well as in Eq.(IL.20)) after resummation. Because
they are multiplicative, these factors can move into the denominator, where we need to ensure that they do not vanish.
Dependent on the sign of by this becomes a problem for large scale ratios |aslogp?/M?| > 1, where it leads to the
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Landau pole. For the strong coupling with by > 0 and large coupling values at small scales p?> < M? the combination
(1 + asbg log p? /M?) can indeed vanish and become a problem.

It is customary to replace the renormalization point of ay in Eq. with a reference scale defined by the Landau
pole. At one loop order this reads

1+ ay by 1 Naeo 1o Maen 0 PR AN TS
@s Do 108 Ty = S T as(M?2)bg Bz T 08 Ajep  as(M?)bo
1 EBq(@2) 1 P’
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= + by log - = by log —— & as(p?) = —————
Qs (M2) A2QCD Qs (M2) A2QCD ’ bO IOg 2
AQCD

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

In terms of language, there is a little bit of confusion between field theorists and phenomenologists: up to now
we have introduced the renormalization scale pur 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 M?/ A2QCD into the definition of the renormalized parameter. This is what we will from now
on call the renormalization scale in the phenomenological sense, i.e. the argument we evaluate o at. Throughout
this section we will keep the symbol M for this renormalization scale in the MS scheme, but from Section on we
will shift back to pgr instead of M as the argument of the running coupling, to be consistent with the literature.

B. Scaling logarithms

In the last section we have introduced the running strong coupling in a fairly abstract manner. For example, we
did not link the resummation of diagrams and the running of a; in Eqs.(I1.17)) and (II.22)) to physics. In what way
does the resummation of the one-loop diagrams for the s-channel gluon improve our prediction of an observable? To
illustrate this we best look at a simple observable which depends on just one energy scale p?. The first observable
coming to mind is again the Drell-Yan cross section o(gq — 117 ), but since we are not really sure what to do with
the parton densities which are included in the actual hadronic observable, we better use an observable at an ete™
collider. Something that will work and includes «; at least in the one-loop corrections is the R parameter

_o(efe” %hadrons Z Q2 = 11N,

- oletem — utp~

(I1.25)

quarks

The numerical value at leading order assumes five quarks. Including higher order corrections we can express the result
in a power series in the renormalized strong coupling a. In the MS scheme we subtract 1/é(u%/M?) and in general
include a scale dependence on M in the individual prefactors r,

2 2
D _ D o _ 11N,
R (W, Oés> = E Tn (W) Qg (M ) ro = 9 . (1126)

n=0

The r,, we can assume to be dimensionless — if they are not, we can scale R appropriately using p?. This implies
that the r,, only depend on ratios of two scales, the externally fixed p? on the one hand and the artificial M2 on the
other.

At the same time we know that R is an observable, which means that including all orders in perturbation theory
it cannot depend on any artificial scale choice M. Writing this dependence as a total derivative and setting it to zero
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we find an equation which would be called a Callan—Symanzik equation if instead of the running coupling we had
included a running mass

1o d P o) a2 O das 0O P
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In the second line we have to remember that the M dependence of ay is already included in the appearance of 3, so
a5 should be considered a variable by itself. This perturbative series in a has to vanish in each order of perturbation
theory. The non—trivial structure, namely the mix of r,, derivatives and the perturbative terms in the § function we
can read off the a2 term in Eq.: first, we have the appropriate NNNLO corrections r3. Next, we have one loop
in the gluon propagator by and two loops for example in the vertex r5. And finally, we need the two-loop diagram
for the gluon propagator b; and a one-loop vertex correction 1. The kind-of-Callan-Symanzik equation Eq.([L27)
requires
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The dependence on the argument M? vanishes for ro and r1. Keeping in mind that there will be integration constants
¢, and that another, in our case, unique momentum scale p? has to cancel the mass units inside log M? we find
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This chain of r,, values looks like we should interpret the apparent fixed-order perturbative series for R in Eq.
as a series which implicitly includes terms of the order log™ ' M? /p? in each r,. They can become problematic if
this logarithm becomes large enough to spoil the fast convergence in terms of oz ~ 0.1, evaluating the observable R
at scales far away from the scale choice for the strong coupling constant M.

Instead of the series in 7, we can use the conditions in Eq.(II.29)) to express R in terms of the ¢, and collect the
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logarithms appearing with each c,. The geometric series we then resum to
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In the original ansatz o, is always evaluated at the scale M?2. In the last step we use Eq.(IL.21) with flipped
arguments p?> and M?2, derived from the resummation of the vacuum polarization bubbles. In contrast to the 7,
integration constants the ¢, are by definition independent of p?/M? and therefore more suitable as a perturbative

series in the presence of potentially large logarithms. Note that the un-resummed version of the running coupling in
Eq.(II.16)) would not give the correct result, so Eq.(I1.30) only holds for resummed vacuum polarization bubbles.

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

log M?/p? in the new organization of the perturbative series and absorbing them into the running strong coupling
evaluated at the scale p2. All scale dependence in the perturbative series for the dimensionless observable R is moved
into o, so possibly large logarithms log M? /p? have disappeared. In Eq. we also see that this series in ¢, will
never lead to a scale-invariant result when we include a finite order in perturbation theory. Some higher—order factors
¢, are known, for example inserting N, = 3 and five quark flavors just as we assume in Eq.

R:% <1+O‘S§rpz)+1.4 (O‘SSTZ’Q))Q_Q (O‘SSTPQ)):O(%E@)ZL) . (IL.31)

This alternating series with increasing perturbative prefactors seems to indicate the asymptotic instead of convergent
behavior of perturbative QCD. At the bottom mass scale the relevant coupling factor is only as(m?)/m ~ 1/14,
so a further increase of the ¢, 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? 4 2. 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 pgr. 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. In that case introducing Aqcp leaves us with a compact form of the running coupling as(M 2, Aqep)-

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: reor-
ganizing 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. We will need this picture once we introduce infrared divergences in the following
section.

C. Infrared divergences

After our brief discussion into ultraviolet divergences and renormalization we move to LHC processes, like the Drell-
Yan process q7 — pt ", in perturbative QCD. We know that the partons inside the proton are described by parton
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distributions (pdfs), which at this stage are only probability functions in terms of the collinear momentum fraction
of the partons inside the proton. The question we need to ask for a quantum-level description of ™ p~ production
at the LHC is: what happens if together with the two leptons we produce additional jets which for one reason or
another we do not observe in the detector. Such jets could for example come from the radiation of a gluon from the
initial-state quarks. We will first study the kinematics of radiating such jets and specify the infrared divergences this
leads to. Next we will show that these divergences have a generic structure and can be absorbed into a re-definition of
the parton densities, similar to an ultraviolet renormalization of a Lagrangian parameter. Finally, we will follow the
example of the ultraviolet divergences and see what absorbing these divergences means in terms logarithms appearing
in QCD calculations.

Let us get back to the radiation of additional partons in the Drell-Yan process. We can start for example by
computing the cross section for the partonic process q§ — Zg. However, this partonic process involves renormalization
of ultraviolet divergences as well as loop diagrams which we have to include before we can say anything reasonable.
Instead, we look at the crossed process

It should behave similar to any other (2 — 2) jet radiation, 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.
Moreover, let us go back to Z production instead of a photon, to avoid confusion with additional massless particles
in the final state.

The amplitude for this (2 — 2) process is — modulo charges and averaging factors, but including all Mandelstam
variables

t 2 —2m%(s+t—m%)

M)~ -2 : 11.32
M~ = - (11.32)
The Mandelstam variable ¢ for one massless final-state particle can be expressed as t = —s(1 — 7)y in terms of the
rescaled gluon emission angle y = (1 — cosf)/2 and 7 = m%/s. Similarly, we obtain u = —s(1 — 7)(1 — y), so as a
first check we can confirm that ¢ + u = —s(1 — 7) = —s + m%. The collinear limit when the gluon is radiated in the
beam direction is given by y — 0, corresponding to negative t — 0 with finite u = —s +m%. In this limit the matrix
element can also be written as
2 _2sm2 +2m} 1
RV RSl el O (I1.33)

s(s—m%) vy

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

spr =tu=s"(1-7)° y(1—y) = (s —m3)*y + Oy (I.34)

In the collinear limit our matrix element squared in Eq.(II.33)) becomes
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The matrix element for the tree level process gg — 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 entire two-particle phase space.
Using the appropriate Jacobian this integration can be written in terms of the reduced angle y. Approximating the
matrix element as C’/y or C/p2, we then integrate

o o s . m .
/ dy=— = / dp— = 2 / dpr pr — ~ 2C / dpr— = 2C log L _ (IL.36)
y p P b p pr pr

min Yy min pT min T min
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FIG. 2: Splitting of one gluon into two gluons. Figure from Ref. [? ].

The form C/ p2T for the matrix element is of course only valid in the collinear limit; in the non—collinear phase space
C is not a constant. However, Eq.(I1.36|) describes well the collinear divergence arising from quark radiation at the
LHC.

We now follow the same strategy as for the ultraviolet divergence. First, we regularize the divergence 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 in terms of
the angular variable y then reads

do 77(477)—2+e (M% )6 T¢(1 — 7—)1—26 ) (M% )e |M\2
dy T T(l—e — o M~ 11.37
dy I'(l—e¢) 2 ye(1 —y)° M| 2 (1= )" ( )
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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 can as well choose n = 4 + 2¢ space-time dimensions with ¢ > 0. After integrating
the leading collinear divergence 1/y'*¢ we are left with a pole 1/(—¢). This regularization procedure is symmetric
in y <+ (1 —y). What is important to notice is again the appearance of a scale 2 with the n-dimensional integral.
This scale arises from the infrared regularization of the phase space integral 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 simply
subtract the pole from the fixed-order matrix element squared.

From the discussion of the process qg — Zq we can at least hope that after taking care of all other infrared and
ultraviolet divergences the collinear structure of the process q¢ — Zg will be similar. In this section we will show that
we can indeed write all collinear divergences in a universal form, independent of the hard process which we choose
as the Drell-Yan process. In the collinear limit, the radiation of additional partons or the splitting into additional
partons will be described by universal splitting functions.

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 description of the factorized phase space, with
which we will start, is common to all these different channels. The first and at the LHC most important case is
the splitting of one gluon into two, shown in Figure The two daughter gluons are close to mass shell while the
mother has to have a finite positive invariant mass p2 > p?,p?. We again assign the direction of the momenta as
Pa = —Pb — Pe, Which means we have to take care of minus signs in the particle energies. The kinematics of this
approximately collinear process we can describe in terms of the energy fractions z and 1 — z defined as

_ B,
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in the collinear limit and in terms of the opening angle  between p, and p.. Because p2 > 0 we call this final-state split-
ting configuration time—like branching. For this configuration we can write down the so-called Sudakov decomposition
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of the four-momenta

—Pa = Db+ Pe = (—=2pa + Bn+pr) + (=(1 = 2)pa — fn —pr) . (11.39)

It defines an arbitrary unit four-vector n, a pr component orthogonal to the mother momentum p, and to n, (p.pr) =
0 = (npr), and a free factor 8. This way, we can specify n such that it defines the direction of the p,—p. decay plane.
In this decomposition we can set only one invariant mass to zero, for example that of a radiated gluon p? = 0. The
second final state will have a finite invariant mass p? # 0.

As specific choice for the three reference four-vectors is

|E, | 1 1 0
| o ]_ 0 _ |0 _ | pra

Pa = 0 = |E,| 0 n=1, pr = pro | (I1.40)
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Relative to p, we can split the opening angle 6 for massless partons according to Figure
0 pr (pr\ _1-z O b
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The momentum choice in Eq.([1.40) has the additional feature that n? = 0, which allows us to extract 3 from the
momentum parameterization shown in Eq.([1.39) and the additional condition that p? = 0

p2=(—(1—2)pa — fn —pr)’
= (1—2)%p2 + p7p +2B(1 — 2)(npa)

Cpr+(1—2)%p2
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(I1.42)

Using this specific phase space parameterization we can divide an (n+ 1)-particle process into an n-particle process
and a splitting process of quarks and gluons. First, this requires us to split the (n + 1)-particle phase space into an
n-particle phase space and the collinear splitting. The general (n+ 1)-particle phase space separating off the n-particle
contribution
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s = 5o B(Ey] 2@n B 2@mPlEl 202n 7Bl By at fixed pa
_ 4D dpe3dprprde 1
=d®, —oo T D

227)3|E.| =
dpeadp}ds 1
4(2m)3|E,| 2

= dd, (11.43)

is best expressed in terms of the energy fraction z and the azimuthal angle ¢. In other words, separating the (n + 1)-
particle space into an n-particle phase space and a (1 — 2) splitting phase space is possible without any approximation,
and all we have to take care of is the correct prefactors in the new parameterization.

