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Abstract

The topic of this thesis is a new approach to solve the DGLAP evolution equation to obtain not only the
collinear Parton Distribution Functions (PDFs) but also the Transverse Momentum Dependent (TMD)
PDFs (TMDs). The DGLAP equation is solved with the Parton Branching (PB) method, which allows
a determination of kinematic variables at every branching and a construction of the TMDs in a large
range in longitudinal momentum fraction 2 and evolution scale j.

The new method is validated against the semi-analytical solutions for the usual integrated parton dis-
tribution functions. Moreover, the PB method enables to study details of the parton evolution in a way
which is not possible in standard methods. The PB method is applied to perform a fit to HERA H1 and
ZEUS combined F, data using the xFitter package. The newly obtained TMDs are used for predictions
of the Z boson p, spectrum and a comparison with a measurement from LHC is performed.

This thesis is a part of a broader approach to obtain predictions for many QCD observables where
the hard process and higher order corrections follow the same TMDs. The method to solve evolution
equations is a first step towards a consistent treatment of parton densities and the simulation of higher

order corrections used in the predictions for high energy collisions of particles.

Zusammenfassung