Our next task is to translate the phase space parameters p. 3 and p2. appearing in Eq.([1.43)) into z and p2. Starting
from Eq.(II.39) for p;s with the third components of p, and pr given by Eq.(I1.40) we insert 8 from Eq.(I1.42) and
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obtain
Pes _ (1 DB+ 00) + 8 = - [~ - DB+ 0 - LL L=
dz  dz ¢ dz “ 4(1 — 2)|Eq|
7 2
= |E,|(1 0)) — =
L T oA 1120
|Ee| 0222 E? 2(1 - 2)E20% + O(0%) )
= 14+ 0(9)) — £ c Eq.(I1.38]) and Eq.(II.41
Bl v o) - 2+ 22T wsing T, (IEFS) and T, (ICT1)
|E.| dpe 3 dz
= 00 & 2~ . 11.44
1-2z +00) |E.| 1—=2 ( )
In addition to substituting dp. 3 by dz in Eq.([L.43) we also replace dp?. with dp? according to
2 202 2172 202
br Ey6; Z2Eg(1—2)%0 2 2
=L — = =2z(1— dp7 = z(1 — z)dp: . 1.4
p¢21 Z(l _ z)E,fOQ Z(l _ Z)Egeg Z( Z) A Pr Z( Z) Pa ( 5)
This gives us the final result for the separated collinear phase space
dz dp? do dz dp?
dd =d®, —2— =dd 4 11.46
e "4(2m)3 "42m)2 |’ ( )

where in the second step we assume an azimuthal symmetry.

Adding the matrix element to this factorization of the phase space and ignoring the initial-state flux factor which
is common to both processes we can now postulate a full factorization for one collinear emission in the collinear limit

d0n+1 = ‘Mn+1‘2 dq)n+1

_—— dp? dz
= 24P “ 1
292 o dp? dz . — 2g% .
~ 2 P(z) IM,|2 do, 162 assuming | M, 41/% ~ 7 P(z) (M2 . (I1.47)

Using do,, ~ |M,,|2 d®,, and g2 = 4ma, we can write this relation in its most common form

dp? = g -
Onil = /an 2 dz Py P(z)]. (I1.48)

We can show the assumption of factorizing matrix elements step by step, constructing the appropriate splitting kernels

]5(2) for all different quark and gluon configurations. If Eq.([1.48|) really holds true this means that we can compute
the (n+1) particle amplitude squared from the n-particle case convoluted with appropriate universal splitting kernels.

As the first parton splitting in QCD we study a gluon splitting into two gluons

9(Pa) = 9(pv) + 9(pc) , (I1.49)

also shown in Figure [2| We can compute it in the collinear configuration given in Eq.(I1.38) and find

——  2¢2 N, z 1—=2
IMpi1]? = 2 2 2 T +2(1—2)+ } |IM,, |2
292 . wED - z 1-=2
= o Py g4(2) My & Py 4(2)=Ca 1% + . +2(1-2)| , (I1.50)

using Cy = N.. The form of the splitting kernel is symmetric when we exchange the two gluons z and (1 — z). It

diverges if either of the gluons become soft. The notation Piej ~ Aij 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.
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Following the logic described above, with this calculation we prove that the factorized form of the (n + 1)-particle
matrix element squared in Eq.(l1.47)) holds in a Yang-Mills theory.

The same kind of splitting kernel we can compute for the splitting of a gluon into two quarks

9(pa) = a(pe) +a(pe) - (IL.51)

In complete analogy to the gluon splitting into two gluons, we can factorize the (n + 1)-particle matrix element into

2 N2 -1
Moi? = L T == [(1—-22)° + 1] M, with tr7°T = Tpé® and N, = 2
p; Nz -1
297 -
= 52 Tr [+ (1 —2)2] M,
263 4 2 5 2 2
= pT‘qug(Z) M| & Puy(r)=Tr[2+(1-2)7, (I1.52)

with Tr = 1/2. This splitting kernel is again symmetric in z and (1 — z) because QCD does not distinguish between
the outgoing quark and the outgoing antiquark.

The third splitting we compute is the splitting of a quark into a quark and a gluon

qa(pa) = a(ps) + g(pe) - (I1.53)

It involves the same quark—quark—gluon vertex as the gluon splitting into two quarks. The factorized matrix element
for this channel has the same form as Eq.(I1.52)), except for the color averaging factor of the now incoming quark,

g2 NZ -1 (142)*+ (1= 2)?

2 _ 2
‘MnJrl‘ pg 2N, 1_ 2 |Mn|
292 1422 ——
— s op M2
D2 1-2z
P — A g2
= p—QPW_g(z) |M., |2 & Py q(2)=CF T (I1.54)

The color factor for gluon radiation off a quark is Cr = (N? — 1)/(2N). The averaging factor 1/N, = 2 now is the
number of quark spins in the intermediate state. Just switching z <> (1 — z) we can finally read off the kernel for a
quark splitting written in terms of the final-state gluon

1+(1—Z)2.

Pg%q(z) =Cr >

(I1.55)
This result finalizes our calculation of all QCD splitting kernels Piej (z) between quarks and gluons . As alluded to
earlier, similar to ultraviolet divergences which get removed by counter terms these splitting kernels are universal.
They do not depend on the hard n-particle matrix element which is part of the original (n+ 1)-particle process. Based

on our four results in Eqgs.(I1.50), (I1.52), (II.54]), and (I1.55) we have by construction of the kernels P shown that the
collinear factorization Eq.(I1.48]) holds at this level in perturbation theory.

Before using this splitting property to describe QCD effects at the LHC we need to look at the splitting of partons
in the initial state, meaning |pZ|,p? < |p?| where py is the momentum entering the hard interaction. The difference to
the final-state splitting is that now we can consider the split parton momentum p, = p, — p. as a t-channel diagram,
so we already know pg =t < 0 from our usual Mandelstam variables argument. This space—like splitting version of
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Eq.([L.39) for p? gives us

t=pj = (—2pa + Bn+ pr)?
= p7 — 22B(pan) with p2 = n® = (papr) = (npr) =0
2
= P2t f’izz using Eq.([T.42)
2 2 2
Pr Pryt+ P
= =5 2 0. 11.56
1—=2 11—z < ( )

The calculation of the splitting kernels and matrix elements is the same as for the time-like case, with the one
exception that for splitting in the initial state the flow factor has to be evaluated at the reduced partonic energy
Ey, = 2zF, and that the energy fraction entering the parton density needs to be replaced by xp — zxp. The factorized
matrix element for initial-state splitting then reads just like Eq.

dt = oas -

How to use this property to make statements about the quark and gluon content in the proton will be the focus of
the next section.

D. DGLAP equation

Before we include the quantum effects from parton splitting in LHC computations, let us briefly review the classical,
statisitical picture of parton densities. At hadron colliders the energy distribution of incoming quarks as parts of the
colliding protons has to be taken into account. We first assume that quarks move collinearly with the surrounding
proton such that at the LHC incoming partons have zero ppr. Under that condition we can define a probability
distribution for finding a parton just depending on the respective fraction of the proton’s momentum. For this
momentum fraction z = 0---1 the parton density function (pdf) is written as f;(x), where i denotes the different
partons in the proton, for our purposes u,d, ¢, s, g and, depending on the details, b. All incoming partons we assume
to be massless.

In contrast to so-called structure functions a pdf is not an observable. It is a distribution in the mathematical
sense, which means 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 somewhere around = < 1/3,
while the gluon pdf is small at x ~ 1 and grows very rapidly towards small x. For some typical part of the relevant
parameter space (z = 1073---1071) the gluon density roughly scales like f,(x) oc 72, Towards smaller x values it
becomes even steeper. This steep gluon distribution was initially not expected and means that for small enough z
LHC processes will dominantly be gluon fusion processes.

While we cannot actually compute parton distribution functions f;(z) as a function of the momentum fraction z
there are a few predictions we can make based on symmetries and properties of the hadrons. Such arguments for
example lead to sum rules:

The parton distributions inside an antiproton are linked to those inside a proton through the CP symmetry, which
is an exact symmetry of QCD. Therefore, we know that

fi(@) = fq() fi(@) = f4(z) f5(@) = fy(2) (I1.58)
for all values of z. 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

(Nu) :/o dz (fu(r) — fa(z)) =2 (Ng) = /0 dz (fa(z) — f7(z)) =1. (I1.59)

Similarly, the total momentum of the proton has to consist of sum of all parton momenta. We can write this as the
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expectation value of > x;

<Z$z> :/O dr x (qu($)+2fq(x)+fg(x)> =1 (H.GO)

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 that this modified momentum sum rule only comes to 1/2. Half of the
proton momentum is then carried by gluons.

We can use everything we now know about collinear parton splitting to describe incoming partons at hadron
colliders. For example in pp — Z production incoming partons inside the protons transform into each other via
collinear splitting until they enter the Z production process as quarks. Taking Eq. seriously, a parton density
should depend on two parameters, the final energy fraction and the virtuality,

flz,=t). (IL.61)

The second parameter ¢ is new compared to the purely probabilistic picture described above. To study the parton
density as a function of these two parameters, we start with a quark inside the proton with an energy fraction x,
as it enters the hadronic phase space integral. Since this quark is confined inside the proton it can only have small
transverse momentum, which means its four-momentum squared ¢y is negative and its absolute value [to] is small. For
incoming partons which on-shell have p? = 0 it gives the distance to the mass shell. Let us simplify our kinematic
argument by assuming that there exists only one type of splitting, namely successive gluon radiation off an incoming
quark, where the outgoing gluons are not relevant

(x07t0) (Ihtl) ( t )
Tnyln

In that case each collinear gluon radiation will decrease the quark energy x;4; < x; and increase its virtuality
|tj+1| = —tj+1 > —tj = |tj| through its recoil.

From the last section we know what the successive splitting means in terms of splitting probabilities. We can
describe how the parton density f(x,—t) evolves in the (z — t) plane as depicted in Figure The starting point
(x0,10) is at least probabilistically given by the energy and kind of the hadron, for example the proton. For a given
small virtuality |¢to| we start at some kind of fixed xo distribution. We then interpret each branching as a step strictly
downward in x; — x;41 where the ¢ value we assign to this step is the ever increasing virtuality |t;41| after the
branching. Each splitting means a synchronous shift in 2 and ¢, so the actual path in the (z — ) plane really consists

of discrete points. The probability of such a splitting to occur is given by ﬁqeq(z) = P(z) as it appears in Eq.([L.57)

Qg - dt

— P(z) — dz . 11.62

s P(s) 5 (1L62)
In this picture we consider this probability a smooth function in ¢ and z. At the end of the path we will probe this
evolved parton density, where x,, and t, enter the hard scattering process and its energy—momentum conservation.

When we convert a partonic into a hadronic cross section numerically we need to specify the probability of the
parton density f(z, —t) residing in an infinitesimal square [z;, z; + dz] and, if this second parameter has anything to
do with physics, [|t;], |t;| + dt]. Using our (x,t) plane we compute the flows into this square and out of this square,
which together define the net shift in f in the sense of a differential equation, similar to the derivation of Gauss’
theorem for vector fields inside a surface

6fin - 6f0ut = 5f($, _t) . (1163)

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 [3| it can enter and leave the
square either vertically or horizontally. Because we do not consider the movement in the (z,t) plane continuous we
can choose this direction as vertical or horizontal. 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



25

X

0

Itol ot It

FIG. 3: Path of an incoming parton in the (x — ¢) plane. Because we define ¢ as a negative number its axis is labelled
2]

such a vertical drop in = at the target value ¢;41 an incoming path hitting the square at some value ¢ can come from
any x value above the square. Using this convention and following the fat solid lines in Figure [3|the vertical flow into
the square (z,t) square is proportional to 0t and has the form

ot [Ydz ay - T
d fin(—t) = 7 < o P(z)f (;a _t>
ot [Ydz Qg -~ T . / ’
=7 ) 7o Pi2)f (;, —t) assuming f(2’, —t) = 0 for 2’ > 1
asP
=it (27rt ® f) (x,—1) . (I1.64)

In the last step we use the definition of a convolution

1

(Foa)e) = [ dordaafeg(e) oo~ o) = | 1 W feng () / Y (”3> o). (1L65)

0 T2 Z2

The outgoing flow we define in complete analogy, again leaving the infinitesimal square vertically. Following the fat
solid line in Figure [3|it is also proportional to §t

1

P 5 Ly
Son(=0) = 8t | ay ™D g0, 1) = Yy 1) | vz P (11.66)

The corresponding y integration, unlike the z integration for the incoming flow is not a convolution. This integration
appears because we do not know the normalization of P(z) distribution which we interpret as a probability. The
reason why it is not a convolution is that for the outgoing flow we know the starting condition and integrate over the
final configurations; this aspect will become important later. Combining Eq. and Eq. we can compute
the net change in the parton density of the quarks as

sste-0 = [ [ 82 pey s (20) - [ av g2 P s 0)

t z o7 2w

ot [Tz o [P<z>—5<1—z>/01dyﬁ<y>} f(j—t)z‘”/;dj%P<z>+f(j,—t)

t Jo =z 27 P o
6f(1'7 _t) o 1 ! dz Qg ~ €T
< -ty (-t ), = 2 Pz)+ f(;’_t) ’ (11.67)
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again assuming f(z) = 0 for x > 1, strictly speaking requiring «; to only depend on ¢ but not on z, and using the
specifically defined plus subtraction

F(2)y = F(z) - 6(1 — 2) /Oldy Fa)| o /Oldz(f(z))+ :/0le (f(z) f<1)) . (IL.68)

1—=2 1—2 1-—2

For the second form above we choose F'(z) = 1/(1 — z), multiply it with an arbitrary test function f(z) and integrate
over z. In contrast to the original z integral the plus—subtracted integral is by definition finite in the limit z — 1,
where some of the splitting kernels diverge. For example, the quark splitting kernel including the plus prescription
becomes Cr((1+22)/(1—2)),. At this stage the plus prescription is simply a convenient way of writing a complicated
combination of splitting kernels, but we will see that it also has a physics meaning.

Next, we check that the plus prescription indeed acts as a regularization technique for the parton densities. Ob-
viously, the integral over f(z)/(1 — z) is divergent at the boundary z — 1, which we know we can cure using
dimensional regularization. The special case f(z) = 1 illustrates how dimensional regularization of infrared diver-
gences in the phase space integration Eq. works

1
1 1
1 1 €
o  ([A=2)= Jo 2T e

0

= - withe >0, (I1.69)

for 4 + 2e dimensions. This change in sign avoids the analytic continuation of the usual value n = 4 — 2¢ to € < 0.
The dimensionally regularized integral in analogy to Eq.([1.68]) we can write as

IR (ORI N G B () Lo
R e R e e O R e

:/0 dz 7f(zi : 5(1) (1+0()) + @

:/ dz & (1+0()) + & by definition
0 (1—2)+ €
! f(z) fa f(2)
< /0 o 1-z)1< e 7/0 az (1—2)+ (+0O() - )

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 €. The third line in Eq. shows that the
difference between a dimensionally regularized splitting kernel and a plus—subtracted splitting kernel manifests itself
as terms proportional to §(1 — z). Physically, they represent contributions to a soft-radiation phase space integral.

Before we move on introducing a gluon density we can slightly reformulate the splitting kernel ﬁng in Eq.(I1.54).
If the plus prescription regularizes the pole at z — 1, what happens when we include the numerator of the regularized
function, e.g. the quark splitting kernel? The finite difference between these results is

2 2 1 2 2 1 2
<1+z> (1+22)( 1 > _1+z 75(172)/ dy1+y 1+ +5(172)/ dy1+z
+ + 0 0

1—=2 1-=2 1—=2 1—-y 1—-=2 1—-y
! 1+y2 2
STy (W (ETE
( )0 v T, 1oy,
L2 1 3
:(5(1—,2)/ dy :(5(1—z)/ dy (y+1)=-6(1—2). (IL.71)
0 y—1 0 2

We can therefore write the quark’s splitting kernel in two equivalent ways

Py(z) = Cr (11+ Zz>+ — Cr [(IHZZ; + 25(1 - z)} . (IL.72)
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Going back to our evolution in (z, t) space, the infinitesimal version of Eq. is the Dokshitzer—Gribov—Lipatov—
Altarelli-Parisi or DGLAP integro-differential equation which describes the scale dependence of the quark parton
density. As we already know quarks do not only appear in ¢ — ¢ splitting, but also in gluon splitting. Therefore, we
generalize Eq. to include the full set of QCD partons, i.e. quarks and gluons. This generalization involves a
sum over all allowed splittings and the plus—subtracted splitting kernels. For the quark density on the left hand side
it is

m__ dfq Z/ dz a, Pyes(z )fj< - ) with P, j(z) =Py j(2)y . (IL73)

z om
J=4,9

Expanding Eq.(I1.67) beyond just gluon radiation off hard quarks, we add all relevant parton indices and splittings
which lead to a quark density. Including the splitting from gluon to quark we arrive at

ot Ydz ay - Ydz oy -
e =0 =5 | [ F 52 ) £y (5=)+ [ 52 By 1, (2 )
1
- [ v 52 Bacsto) s (1174)

Of the three terms on the right hand side the first and the third together define the plus—subtracted splitting kernel
P, 4(2), just following the argument above. The second term is a proper convolution and the only term proportional
to the gluon parton density. Quarks can be produced in gluon splitting but cannot vanish into it. Therefore, we have
to identify the last term in Eq. with P, 4, without adding a plus-regulator

Piyg(2) = Ppg(z) =Tr [+ (1 — 2)%] |. (I1.75)

In principle, the splitting kernel pgeq also generates a quark, in addition to the final-state gluon. However, comparing
this to the terms proportional to Py, they both arise from the same splitting, namely a quark density leaving the

infinitesimal square in the (x — t) plane via the splitting ¢ — ¢gg. Including the additional Pq<_q( ) would be double
counting and should not appear, as the notation g < ¢ already suggests.

The second QCD parton density we have to study is the gluon density. The incoming contribution to the infinites-
imal square is given by the sum of four splitting scenarios each leading to a gluon with virtuality —¢;4;

stnt) =5 [ L8 oo (1 (Bmt) + 4, (1) )+ Boale) (5 (B) 4 (£1))

6t [tdz a x A x x

=T | T 5 [2Pies@fa (S -t) + Poal) (0 (So-0) + 4 (S.0)) ] (IL.76)
using Py« g = Py« 4 in the first line and Py 4(1 — 2) = Py 4(2) in the second. To leave the volume element in the
(x,t) space a gluon can either split into two gluons or radiate one of ny light-quark flavors. Combining the incoming
and outgoing flows we find

=2 [ 2 b, (5.) e (3 () - (0]
—% Oldyg; [pgeg(y)‘i‘nf Pagly )] folz,—t) (IL77)

We have to evaluate the four terms in this expression one after the other. Unlike in the quark case they do not
immediately correspond to regularizing the diagonal splitting kernel using the plus prescription.

First, there exists a contribution to § fi, proportional to f, or f; which is not matched by the outgoing flow. From
the quark case we already know how to deal with it. For the corresponding splitting kernel there is no regularization
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through the plus prescription needed, so we define

1+ (1—2)2

Pyeq(z) = Pgﬁq(z) =Cr .

(I1.78)

This ensures that the off-diagonal contribution to the gluon density is taken into account when we extend Eq.(IL.73) to
a combined quark/antiquark and gluon form. The structure of the DGLAP equation implies that the two off-diagonal
splitting kernels do not include any plus prescription P“_j = P, ;. We could have expected this, because off-diagonal
kernels are finite in the soft limit, z — 1. Applying a plus prescription would only have modified the splitting kernels
at the isolated (zero-measure) point y = 1 which for a finite value of the integrand does not affect the integral on the
right hand side of the DGLAP equation.

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

1 1
Qg - Qg .
—/ dy 5 U P, y(y) = 5. Tr / dy [1 — 2y + 2y2] using Eq.(|I1.75))
0 0
1
as 2y°
== T 2
o AR {y Yot ]0
__2a (IL.79)
= 3 o ngilpRr . .

Finally, the terms proportional to the purely gluonic splitting Py, 4 appearing in Eq.(II.77) require some more
work. The y integral coming from the outgoing flow has to consist of a finite term and a term we can use to define
the plus prescription for Py, ,. We can compute the integral as

1 1 -
Qg ~ Qg 1-— .
—/ dyTPgeg(y)Z—fCA/ dy y+y+y(1—y)] using Eq.(I1.50)
0 m 2m 0 11—y Yy
L
Qg 2y
—-=C dy | +y(1—
o A/o Y _1_y+y( y)]
1 r 1
Qs 2(y_1) Qg / 2
=—2C dy | 22—~ 4 y(1—9y)| - =C dy ——
2 A/O 4 | 1—y +u y)] 21 4 0 yl—y
1 1
s s 1
:—a—cA/ dy [—2+y—y2]—0‘—20,4/ dz
2m 0 2m 0 -z
Qg 1 1 Qg ! 1
=— 20, |2+-—-2|-=2C d
o A{ *3 3} o A ) T
a, 11 Qs 1 1
Yo . I1.80
o 6 A T A ) 1 (T1.80)

The second term in this result is what we need to replace the first term in the splitting kernel of Eq.(II.50) proportional
to 1/(1 —z) by 1/(1 — 2)+. We can see this using f(z) = z and correspondingly f(1) = 1 in Eq.(ILI.68). The two
finite terms in Eq. and Eq. we have to include in the definition of 139<_g ad hoc. Because the regularized
splitting kernel appear inside a convolution the two finite terms require an additional term 6(1 — z). Collecting all of
them we arrive at

1-— 11 2
Py 4(2) =2Cy ((1 _ZZ)+ + p, S z(1— z)> + 5 Cad(l—2z)— 3 " Tro(1—2)|. (I1.81)

This result concludes our computation of all four regularized splitting functions which appear in the DGLAP equation

Eq.([T73).

Before discussing and solving the DGLAP equation, 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
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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 z — 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.

The only approximation we make in the computation of the splitting kernels is that in the y integrals we implicitly
assume that the running coupling a s does not depend on the momentum fraction. In its standard form and in terms
of the factorization scale % = —t the DGLAP equation reads

dfz x HF dz as Qs
dlog p3 Z / Pz )ff( ’”F> = on D (P @ f) (wpr) |- (11.82)

J

E. Collinear logarithms

Solving the integro-differential DGLAP equation Eq.(I1.82)) for the parton densities is clearly beyond the scope of
this writeup. Nevertheless, we will sketch how we would approach this. This will give us some information on the
structure of its solutions which we need to understand the physics of the DGLAP equation.

One simplification we can make is to postulate eigenvalues in parton space and solve the equation for them. This
gets rid of the sum over partons on the right hand side. One such parton density is the non—singlet parton density,
defined as the difference

5 =fu—fa- (IL.83)

Since gluons cannot distinguish between massless quarks and antiquarks, the gluon contribution to their evolution
cancels. This will be true at arbitrary loop order, since flavor symmetries commute with the QCD gauge group. The
corresponding DGLAP equation with leading order splitting kernels now reads

dfNS(z, pp) :/1 dz ag

NS (T Oy NS
dlog 1% Poq(2) 4 (;aMF) ~or (Pq%q ® fq ) (T, pir) - (11.84)

2 21

To solve it we need a transformation which simplifies a convolution, leading us to the Mellin transform. Starting from
a function f(z) of a real variable z we define the Mellin transform into moment space m

MIf](m) = /0 dr ™ ' f(x) flz) = L /C_zoo dm ML) , (I1.85)

m
218 Joioo x

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 Mellin transform of a convolution is the product of the two Mellin transforms, which gives us the transformed
DGLAP equation

MiPscy® 15N m) =M [ [0y (2) 5561 (m) = M) MU0 )

dM[f;\ISKan’F) o as
dlog pi2. T or

M[Pyq](m) M[fé\ls](mvﬂF) . (I1.86)
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This simple linear, first-order differential equation has the solution

2
MUFYS s ) = MUEYS s o) exp (;“ﬂ MIPy () log /j‘f’)
F,0

= M[f51(m, pro) (lle

5\ S2(m)
= M[f;\ls](mnuF,O) (luF> ) (1187)

defining y(m) = M[P](m).

The solution given by Eq. still has the complication that it includes pr and ay as two free parameters. To
simplify our result we can include as(p%) in the running of the DGLAP equation and identify the renormalization
scale g of the strong coupling with the factorization scale ur = g = . This allows us to replace log 2 in the
DGLAP equation by as, including the leading order Jacobian. This is clearly correct for all one-scale problems where
we have no freedom to choose either of the two scales. We find

d _ dlogag d 1 dog d d

e = — = — Sb —_— . II.88
dlogu?  dlogu? dlogas,  «as dlogu? dlogas 20 dlog g ( )

This additional factor of ag on the left hand side will cancel the factor as on the right hand side of the DGLAP
equation Eq.(|I1.86]

AM[fNS](m,
U MO0 ) MUY
MU On) = MUYm. o) exp (5 2 (mog 2205
= M[f®)(m, uro) (ZEZ;};)“O : (I1.89)

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 Q% etc; but the final structure in Eq. really holds.

Because we will need it in the next section we emphasize that the same kind of solution appears 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 ~.

We find in complete analogy to Eq.(l1.89)

~v(m)

) ™l (11.90)

To remind ourselves that in this derivation we unify the renormalization and factorization scales we denote them just
as p. This solution to the DGLAP equation is not completely determined: as a solution to a differential equation
it also includes an integration constant which we express in terms of pg. The DGLAP equation therefore does not
determine parton densities, it only describes their evolution from one scale p g to another, just like a renormalization
group equation in the ultraviolet.

s (2
MIf ). ) = ML) (2200

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 pp.

In analogy to the scaling logarithms considered in Section we now test if we can point to a type of logarithm
the DGLAP equation resums by reorganizing our perturbative series of parton splitting. To identify these resummed
logarithms we build a physical model based on collinear splitting, but without using the DGLAP equation. We
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start from the basic equation defining the physical picture of parton splitting in Eq.(IL.48]). Only taking into account
gluons in pure Yang—Mills theory it precisely corresponds to the starting point of our discussion leading to the DGLAP
equation, schematically written as

dt s
On+1 = /Un —dz % Pgeg(z) . (1191)

This form of collinear factorization does not include parton densities and only applies to final state splittings. To
include initial state splittings we need a definition of the virtuality variable ¢. If we remember that t = pg < 0 we
can follow Eq.([L.56) and introduce a positive transverse momentum variable 7 in the usual Sudakov decomposition,
such that

bt 152T dt dp% dﬁQT

_t=_ = >0 = — = = —=. 11.92
1—2 1-2z t 5 i ( )

From the definition of pr in Eq.([[.39) we see that p2. is really the transverse three-momentum of of the parton pair
after splitting.

Extending the single parton radiation we consider a ladder of successive splittings of one gluon into two. For a
moment, we forget about the actual parton densities and assume that they are part of the hadronic cross section o,,.
In the collinear limit the appropriate convolution gives us

1 2 92
dz, - T HE dpg o (2
Ont1(x, 1p) :/ . P,y (x) Un(xmuo)/ T, (17) . (1I1.93)
o

-2
zo Tn n 2 Pra 27

The dz in Eq. we replace by the proper convolution P on, evaluated at the momentum fraction z. Because
the splitting kernel is infrared divergent we cut off the convolution integral at xy. Similarly, the transverse momentum
integral is bounded by an infrared cutoff py and the physical external scale pp. This is the range in which an additional
collinear radiation is included in o, 4.

For splitting the two integrals in Eq. it is crucial that g is the only scale the matrix element ¢,, depends on.
The other integration variable, the transverse momentum, does not feature in o, because collinear factorization is
defined in the limit p% — 0. For as we will see in the next step how g can depend on the transverse momentum. All
through the argument of this subsection we should keep in mind that we are looking for assumptions which allow us
to solve Eq. and compare the result to the solution of the DGLAP equation. In other words, these assumptions
we will turn into a physics picture of the DGLAP equation and its solutions.

Making pp the global upper boundary of the transverse momentum integration for collinear splitting is our first
assumption. We can then apply the recursion formula in Eq.([1.93]) iteratively

1 1
dz,, - (x) /dxl . <x2>

Ont1(X, pp) ~ — — | - — P, — ) o1(T1, po

nt1(z, pr) /xg I g+g T oy T1 g9 1 (w1, po)

) =2
. /w A, as(id) / 1o as(ph) (11.94)
i

The two sets of integrals in this equation we will solve one by one, starting with the pp integrals.

To be able to make sense of the p2 integration in Eq. and solve it we have to make two more assumptions
in our multiple-splitting model. First, we identify the scale of the strong coupling as with the transverse momentum
scale of the splitting u% = p%. This way we can fully integrate the integrand a,/(27) and link the final result to the
global boundary pp.

In addition, we assume strongly ordered splittings in terms of the transverse momentum. If the ordering of the
splitting is fixed externally by the chain of momentum fractions z;, the first splitting, integrated over ]5%71, is now
bounded from above by the next external scale ]5%72, which is then bounded by ;5'213, etc. For the n-fold p2 integration
this means

o < Py < Pro <o < (11.95)
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At this point this is simply an ad hoc assumption which we need to motivate eventually.

Under these three assumptions the transverse momentum integrals in Eq.([1.94)) become

[ Bracdiha) [ ool [ )
7 7

= = =
o Prn 2m o Pra 2m wo P71 2m

B //—"F dﬁ%n 1 /PT,s dﬁ%g 1 /pT,Q dﬁ%,l 1
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We can solve the individual integrals by switching variables, for example in the last integral
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This gives us for the chain of transverse momentum integrals
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This is the final result for the chain of transverse momentum integrals in Eq.([1.94)). By assumption, the strong
coupling is evaluated at the factorization scale ppg, which means we identify pur = pp.

To compute the convolution integrals over the momentum fractions in Eq.(I1.94]),

1/ 1 S\ /1 de, - / dry - To
0n+1(xwu) n! (27Tb0 log O‘s(HQ) w0 Tn Pg PQ g T Jl($17M0)7 (11'99)




33

we again Mellin transform the equation including the transverse momentum integrals in Eq.(I1.98) into moment space
1 1 as(pu2)\" /1 dz, - x /1 dxy - To
wa)(my 1) ~— ( =——1 S B (=) | e, (2 ,
Mioyaltm )~ (o 0w 2208 ) by (o) o [T P () o | o)
(L g 2N Mo (m o) using v(m) = M[P](m)
_’I’L' 27Tb0 g as( v 1 > Ko g7 =
(

n!

We can now sum the production cross sections for n collinear jets and obtain

ZM[UnJrl](va) :M[Ul}(mnuo) Z ! ( ! log aS('uO) W(m)>

= n! \ 27y as(p?)

Mo o ) e (1), @s(10)
=Mlo1](m, po) p<2ﬂb0 lgas(uz)> : (11.101)

This way we can write the Mellin transform of the (n + 1) particle production rate as the product of the n-particle
rate times a ratio of the strong coupling at two scales

o0 o
> Mlonial(m, ) = Mlor](m, po) ) . (11.102)

n=0

(=6

This is the same structure as the DGLAP equation’s solution in Eq.. It means that we should be able to
understand the physics of the DGLAP equation using our model calculation of a gluon ladder emission.

We should remind ourselves of the three assumptions we need to make to arrive at this form. There are two
assumptions which concern the transverse momenta of the successive radiation: first, the global upper limit on all
transverse momenta should be the factorization scale pp, with a strong ordering in the transverse momenta. This
gives us a physical picture of the successive splittings as well as a physical interpretation of the factorization scale.
Second, the strong coupling should be evaluated at the transverse momentum or factorization scale, so all scales are
unified, in accordance with the derivation of the DGLAP equation.

Bending the rules of pure Yang—Mills QCD we can come back to the hard process o1 as the Drell-Yan process
qq — Z. Each step in n means an additional parton in the final state, so 0,41 is Z production with n collinear
partons On the left hand side of Eq. 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. reminds us that we start from the divergent collinear logarithms log pia* /piin 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 pg — 0, but it gets absorbed into the parton densities
and determines the structure of the DGLAP equation and its solutions. The upper boundary pg 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 pr > up 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. ceases to
hold and with it our entire argument. Only if we do everything correctly, the DGLAP equation resums logarithms of
the maximal transverse momentum size of the incoming gluon. They are universal and arise from simple kinematics.

Looking back at Sections [[TA] and [[TC| we introduce the factorization and renormalization scales step by step
completely in parallel: first, computing perturbative higher order contributions to scattering amplitudes we encounter
ultraviolet and infrared divergences. We regularize both of them using dimensional regularization with n =4 —2e < 4
for ultraviolet and n > 4 for infrared divergences, linked by analytic continuation. Both kinds of divergences are
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renormalization scale ur |factorization scale pup
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 as(p%) |running parton density f;(z, ur)
evolution RGE for as DGLAP equation
large scales decrease of oot increase of oot for gluons/sea quarks
theory background || renormalizability factorization

proven for gauge theories |proven all orders for DIS

proven order-by-order DY...

TABLE II: Comparison of renormalization and factorization scales appearing in LHC cross sections.

universal, which means that they are not process or observable dependent. This allows us to absorb ultraviolet and
infrared divergences into a re-definition of the strong coupling and the parton density. This nominally infinite shift
of parameters we refer to as renormalization for example of the strong coupling or as mass factorization absorbing
infrared divergences into the parton distributions.

After renormalization as well as after mass factorization we are left with a scale artifact. Scales arise as part of a
the pole subtraction: together with the pole 1/e we have a choice of finite contributions which we subtract with this
pole. Logarithms of the renormalization and factorization scales will always be part of these finite terms. Moreover,
in both cases the re-definition of parameters is not based on fixed order perturbation theory. Instead, it involves
summing logarithms which otherwise can become large and spoil the convergence of our perturbative series in .
The only special feature of infrared divergences as compared to ultraviolet divergences is that to identify the resummed
logarithms we have to unify both scales to one.

The hadronic production cross section for the Drell-Yan process or other LHC production channels, now including
both scales, reads

1 1
Trot (LF, 1LR) :/ dml/ dry Y filwr, pr) fi(wa, pr) 64j(21225, 05 (pR), e, fir) - (11.103)
0 0

ij

The Drell-Yan process has the particular feature that at leading order 6,5 only involves weak couplings, it does not
include a with its implicit renormalization scale dependence at leading order. Strictly speaking, in Eq. the
parton densities also depend on the renormalization scale because in their extraction we identify both scales. Carefully
following their extraction we can separate the two scales if we need to. Lepton pair production and Higgs production
in weak boson fusion are the two prominent electroweak production processes at the LHC.

The evolution of all running parameters from one renormalization/factorization scale to another is described either
by renormalization group equation in terms of a beta function in the case of renormalization or by the DGLAP
equation in the case of mass factorization. Our renormalization group equation for «y is a single equation, but in
general they are sets of coupled differential equations for all relevant parameters, which again makes them more similar
to the DGLAP equation.

There is one formal difference between these two otherwise very similar approaches. The fact that we can absorb
ultraviolet divergences into process—independent, universal counter terms is called renormalizability and has been
proven to all orders for the kind of gauge theories we are dealing with. The universality of infrared splitting kernels
has not (yet) in general been proven, but on the other hand we have never seen an example where is fails for sufficiently
inclusive observables like production rates. For a while we thought there might be a problem with factorization in
supersymmetric theories using the MS scheme, but this issue has been resolved. A summary of the properties of the
two relevant scales for LHC physics we show in Table [[I}

The way we introduce factorization and renormalization scales clearly labels them as an artifact of perturbation
theories with divergences. What actually happens if we include all orders in perturbation theory? For example, the
resummation of the self energy bubbles simply deals with one class of diagrams which have to be included, either
order-by-order or rearranged into a resummation. Once we include all orders in perturbation theory it does not
matter according to which combination of couplings and logarithms we order it. An LHC production rate will then
not depend on arbitrarily chosen renormalization or factorization scales p.
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Practically, in Eq. :II.103) we evaluate the renormalized parameters and the parton densities at some scale. This
scale dependence will only cancel once we include all implicit and explicit appearances of the scales at all orders.
Whatever scale we choose for the strong coupling or parton densities will eventually be compensated by explicit scale
logarithms. In the ideal case, these logarithms are small and do not spoil perturbation theory. In a process with one
distinct external scale, like the Z mass, we know that all scale logarithms should have the form log(u/mz). This
logarithm vanishes if we evaluate everything at the ‘correct’ external energy scale, namely m . In that sense we can
think of the running coupling as a proper running observable which depends on the external energy of the process.
This dependence on the external energy is not a perturbative artifact, because a cross section even to all orders does
depend on the energy. The problem in particular for LHC analyses is that after analysis cuts every process will have
more than one external energy scale.

We can turn around the argument of vanishing scale dependence to all orders in perturbation theory. This gives
us an estimate of the minimum theoretical error on a rate prediction set by the scale dependence. The appropriate
interval of what we consider reasonable scale choices depends on the process and the taste of the people doing this
analysis. This error estimate is not at all conservative; for example the renormalization scale dependence of the Drell-
Yan production rate or Higgs production in weak boson fusion is zero because «y only enters are next—to—leading
order. At the same time we know that the next—to—leading order correction to the Drell-Yan cross section is of the
order of 30%, which far exceeds the factorization scale dependence. Moreover, the different scaling behavior of a
hadronic cross section shown in Table [[ implies that for example gluon-induced processes at typical = values around
102 show a cancellation of the factorization and renormalization scale variation. Estimating theoretical uncertainties
from scale dependence therefore requires a good understanding of the individual process and the way it is affected by
the two scales.

Guessing the right scale choice for a process is hard, often impossible. For example in Drell-Yan production
at leading order there exists only one scale, my. If we set u = my all scale logarithms vanish. In reality, LHC
observables include several different scales. Some of them appear in the hard process, for example in the production
of two or three particles with different masses. Others enter through the QCD environment where at the LHC we
only consider final-state jets above a certain minimal transverse momentum. Even others appear though background
rejection cuts in a specific analysis, for example when we only consider the Drell-Yan background for m,, > 1 TeV
to Kaluza—Klein graviton production. Using likelihood methods does not improve the situation because the phase
space regions dominated by the signal will introduce specific energy scales which affect the perturbative prediction of
the backgrounds. This is one of the reasons why an automatic comparison of LHC events with signal or background
predictions is bound to fail once it requires an estimate of the theoretical uncertainty on the background simulation.

All that means that in practice there is no way to define a ‘correct’ scale. On the other hand, there are definitely
poor scale choices. For example, using 1000 x mz as a typical scale in the Drell-Yan process will if nothing else lead to
logarithms of the size log 1000 whenever a scale logarithm appears. These logarithms eventually have to be cancelled
to all orders in perturbation theory, inducing unreasonably large higher order corrections.

When describing jet radiation, we usually introduce a phase space dependent renormalization scale, evaluating
the strong coupling at the transverse momentum of the radiated jet as(;t3'2T7j). This choice gives the best kinematic
distributions for the additional partons because in Section [[TE|we have shown that it resums large collinear logarithms.

The transverse momentum of a final-state particle is one of scale choices allowed by factorization; in addition
to poor scale choices there also exist wrong scale choices, i.e. scale choices violating physical properties we need.
Factorization or the Kinoshita—Lee—Nauenberg theorem which ensures that soft divergences cancel between real and
virtual emission diagrams are such properties we should not violate — in QED the same property is called the
Bloch—Nordsieck cancellation. Imagine picking a factorization scale defined by the partonic initial state, for example
the partonic center—of-mass energy s = x1x2S. We know that this definition is not unique: for any final state it
corresponds to the well defined sum of all momenta squared. However, virtual and real gluon emission generate
different multiplicities in the final state, which means that the two sources of soft divergences only cancel until we
multiply each of them with numerically different parton densities. Only scales which are uniquely defined in the final
state can serve as factorization scales. For the Drell-Yan process such a scale could be my, or the mass of heavy
new-physics states in their production process. So while there is no such thing as a correct scale choice, there are
more or less smart choices, and there are definitely very poor choices, which usually lead to an unstable perturbative
behavior.

F. Parton shower

In LHC phenomenology we are usually less interested in fixed-order perturbation theory than in logarithmically
enhanced QCD effects, for example collinear jet radiation. After introducing the kernels P, ;(z) as something like
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splitting probabilities we never applied a probabilistic approach to parton splitting. The basis of such an interpretation
are Sudakov factors describing the splitting of a parton ¢ into any of the partons j based on the factorized form

Eq.(TT.43)

t dt’ 1 Qs ~
Al(t) = Ai(t,to) =exp | — zj:/to 7/0 dy %Pﬁ_z(y) . (11104)

We can express all Sudakov factors in terms of splitting functions I';,

Ay(t) =exp ( /t at’ quq(t,t’))

to

A,y(t) =exp (— /t dt’ [Pgeg(t,t’)Jrqug(t’)]) , (I1.105)
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which to leading logarithm in log(t/t') read
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These formulas have a slight problem: terms arising from next—to—leading logarithms spoil the limit ¢ — ¢, where a
splitting probability should vanish. Technically, we can deal with the finite terms in the Sudakov factors by requiring
them to be positive semi—definite, i.e. by replacing I'(¢,t") < 0 with zero. For the general argument this problem with
the analytic expressions for the splitting functions is irrelevant. In practice, many modern parton showers do not use
these approximate formulas and instead integrate the full splitting kernels.

Instead of going in the details of Sudakov factors we only sketch how such exponentials appear in probabilistic
arguments. Using Poisson statistics for something expected to occur (n) times, the probability of observing it n times
is given by

n ,—(n)
n)"e
P(n; (n)) = ”T P(0; (n) = e~ . (11.107)
If the exponent in the Sudakov factor describes the integrated splitting probability of a parton i this means that the
Sudakov itself describes a non—splitting probability of the parton ¢ into any final state j. In other words, we can use
splitting probabilities to describe initial state radiation and final state radiation, including a well-defined probability
of no radiation at all.

While the Sudakov factors and splitting probabilities allow us to describe for example the emission of gluons off a
hard quark line, there is a crucial piece missing from our collinear resummation argument: multiple gluon emission has
to be ordered, and there cannot be interference terms between different emission stages. Such interference diagrams
contributing to the full amplitude squared are called non—planar diagrams. There are three reasons to neglect them,
even though none of them gives exactly zero for soft and collinear splittings. On the other hand, in combination they
make for a very good reason.

First, an arguments for a strongly ordered gluon emission comes from the divergence structure of soft and collinear
gluon emission. We start with the kinematical setup for gluon radiation off a massless or massive hard quark leg

k

p+k
p

The original massive quark leg with momentum p + k£ and mass m could be attached to some hard process as
a splitting final state. It splits into a hard quark p and a soft gluon k. The general matrix element without any
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approximation reads

p+k+m
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My

= gsT" €, (k) u(p) (I1.108)

using the Dirac equation u(p)(p —m) = 0. At this level, a further simplification requires for example the soft gluon
limit. In the presence of only hard momenta, except for the gluon, we can define it for example as k* = Ap*, where p*
is an arbitrary four-vector combination of the surrounding hard momenta. The small parameter A then characterizes
the soft limit. For the invariant mass of the gluon we assume k? = O(A?), allowing for a slightly off-shell gluon. We
find the leading contribution

a iy P
Mn+1 ~ gST €N(k) @

To allow for other color states we defines a color operator Tj‘-‘ which we insert into the matrix element of Eq.
and which assumes values of +T7; for radiation off a quark, —T7; for radiation off an antiquark and —i fqp. for radiation
off a gluon. For a color neutral process like our favorite Drell-Yan process adding an additional soft gluon qg — Zg
we find for the sum of all possible soft emissions » . T; = 0.

Radiating two radiated gluons instead of one look like

ky

u(p) M, . (11.109)

ko

p+k1+k2p+k2

p p

Each soft splitting comes with a term (e*p)(pk), so the two Feynman diagrams give us the combined kinetic terms
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(pk1) < (pk2) kq softer .

For the two Feynman diagrams this means that once one of the gluons is significantly softer than the other the Feynman
diagrams with the later soft emission dominates. This argument can be generalized to multiple gluon emission by
recognizing that the kinematics will always be dominated by the more divergent propagators towards the final state
quark with momentum p. Note, however, that it is based on an ordering of the scalar products (pk;) interpreted as
the softness of the gluons, and we already know that a small value of (pk;) can as well point to a collinear divergence.

Second, we can derive ordered multiple gluon emission from the phase space integration in the soft limit. For this
we need to square this matrix element of Eq.(I1.109]). It includes a polarization sum and will therefore depend on the
gauge. We choose the general axial gauge for massless gauge bosons

N k,n, +n,k, k.k, k.n, +n,k,
> enk)en(k) = —gu, + - o) LY p? (T‘L‘k)g =—gu + #(T)# : (I1.111)
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with a light-like reference vector n obeying n? = 0. The matrix element squared then reads
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The insertion operator in the matrix element has the form of an insertion current multiplied by its hermitian conjugate.
This current describes the universal form of soft gluon radiation off an n-particle process

[MoiiP = —g2 (JT-J) [M,, 2 with % (k, {p;} = Y17 (]f 5 (I1.113)
; J
j
We can further simplify the squared current to
arpa arpa pip])
(JT-J)=> T TeT —
20 0.0
ma a pzp )
-y (y p )
J i#] p]
Z +Z TaTa Ta pzpa)k
1<J i>7 1<j pj )
=2 Z T“T“ (p:p;) — P; — p? in the general massive case
= pik)(pik)  2(pik)*  2(p;k)?
=2 Z T“T“ plpj)k) for massless partons . (I1.114)
)(p;
1<j

A simple process which will illustrate the relevant point for multiple gluon emission is

D2 P2
k p2+k
p+ ki
b1 p1

We first symmetrize the leading soft radiation term with respect to the two hard momenta in a particular way,

(JT e = (p1p2)

(p1k)(p2k)
1 1 —cosfis in terms of opening angles 6
= in term ning an
k2 (1 — cos 011)(1 — cos bay) pemng ang
1 1 —cosfis 1 1
_ L _ 142
2k3 <(1cos€1k)(1c0s02k) + 1 — cos 013 1C0592k> tie2)
Wil
_ W w IL115
2 ( )

The last term is an implicit definition of the two terms Wg The pre-factor 1/k2 is given by the leading soft
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divergence. The original form of (J.J) is symmetric in the two indices, which means that both hard partons can take
the role of the hard parton and the interference partner. In the new form the symmetry in each of the two terms is
broken. Each of the two terms we need to integrate over the gluon’s phase space, including the azimuthal angle ¢1x.

To compute the actual integral we express the three parton vectors in polar coordinates where the initial parton
p1 propagates into the z direction, the interference partner ps in the (r — y) plane, and the soft gluon in the full
three-dimensional space described by polar coordinates,

p1 = (1,0,0) hard parton
P2 = (cos 012,sin 012, 0) interference partner
k= (cos O1k, sin O cos 1, sin Oy sin P11 ) soft gluon
= cos foy, = (ﬁgiﬂ) = c08 015 cos 01, + sin By sin Oy cos Py, . (I1.116)

From the scalar product between these four-vectors we see that of the terms appearing in Eq.(lI.115)) only the opening
angle #oy, includes ¢1, which for the azimuthal angle integration means

27 27
1 1 — cos b9 1 1
dbr Wi — 7/ d B .
/0 o1k Wiz 2 Jo 1k (1 —cosByx)(1 — cosbay) + 1—cos@;p 1—cosls

1 1 2m 1—cosf 1—cosf
:fi‘/ s (12+1 w)
c Jo

1 — cos By "~ 1—cos O

27
1
=—-_ - (9 Q17 — 0 d - . II.117
2 T o5t ( 7+ (cos 01, — cos 012) /0 D1k 1 cos02k> ( )

The azimuthal angle integral in this expression for Wl[;] we can solve

27 27
1
dp1py——— = d
/0 O 1 — cos O /0 1k 1 — cos 15 cos O — sin 05 sin 01y, cos P1x

2 1
= d _—
/0 d)lka—bcosqﬁlk

1 1 ‘ 1

= f dZ — With z = 6“751k7 COS¢1k _ z + /Z

unit circle 1z a— bw 2

2

2 1
- bdy —

1 7{ N 2az — b — bz?

2 dz . a a?
") o)z — 2y with zp =3 d4/75 1. (IL118)

This integral is related to the sum of all residues of poles inside the closed integration contour. Of the two poles z_
is the one which typically lies within the unit circle, so we find

27 .
1 21 1 2w
dp1py———— = — 2mi =
/0 O 1 — cos O b m Z_ — 2y Va?—b?
2 2
- T = T . (I1.119)
\/(cos 01 — cosb12)? | cos 61, — cos 612
The entire integral in Eq.(I1.117]) then becomes
27
1 1 2T
dpy, Wil == = (9 011 — 0
0 Oue Wi 2 1 — cos By 7 + (cos b, — cos b12) | cos 01, — cos b12]
= m (1 + sign(cos 015 — cosB;2))
2w
— if Oy <0
=1 cosb, k= P12 (11.120)

0 else .
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The soft gluon is only radiated at angles between zero and the opening angle of the initial parton p; and its hard
interference partner or spectator ps. The same integral over Wl[g] gives the same result, with switched roles of p; and
p2. Combining the two permutations this means that the soft gluon is always radiated within a cone centered around
one of the hard partons and with a radius given by the distance between the two hard partons. The coherent sum of
diagrams reduces to an incoherent sum. This derivation angular ordering is exact in the soft limit.

There is a simple physical argument for this suppressed radiation outside a cone defined by the radiating legs. Part
of the deviation is that the over—all process is color—neutral. This means that once the gluon is far enough from the
two quark legs it will not resolve their individual charges but only feel the combined charge. This screening leads to
an additional suppression factor of the kind 6%,/6%,. This effect is called coherence.

The third argument for ordered emission comes from color factors. Crossed successive splittings or interference
terms between different orderings are color suppressed. For example in the squared diagram for three jet production
in ete™ collisions the additional gluon contributes a color factor

N2 -1
t(1"T") = =5— = N.Cr (I1.121)

When we consider the successive radiation of two gluons the ordering matters. As long as the gluon legs do not cross
each other we find the color factor

tr(TT T T") = (T°T*)a(T"T")ii

1 556, 530, o 536
1 <5il5jj - ]]V]l> <5iz5jj - ]jvjl> using T35y = 5 (5i15jk - ]jvkl)
1 il il
- Z <5lec - ]\/vc) <5lec - ]Vc>
2 N2
=N, (NSN 1) = N.C% = %6 (I1.122)

Similarly, we can compute the color factor when the two gluon lines cross. We find

2 _
SNt Or 2 (11.123)

tr(TOTPToT?) = = 2

Numerically, this color factor is suppressed compared to 16/3. This kind of behavior is usually quoted in powers of
N, where we assume N, to be large. In those terms non—planar diagrams are suppressed by a factor 1/N?2 compared
to the planar diagrams.

Once we also include the triple gluon vertex we can radiate two gluons off a quark leg with the color factor

5ab

tr(T“Tb) facdfbcd — 7 Ncéab _ _ N(?CF _

2 _
W (IL.124)

? .
This is not suppressed compared to successive planar gluon emission, neither in actual numbers not in the large-N,

limit.

We can try the same argument for a purely gluonic theory, i.e. radiating gluons off two hard gluons in the final
state. The color factor for single gluon emission after squaring is

fabc'fabc = N.§% = NC(NCQ _ 1) ~ Nc?’ , (11125)

using the large- N, limit in the last step. For planar double gluon emission with the exchanged gluon indices b and f
we find

fabdfabEfdfgfefg _ Ncéde N65d€ ~ Nél ) (11126)
Splitting one radiated gluon into two gives
fabc fceffdef fabd _ Ncécd Ncécd ~ Nél ] (11127)

This means that planar emission of two gluons and successive splitting of one into two gluons cannot be separated
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based on the color factor. We can use the color factor argument only for abelian splittings to justify ordered gluon
emission.
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Higgs production (my = 125 GeV), NNLO
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FIG. 4: Different predictions for the jet veto survival probability Pp,aes as a function of the maximum allowed pr ;. The

example process chosen is Higgs production in gluon fusion. The shaded regions indicate the independent variation

of the factorization and renormalization scales within [my /4, my] requiring pgr/up to lie within [0.5,2]. The figure
and the corresponding physics argument are taken from Ref. [? ].

III. JETS

Until now we have described QCD in terms of its fundamental constituents, the quarks and the gluons. This
framework is the same for all applications of QCD, including collider physics. On the other hand, from the running
of the strong coupling we already know that a perturbative theory of quarks and gluons will at some point hit its
self-consistency conditions. At colliders this defines the transition from partons to jets, where jets are defined as a
spray of particles coming from a highly energetic produced parton. In this chapter we will start from quarks and
gluons and slowly transition to jets at the LHC and some very recent developments in this direction.

A. Jet counting

In Higgs physics and other QCD applications the number of jets radiated from the initial (and final) state is an
important observable which separates signals from backgrounds. From our discussion of collinear divergences we know
that any perturbative calculation for a hadron collider by definition includes any number of collinear jets from initial
state splittings. This means that the number of jets in an event in perturbatively very hard to compute: on the one
hand, for a given hard process the number of jets is defined through the process; on the other hand, any number of
collinear jets is always included, but only in the collinear and hence unobservable phase space configuration.

Experimentally, we can assign a probability pattern to the radiation of jets from the core process. As an example
we assume NNLO or two-loop precision for an LHC production rate

o =09+ as01 + aiag , (I11.1)

where we omit the over—all power of a; in 0y. Consequently, we define the cross section passing a cut on the number
of jets or a jet veto as

o(Pass) = Phass 0= Z agaj(.p‘"‘“) . (I11.2)

J
This relation defines a survival probability Ppass of a jet veto. If we assume that the leading order prediction only
includes a Higgs or a lepton pair in the final state, we know that cr(()pass) = 0g. Perturbatively we can compute the jet

veto survival probability as

P(a) _ o (Pass) _ o0 +aSU§PaSS) +Q§J§PaSS) (IH 3)
pass o 00 + aso1 + a0y ’ '
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The result as a function of the maximum allowed pr; is shown as ‘scheme a’ in Figure 4| The shaded region is an
estimate of the theoretical uncertainty of this prediction.

Alternatively, we can argue that the proper perturbative observable is the fraction of vetoed events (1 — Ppass).
Indeed, for small values of « the jet radiation probability vanishes and with it (1 — Ppass) ~ @5 — 0. This vetoed

event fraction we can compute as o; — a§pass) for 7 > 0. However, we need to keep in mind that in the presence of an
additional hard jet the NNLO rate prediction reduces to NLO accuracy of the inclusive process, so we include only
the two leading terms in the numerator and denominator,

1_pb) —q 91T o P + oy (o9 — o)
pass T 00 + as01
o1 — 0P 40— o) ap 4 0,0 4 0200 _ 020,
PP =1-a, 1 > 2 = e s72 22 (I11.4)
00 + 0501 0o+ g0

This defines ‘scheme b’ in Figure |4l Obviously, in Eq.([I.4) we can move the term —aZ205 into the denominator and
arrive at Eq.(TIL3]) within the uncertainty defined by the unknown a2 terms.

Finally, we can consistently expand the definition of Py, as the ratio given in Eq.(11.3). The two leading derivatives
of a ratio read

(f)' _S9-19 s= f'—d

2

g g g
(f)” _ (f’g B f9’>' _("9)9* 9299 (f9)'9* — f9'299
g ¢ 9 g* g9*
_(f'9) —2f'g (f9)Vg—2fg'g _t'9g—1t9 [f9"9—Fd99q 1= f"—9" (' —g)
- 2 3 - 2 3 - 2 (IIIS)
g g g g g g

In the last steps we assume f = g at the point where we evaluate the Taylor expansion. Applied to the perturbative
QCD series for (1 — Ppass) around the zero-coupling limit this gives us

oo + asngaSS) + ago_épass) 4

1- P(;)ss =1-
P 0’0-1-0(501-1-0450'24""
&pass) — o ) Oépass) — oy , o1 (ngass) - Ul)
PI();)SS =l+as ———+o;, —— -0y ——5—, (I11.6)
g0 g0 )

defining ‘scheme ¢’ in Figure [d The numerical results indicate that the three schemes are inconsistent within their
theoretical uncertainties, and that the most consistent Taylor expansion around perfect veto survival probabilities is
doing particularly poorly. Towards small pr ; veto ranges the fixed order perturbative approach clearly fails.

A first, non-perturbative ansatz for the calculation of the number of radiated jets is motivated by soft photon or gluon
emission. In the eikonal approximation we know that the number of successively radiated jets is a Poisson distribution
in the numbers of jets. If we assume such a Poisson distribution, the probability of observing exactly n jets given an
expected (n) jets is

(et -
P(n;(n)) = —ar = Ppass = P(0;(n)) =e {n) 1. (II1.7)

This probability links rates for exactly n jets, no at least n jets, i.e. it described the exclusive number of jets. A
Poisson distribution is normalized to unity, once we sum over all possible jet multiplicities n. We consistently fix the
expectation value in terms of the inclusive cross sections producing at least zero or at least one jet,

min)

) = 2L
oo

(I11.8)

We include an infra-red cut-off pi®, defining a cross section in the presence of soft and collinear divergences. The in-
clusive jet ratio o1 /0y is reproduced by the ratio of the corresponding Poisson distributions. Including this expectation
value (n) into Eq.([I1.7) returns a veto survival probability of exp(—ay/09).

A second ansatz comes from UA1 and UA2 data, ‘phenomenologically’ assuming a constant probability of radiating
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a jet. In terms of the inclusive cross sections o, i.e. the production rate for the radiation of at least m jets, this

implies

On+1 (p?m) (incl) min
e R (n L (o7™)
O,n(p%un) +1)/

The expected number of jets is then given by

<n>:gio ZJ —0jt1) Uio Zjoj_z(j_l)aj - Zaj

j=1 j=2 =1
4 (incl) Ly
_ Y1 Z(R incl )j_ n+1)/n
o (n+1)/n/ ™ (incl) ’
90 j=0 1- R(n+1)/7L

(I11.9)

(I11.10)

if R(Zlfrll) /n is a constant. Radiating jets with such a constant probability has been observed at many experiments,

including most recently the LHC, and is in the context of W+jets referred to as staircase scaling. The defining
property of staircase scaling is that ratios of the (n + 1)-jet rate to the n-jet rate for inclusive and exclusive jet rates

are identical,

0o (excl)
R(mcl) o Un+1 o Z] n+1 U]
(n+1)/n — (cxcl) (cxcl)
In + Zg =n+1 ]
(excl)

o Z] ORJnJrl)/n (excl)

= (excl) (excl) with R(”Jrl)/n = Ur(LeJ)r(il)
on o1 2o R(n+1)/n on
R(n+1)/na_£Lexcl)
_ 1- R(7L+1)/n _ R(7L+1)/n

) Rininymos™® 1= Ragaym + Bagay/m
foxe) | Zndl)/mTn

1- R(n-i—l)/n
= R(n+1)/n .

(ITL.11)

For the Poisson distribution and the staircase distribution we can summarize the main properties of the n-jet rates

in terms of the upper incomplete gamma function I'(n, (n)):

staircase scaling Poisson scaling
=) (p\n
O_T(Lexcl) O_éexcl) e_bn o0 € n'<n>
excl
R _Omi S (n)
(n+1)/n = (excl) € n+1
" -1
R(lncl) — On+1 efb (TL + 1) 67<n> <n>7(n+1) +1
(rt)/n g, ['(n+1) —nl(n,(n))
1 1
() 2 coshb — 1 (n)
Ppass 1—e® e (m

B. Generating functional

A crucial question is if we can derive the Poisson and staircase scaling patterns from QCD. From our discussion
of parton splittings we know that the number of radiated jets is well defined after a simple resummation. So-called
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generating functionals for the jet multiplicity allow us to calculate resummed jet quantities from first principles in
QCD. We construct a generating functional in an arbitrary parameter u by demanding that repeated differentiation
at u = 0 gives exclusive multiplicity distributions P,, = 0,,/0¢ot,

> e 1 dn
o= u"P,, with P, = 2n=L —

—— I11.12
Oiot n! du™ ( )

u=0

For ® we will suppress the argument u. In the application to gluon emission the explicit factor 1/n! corresponds to
the phase space factor for identical bosons. Because in P,, we only count radiated jets, our definition uses P,,_; where
other conventions use P,. A second observable we can extract from ® is the average jet multiplicity,

dd 1 O'n 1 >
— =1 -1 op_1. II1.13
du|,_, Z nu’ Trot | * Otot ;(n ) on-1 ( )

In analogy to the DGLAP equation we can derive an evolution equation for ®. We start by quoting the fact that for
the parton densities and the Sudakov factors defined in Eq.([1.104)) the there exists an evolution equation

fi(m,t):Ai(t,to)fi(x,to)—&—/ %Ai(t,t')z/ CdEas p )5 (50 (II1.14)

to

This form reflects our interpretaion of the Sudakov factor as a non-splitting probability. We can motivate the cor-
responding equation for the generating functional ® by remembering our probabilistic picture of parton splittings
t — jk in the final state. The splitting particles are then described by generating functionals ®(¢) instead of parton
densities f(z,t), giving us

Dilt) = At t)Bi(to) + / LONTRDS / 22 Prgi(2) @52 B((1 - 2)1) | (I1L15)

i—j,k

The difference to the DGLAP equation is that the generating functionals just count jets. Unlike for the parton
densities the evolution equation does not include a convolution, but instead two generating functionals under the
integral. The argument of the strong coupling we assume, without any further motivation, as a,(22(1 — 2)2#'). It will
become clear during our computation that this scale choice is appropriate.

The argument in this section will go two ways: first, we write down a proper differential evolution equation for
®,(t). Then, we solve this equation for quarks, only including the abelian splitting ¢ — gg. To start with, we insert
the unregularized splitting kernel from Eq.(I1.54)) into the evolution equation,

/

By(t) = Aglt, to)Dylto) +/t %A (t, )/ dz % cF”Zz By (2) (1 — 2)2t))

= Ay (t,to) By (to) +/ Cit/A (t, t)/o dz a;iF —(1- Zl)(sz) T2 5,210, ((1 - 2)°)
= A (t,t0)P4(to) +/t ‘it/A (t, t)/o1 dz a;iF (132 -1- z> B, (220, ((1 — 2)*) . (I1L.16)

We can simplify the divergent part of Eq.([IL.16]) using the new integration parameter ¢’ = (1 — 2)?t'. This gives us
the Jacobian
dt” d " dz 1 dt”

1—2)% =201 —-2)(-1t = -2 = ——= —. II1.17
dz dz( Z) ( A=) 1—=z < 1—=z 2t ( )

In addition, we approximate z — 1 wherever possible in the divergent term and cut off all ¢ integrations at the infrared
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resolution scale tg. This will give us the leading logarithm in ¢ space,

1 2 241 t’ "
aS(z (1 _Z) t')Cp 2 2,1 2,1\ _ / / " CVS(t )CF 1 "
/O i - [ BP0 2) = () [ ST D). (IIL18)

For the finite part in Eq.([I1.16]) we neglect the logarithmic z dependence of all functions and integrate the leading
power dependence 1+ z to 3/2,

1 i as(22(1 - 2)*)Cr
0 27T

(L+2) @A), (1 - 2)2) = - L )CE

N W

O, (1), (') . (111.19)

Strictly speaking, the strong coupling as well as the two generating functionals could be evaluated at any typical scale
covered by the z integral, considering that the prefactor 1+ z grows towards z — 1; we assume that their change with
varying z is small compared to the leading logarithm. After these two simplifying steps Eq.([I1.16) reads

B0 = &yttt + 5 [ a0 ( [ ar 00,0 - iasu’)@q(t')@g(t’)) (111.20)

2 o t to t"
_ CF k dt’ 1 ’ g 7 O‘S(t//) 7 3 ’ /
= Ay(t, o)y (to) + %Aq(hto)/to T ary ) /t dt" ST (1) = Sa () 2y (1)

The original Sudakov factor A, (¢,t") is split into a ratio of two Sudakov factors. This allows us to differentiate both
sides with respect to t,

D, 1) = Palblolg g 4 O d2allolo) /t & (tl, %(t) ( /tt a4 gasw)@g(t/))
+ 8 sttt ([ a2 a0 - om0
= % D, (to) + 271: [: f%%(t’) (/t: dt”o‘st(f”)@g(t”) — 2as(t’)¢g(t’)>]
L5 a0 (| " a0~ Syt 1)
_ Aq(i, - quC(i?to) O, (1) + %(t)% % ( /t t dt" ast(/f”)@g(t’) _ 3O‘S(t)q)g(t)) , (I11.21)

In the last step we use the definition in Eq.(I11.20). This simplified equation has a solution which we can write in a
closed form, namely

By (1) = Dy (to) Aqlt, to) exp Eﬂ /t a O‘f” (log; - 3) ‘@g(t’)}

= Oy (to) exp [— /t: at’ quq(t,t')} exp Ut dt' Tqeqlt, t’)<I>g(t’)]

to

= ®,(ty) exp Ut dt' Tgeq(t, 1) (Rg(t') — 1)} . (I11.22)

to
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We can prove this by straightforward differentiation of the first line in Eq.(I11.22)),

dCI)q(t) o qu(t,to) CF / , as(t) t . 3 ’
T = éq(to) T exp 271' " dt p log y 5 q)g(t )

+ @, (t );lt {OF /to dt’ # (logt logt' — 3) @g(t’)}

1 qu(t,to) q)q(t) + (I)q(t) % as(t) <_ logt - 3) ‘I)g(t)

N Aq(t,t0) dt 2t
0,00 G 1/ at a0y 4 @, S rogt W 0,0
= Aqé’ ~ quC(lz,to) Dq(t) + y(t) g— 7 ( /t 0 dt’ Oést(/t’) Dy(t') - ozs(t);fI)g(t)) : (I11.23)

The expression given in Eq.(I11.22)) indeed solves the evolution equation in Eq.([II.21)). The corresponding computation
for ®,4(t) follows the same path.

By definition, the generating functional evaluated at the resolution scale ty describes an ensemble of jets which have
had no opportunity to split. This means ®, 4(to) = u. The quark and gluon generating functionals to next-to-leading
logarithmic accuracy are

D, (t) =u exp [/t dt' Ty g(t, 1) (Py(t') — 1)}

to

D,(t) =u exp [/tt at’ (Fm_g(t,t’) (@y(t') — 1)+ Tyeyg(t) (EZ:; - 1))] ) (IT1.24)

The splitting kernels are defined in Eq.(I1.106)); gluon splitting to quarks described by I'q., is suppressed by a power
of the logarithm log(¢/t').

The logarithm log(¢/t') combined with the coupling constant a, included in the splitting kernels is the small
parameter which we will use for the following argument. If this logarithmically enhanced term dominates the physics,
the evolution equations for quark and gluons are structurally identical. In both cases, the ® dependence of the
exponent spoils an effective solution of Eq.. However, the logarithmic form of I'(¢,¢') ensures that the main
contribution to the ¢’ integral comes from the region where ¢’ ~ t;. Unless something drastic happens with the
integrands in Eq. this means that under the integral we can approximate ®,4(t9) = w and, if necessary,
iteratively insert the solution for ®(¢) into the differential equation. The leading terms for both, quark and gluon
evolution equations turn into the closed form

D, 4(t) =u exp Ut dt' Ty 4(t,t") (u— 1)} = u exp {—(1 —u) /tt dt’ Fm(t,t’)} . (II1.25)

to

Using the Sudakov factor defined in Eq.(I1.104)) the generating functional in the approximation of large logarithmically
enhanced parton splitting is

Dy g(t) =ulg, (t)']. (III.26)

Its first derivative for general values of u is

d d
du Dy 4(t) = Aq,tzd ue

=Agy4 e [ Tulog e 4y (—logAgg) emlo8 Aq’g}
=Ayy (1 —ulogA,,)e w1088 (I11.27)

—ulogAg g
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The n-th derivative has the form

1 d» (—log Ay )"t
E W (I)(Lg(t) =8

We can show this by induction, starting from the first derivative in Eq.([11.27)),

al Agy (n—ulogAgy) ™18 00 (ITT.28)

g =1 A (s a,0)
LA TCIBAG 1 wtogag) o] g B (T
(= log ﬁ!w) 2 Agg [(—log Agg) e 195505 1 (n — 1 — ulog Ay y) (—log Ag e 18400
= H()gﬁ—!q’g)m Agg [14+n—1—ulogA, ] e “088as (I11.29)

By definition, Eq.(I11.28)) gives the Poisson scaling pattern in the number of jets, namely

log A, 4(t)["1
P11 =0q4(t) |<nq_g(1))! or Riny1y/m =

| log Aq,g(t)‘

o (I11.30)

In addition to the logarithmically enhanced Poisson case we can find a second, recursive solution for the generating
functionals. It holds in the limit of small emission probabilities. The emission probability is governed by I';;(¢t,t'),
as defined in Eq.(I1.106)). We can make it small by avoiding a logarithmic enhancement, corresponding to no large
scale ratios t/tp. In addition, we would like to get rid of I';., while keeping I'y.,. Purely theoretically this means
removing the gluon splitting into two quarks and limiting ourselves to pure Yang-Mills theory. In that case the scale
derivative of Eq. reads

%t(t) = ®4(to) % exp Ut: dt' Ty g(t, 1) (4(t) — 1)]
=d,(t) %% t: dt’ # (logt logt’ — 161) (@y(t") — 1) inserting Eq.([I.106)
=Bt )(217’: [O‘st(t) (—1ogt— 161) (®,(t) — 1) + - logt / dt’ O‘é t) (®,(t) —1)
= a1 [O‘t(t) <1ogt - 161) (@y(t) — 1) + % /tt at 1 (@0 1) 1081 1 (@) - 1)
_ @g(t)% [—161 as(t) (B, () — 1) + /t t d C“St(fl) (@, (t') - 1)} . (II1.31)

This form is already greatly simplified, but in the combination of the integral and the running strong coupling it is
not clear what the limit of small but finite log(t/tg) would be. Integrating by parts we find a form which we can
estimate systematically,

T — w32 [T @0 -1 - [ ariogr g (@s(t) (@,(0) = 1) +Tog ') () - 1 | |
— 0,054 [~ @0 -~ [ alon 1L (0l0) @y (6) - D)+ o L) @6 - 1) ]
=P, (t )2073 (1) <logtt0 — 161> (Py(t) —1) —/t dt’ logtt—/ %( s() (@,(t) — 1))} . (I11.32)

We can evaluate this expression in the limit of ¢ =ty + 0 or tg/t = 1 — §/t. The two leading terms, ignoring all terms
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of the order §2, read

=, (t) Ca as®) (t‘z - %) (Dy(t) — 1) + O (82) .

2w t

(I11.33)
To leading order in §/t the equation for the generating functional becomes
dd (t) ~ . ~. CA Q, (t) t 11
7515 = (bg(t) Fg(—g(t,to) (‘I)g(t) - 1) with Fg<—g(t,t0) = g st lo % — g (111.34)

With T’ we define a slightly modified splitting kernel, where the prefactor o /t is evaluated at the first argument ¢

instead of the second argument t,. Including the boundary condition ®,4(t9) = u we can solve this equation for the
generating functional, again using the method of the known solution,

t
D, (1) = % with  A,(t) = exp (— /t dt’f‘geg(t’,to)) : (I11.35)
1+ — 0
ullg(t)

The derivative of this solution is

d,(t) d 1—u)
T (”uﬁga))

l1—u d L.
= _(I)g(t)Q " = a P (+/ dt’ Fgeg(t/at0)>
0

t

=, (t)? ulAg(Z) jt/to dt’ Tyey(t' o)
= —d,(t)? (@gl(t) - 1) (;lt/to dt' Ty g(t',t0) = @, (t) (D,(t) — 1) Ty ylt,to) , (I11.36)

which is precisely the evolution equation in Eq.(|I11.34]).

While we have suggestively defined a modified splitting kernel I in Eq.(III.34) and even extended this analogy to a
Sudakov-like factor in Eq.(IIL.35) it is not entirely clear what this object represents. In the limit of large log(t/tg) > 1

or t > tg, which is not the limit we rely on for the pure Yang-Mills case, we find

t N t t s t S(t t
/ dt’ Tgeg(t', to) — / dt' Tgeg(t',to) = % / dt' (a() - a(O)> log —
to to

to 277 t/ to to
Ca tar t
~ =2 g (t — log —
27704(0)/t0 to Ogto
Catto) [Lrog = T Ca (to) Llog L. (111.37)
— oy —log — — — — o — log — . .
2 0 to gto to 1 2m 0 to gto

In the staircase limit ¢ ~ ¢ and consistently neglecting log(t/to) the two kernels I'y., and fg<_g become identical. In
the same limit we find Ay ~ A, ~ 1. Again using ¢’ = ¢y + 0 and only keeping the leading terms in 6 we can compute
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the leading difference

fgeg@ﬂto)—rgeg(t’,to):C;‘ (as(t’) _as(to)> (5 11>

2 t/ to t 6
_ _% E(t/ — o) d as(t) _ _% 25 1 dos(t) - as(t)
T 2m 6 Yat ¢ | T 2w 60 [t dt 2],
0
CA 11 1 Olz(t)b() O[S(t) .
= —Z 5 |—- = — Eq.(T.22
o 6 [ t ot N P a.(1.22)
Caas(tp) 11 6
== 1+ boas(t
o 6 t(2) ( + 0px ( 0))
b ¢ Caas(tg) 11 &2
/ dt' Ty y(t',t0) —/ dt' Ty g(t' 1) = Caas(to) 11 — (14 boas(to)) - (I11.38)
to to 2w 6 15

In the pure Yang-Mills theory the running of the strong coupling is described by by = 1/(47)11N./3. In both limits
the true and the modified splitting kernels differ by the respective small parameter.

The closed form for the generating functional in Eq.(lIL.35]) allows us to compute the number of jets in purely
gluonic events. The first derivative is

-1
d d 1—u

1—u - 1—u - 1
= <u+ A, > +u(-1) <u+ A, ) <1_Ag> . (II1.39)

The form of the n-th derivative we can again prove by induction. Clearly, for n = 1 the above result is identical with
the general solution

n—1 —-n —1
d" 1 1—u 1—u 1
—® () =n!l| =— -1 + — 1+ + — — =1 . I1T1.40
aur 0 =" (Ag ) <u Ay ) u<u Ay ) (Ag ) ( :

The induction step from n — 1 to n is

n—2 —n —1
an 1 1—wu 1 1—u 1
wtbg(t):(n—l)! <A9—1> —(n—1) (u—l— Ag) (1—Ag> 1+u <U+Ag> (Ag_l>
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1—u 1—u 1 1—u
+ | u+ — U+ — — =1 4+ulu+ —
(o5 |s) (S) s
n—2 —n —1
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Ag Ay A Ay Ay
o R N - 1,
Ta,) 4, A \G
n—1 —-n —1
1 1—u 1—u 1
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Evaluating Eq.(II1.40|) for v = 0 gives us the jet rates

n—1
1 dn 1 ~n ~ - n—1
- (A - 1) Ap=4,(1-4,) (I11.42)

Pror = 21 gan P

which predicts constant ratios

Rinsaym =1 A,(t) |. (I11.43)

Such constant ratios define a staircase pattern. It has for a long time been considered an accidental sweet spot where
many QCD effects cancel each other to produce constant ratios of successive exclusive n-jet rates. Our derivation
from the generating functionals suggest that staircase scaling is one of two pure jet scaling patterns:

1. in the presence of large scale differences abelian splittings generate a Poisson pattern with R, 1)/, o< 1/(n+1),

as seen in Eq.([11.30]).

2. for democratic scales non—abelian splittings generate a staircase pattern with constant R,1)/, shown in

Eq.(TIT.43).

C. Jets finders

Until now we have consistently pretended that quarks and gluons produced at the LHC are what we observe in
the detectors. In perturbative QCD they are assumed to form the initial and final states, even though they cannot
exist individually as long as QCD is asymptotically free. Indeed, the gluon and all quarks except for the top quark
hadronize before they decay and form bunches of baryons and mesons which in turn decay in many stages. At the
LHC these particles carry a lot of energy, typically around the electroweak scale. Relativistic kinematics then tells us
that these baryons and mesons are strongly boosted together to form jets. Those jets is what we measure at hadron
colliders and what we have to link to the partons produced in the hard interaction.

Imagine we observe a large number of energy depositions in the ATLAS or CMS calorimeter which we would like
to combine into jets. We know that they come from a small number of partons which originate in the hard QCD
process and which since have undergone a sizeable number of splittings, hadronized and decayed to stable particles.
Can we try to reconstruct the original partons?

We know our previous discussions that in QCD we can produce an arbitrary number of hard jets in a hard matrix
element and another arbitrary number of jets via soft or collinear radiation. A major theoretical issue is that we can
radiate an arbitrary number of soft partons from the hard process without affecting the hard process, as described
by the exponentiation of soft radiation in the eikonal approximation. Any jet algorithm has to respect this feature.
Similarly, any jet algorithm needs to include collinear radiation in a way that the limit of two collinear constituents
to one combined constituent is smooth. In this case the reconstruction of the partons through the jet algorithm is
infrared and collinear safe.

We illustrate the behavior of possible jet algorithms facing soft radiation off a hadronically decaying W-boson in
Fig. [5l At tree level, any jet algorithm will typically find two well-separated jets, corresponding to two hard partons

jet jet jet jet jet

soft divergence
(a) (b) (©)

FIG. 5: Parton configurations interpreted through a collinear safe (left) and collinear unsafe (right) algorithm. Figure
and example from Mike Seymour.
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jet1 jet1 jet1 jet1

jet 2

FIG. 6: Parton configurations interpreted through a collinear safe (left) and collinear unsafe (right) algorithm. Figure
and example from Gavin Salam.

possibly accompanied by soft and collinear radiation. To next-to-leading order in perturbation theory we can add soft
gluons, both virtual and real. The two infrared divergences cancel, as long as the jet algorithm always combines the
two contribution into the same final state configuration or hard process. Let us assume a naive cone algorithm, simply
combining jet constituents based on their geometric separation. In this case the leading order configuration (a) and
the virtual correction (b) will be treated exactly the same way. In both cases there is no way to combine the two widely
separated constituents into one jet, so the algorithm identifies two hard partons in the final state. In contrast, when
the soft gluon radiated between the two quarks (c) serves as the starting point of the jet algorithm, the algorithm will
be able to combine both hard quarks with the central gluon into one jet. A as result, the virtual correction contributes
to a two-parton configuration, while the real correction contributes to a one-parton configuration, and the infrared
divergences will not cancel. An infrared save algorithm has to recognize that a soft gluon cannot serve as a starting
point for the parton reconstruction. Instead, it has to start from one of the harder jets and construct two partons.
To which of the two its adds the soft gluon does not matter for the infrared safety.

Collinear safety is illustrated in Fig. [} We assume a configuration with three hard partons, where the hardest
parton can either include a virtual gluon contribution (a,c) or undergo a collinear splitting (b,d). Again, we know
that the virtual and real emission diagrams lead to individual divergences, and only their combination gives us a finite
result. This means that the jet algorithm has to combine the constituents the same way, as illustrated in (a,b). A
problem occurs for example when a cone algorithm starts from the hardest constituent, combined with a distance
measure. For the collinear splitting it would start from the hardest constituents to the left and add the central
constituent. However, the right constituent would be too far away and not be included. As before, the algorithm
splits the two divergent contributions and leads to individually divergent rates for the one-parton and two-parton
rates.

From the above discussion we learn that jet algorithms starting from a fixed seed of constituents and then com-
bining them based on a geometric distance measure will destroy the features of quantum field theory on the level
of reconstructed partons. To avoid this, we define jets is based on so-called recombination algorithms, including for
example the Cambridge—Aachen or (anti-) kp algorithms.

The basic idea of recombination algorithms is to ask if a given subjet has a soft or collinear partner. We know that
partons produced in a hard process preferably turn into collinear pairs of partons as approximately described by the
parton shower. To decide if two subjets have arisen from one parton leaving the hard process we have to define a
collinearity measure. This measure will on the one hand include the distance in R space, where (AR)? = (An)?+(A¢)?,
and on the other hand the transverse momentum of one subjet with respect to another or to the beam axis. Explicit
measures weighted by the relative power of the two ingredients are

AR;; .
kr vii = g L min (pr;, pr,;) YiB = PT,i
AR;;
C/A Yii = g 4 yip =1
) AR;; . 1 _
antibr gy = = min (prloprh) yin = prl . (IIL.44)

The parameter R balances the jet—jet and jet—beam criteria.

In an exclusive jet algorithm we define two subjets as coming from one jet if y;; < Ycut, Where ycys is a reference
scale we give to the algorithm. The reason to introduce this parameter is that quantum field theory tells us that
hard partons can split into any number of soft and collinear partons. From first principles we do not know how many
constituents it should combine to a hard parton. Therefore, we need to tell the jet algorithm either how many jets it
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should arrive at or what the resolution of the smallest subjets we consider partons should be, whatever the measure
for this resolution might be. An exclusive jet algorithm then proceeds as

(1) for all combinations of two subjets in the event find the minimum y™® = min;; (yi;, yin)
(2a) if y™" = y,;; < Yyeur merge subjets i and j and their momenta, keep only the new subjet 4, go back to (1)
(2b) if y™" = y;5 < Yeur Temove subjet 4, call it beam radiation, go back to (1)
(2¢) if y™ > gy keep all subjets, call them jets, done

The result of the algorithm will of course depend on the resolution ye,. Alternatively, we can give the algorithm the
minimum number of physical jets and stop there. In an inclusive jet algorithm we avoid introducing yc.. Instead,
y;B acts as the universal cutoff and sets the scale for all jet—jet separations.

In the C/A example we immediately see that this translates into a geometric jet size given by R. For regular QCD
jets we choose values of R = 0.4...0.7. For the C/A and kr cases we see that an inclusive jet algorithm produces jets
arbitrarily close to the beam axis. Those are hard to observe and often not theoretically well defined, as we know
from our discussion of collinear divergences. Therefore, inclusive jet algorithms typically include a minimum cut on
prjet Which at the LHC can be anything from 20 GeV to more than 100 GeV, depending on the analysis.

A technical question is what ‘combine jets’ means in terms of the four-momentum of the new jet. The three-
momentum vectors we simply add k; + Ej — k;. For the zero component we can assume that the new physical jet
have zero invariant mass, which is inspired by the massless parton we are usually looking for. If instead we add the
four-momenta we can compute the invariant mass of the jet constituents, the jet mass. As we will see in the next
section this allows us to extend the concept of jet algorithms to massive particles like a W or Z boson, the Higgs
boson, or the top quark.

All jet algorithms them have in common that they link physical objects, namely calorimeter towers, to other more
or less physical objects, namely partons from the hard process. As we can see from the different choices in Eq.
we have all the freedom in the world to weight the angular and transverse momentum distances relative to each
other. As determined by their power dependence on the transverse momenta, the three algorithms start with soft
constituents (kr), purely geometric (Cambridge-Aachen C/A) or hard constituents (anti-k7) to form a jet. While for
the k7 and the C'/A algorithms it is fairly clear that the intermediate steps have a physical interpretation, this is not
clear at all for the anti-kp algorithm.

The problem of the theoretically preferred kp algorithm arises with pile-up or underlying event, i.e. very soft QCD
activity entering the detectors undirectionally or from secondary partonic vertices. Such noise is easiest understood
geometrically in a probabilistic picture. Basically, the low energy jet activity is constant all over the detector, so we
subtract it from each event. How much energy deposition we have to subtract from a reconstructed jet depends on
the area the jet covers in the detector. Therefore, it is a major step that even for the kr algorithm we can compute an
IR—safe geometric jet size. The C/A and anti-k7 algorithms are more compact and easier to interpret experimentally.

D. Fat jets

Starting from the way the experiments at the Tevatron and the LHC search for bottom jets, including several
detailed requirements on the content of such jets, the question arises if we can in general look for other heavy objects
inside a jet. Such jets involving heavy particles and (usually) a large geometrical size are referred to as fat jets. For
example, looking for boosted top quarks a fat jet algorithm will try to distinguish between two splitting histories,
where we mark the massive splittings from boosted top decays:
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The splittings inside the light—flavor jet are predicted by the soft and collinear QCD structure. The splittings in
the top decays differ because some of the particles involved have masses. This is the jet substructure pattern a fat jet
algorithm looks for.

Three main motivations lead us into the direction of fat jets: first, dependent on our physics model heavy objects
like W bosons or top quarks will be boosted enough to fit into a regular jet of angular size R < 0.7. Secondly, a jet
algorithm might include hadronic decay products which we would not trust to include in a regular mass reconstruction
based on reconstructed detector objects. And finally, even if only a fraction of the heavy particles we are searching
for are sufficiently boosted such an algorithm automatically resolves signal combinatorics known to limit some LHC
analyses.

At the LHC, we are guaranteed to encounter the experimental situation pr/m 2 1 for electroweak gauge bosons,
Higgs bosons, and top quarks. The more extreme case of pp > m, for example searching for top quarks with a
transverse momentum in excess of 1 TeV, is unlikely to appear in the Standard Model and will only become interesting
if we encounter very heavy resonances decaying to a pair of top quarks. This is why we focus on the moderate scenario.
Amusingly, the identification of W and top jets was part of the original paper studying the pattern of splittings y;;
defining the kr algorithm. At the time this was mostly a gedankenexperiment to test the consistency of the general
kr algorithm approach. Only later reality caught up with it.

Historically, fat jet searches were first designed to look for strongly interacting W bosons. Based on the kp algorithm
they look for structures in the chain of y values introduced in Eq., which define the kinematics of each jet. For
such an analysis of y values it is helpful but not crucial that the intermediate steps of the jet algorithm have a physics
interpretation. More recent fat jet algorithms looking for not too highly boosted heavy particles are based on the C/A
algorithm which appears to be best suited to extract massive splittings inside the jet clustering history. A comparison
of different jet algorithms can be found in the original paper on associated Higgs and gauge boson production. Using
a C/A algorithm we can search for hadronically decaying boosted W and Z bosons. The problem is that for those
we only have one hard criterion based on which we can reject QCD backgrounds: the mass of the W/Z resonance.
Adding a second W/Z boson and possibly the mass of a resonance decaying to these two, like a heavy Higgs boson,
adds to the necessary QCD rejection. For Higgs and top decays the situation is significantly more promising.

Starting with the Higgs tagger we search for jets which include two bottom quarks coming from a massive Higgs
boson. First, we run the C/A algorithm over the event, choosing a large geometric size R = 1.2 estimated to cover

1 mpg 2mH

Ry ~ (I11.45)

> )
2(1—2) pr,H  PTH

in terms of the transverse momentum of the boosted Higgs and the momentum fractions z and 1— z of the two bottom
jets. We then analyzes individual clusterings where the original jet algorithm combines j; and js into j:

1. Un-do the last step of the fat jet clustering where the (parent) subjet j breaks into two (daughter) subjets ji o.
For the Higgs tagger we use the C/A jet algorithm.

2. Test three conditions: first, the drop in jet mass has to be large for a heavy particle decay; second, the splitting
should then be symmetric; finally the subjets ji o have to be sufficiently hard:
min mj, min(p%ji )AR?MQ min PT.j;
2 ~J
J

< 0.67

> 0.09 prj, > 30 GeV (I11.46)
mj m

maxpr,,

3. For all other splittings, identify the more massive subjet of the j; o with j and remove the less massive one.
This splitting is then removed from the relevant splitting history of the fat jet.

4. Go to the next splittings with the parent subjet j = j; and, if applicable, j = jo. The un-clustering loop will
stop once the last condition in Eq.([11.46)) cannot be met anymore.

5. Reconstruct the Higgs mass from the jet mass m; of the relevant splitting(s) and add b-tagging information.

Applying jet algorithms with very large R size makes us increasingly vulnerable to underlying event, pile—up, or
even regular initial-state radiation. This means that we cannot simply use the mass of a set of fat jet constituents.
Instead, we apply a filtering procedure looking at the same constituent with a higher resolution which can for example

be Rgy, = min(0.3, Ry;/2). This filtering serves several purposes: first, it significantly reduces the y-¢ surface area of
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FIG. 7: Events in the arctanmys/mia vs ma3/mi23 plane for ¢t (left). W+jets (center) and pure QCD jets (right)
samples. More densely populated regions of the phase space appear in red.

the relevant constituents and thereby the destructive power of the underlying event and pile—up. Second, it allows
us to explicitly include gluon radiation off the bb pair to improve the Higgs mass resolution by including the three
hardest filtered constituents, two bottom quarks and a radiated gluon.

This way, the Higgs taggers relies only on one kinematic criterion, the mass of the bb pair, combined with two
bottom tags of the constituents The combined QCD rejection is at least 10~%, which might even allows us to run a
Higgs tagger over any kind of event sample and see if we find any Higgs bosons for example in new physics decays.

Interestingly, the most frequently used fat jet taggers target hadronically decaying top quarks. They start from a
C/A jet of size R = 1.5 — 1.8 and search for mass drops corresponding to the top and W masses. For example the
original HEPTopTagger algorithm proceeds in steps similar to the Higgs tagger:

1. Un-do the last clustering of the jet j; apply the mass drop criterion minm;, < 0.8m; to determine if we keep
j1 and jg; ignore subjets with m;, < 30 GeV to eventually end the un-clustering.

2. Apply a filtering stage with up to five relevant constituents to construct one three-subjet combination with a jet
mass within m; £ 25 GeV. This defines a sphere in the space of pair-wise invariant masses, illustrated in Fig. [7]

3. Order these three subjets by pr. If their jet masses (mq2,m13, ma3) satisfy one of the following three criteria,
accept them as a top candidate:

m m
0.2 < arctan —= < 1.3 and Ryn < 23
mig mi23

2 2 2
R?nin (1 -+ <Tn13> ) <1-— <Tn23> < R?nax <1 + (ﬂm) ) and 123 > Rsoft
mi2 mi23 mi2 mi23
m 2 m 2 m 2 m
RIZnin (1 + <12) ) <1l- < 2 > < Rr2nax (1 + (12) ) and 2 > Rsoft (11147)
mi3 mi23 mis mi23

4. For consistency, require the combined pp of the three subjets to be above 200 GeV.

< Rmax

The dimensionless mass windows Ry, = 85% X my /my and Rupax = 115% X my,/m; are tunable. The soft cutoff
Rsors = 0.35 removes QCD events which the C/A algorithm cannot correctly identify as soft radiation.

Kinematically, the interesting feature in Fig. [7]is that for the top signal two invariant masses tend to correspond
to mys. This is related to the endpoint of the larger of the two invariant masses from the b-jet and the light-flavor
jets in top decays,

mp = \/mi —miy, ~ 155 GeV . (TI1.48)
This means that one of the two combinations will typically give my; =~ mw by accident, and it makes no sense to
ask the algorithm to identify the correct W-decay jets. Hadronic top tagging is by now standard in ATLAS and
CMS and allows us to search for new physics just using hadronically decaying top quarks. The general field of jet
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substructure is a great success story at the LHC and arguably the most innovative fields in LHC physics, both in
theory and experiment.
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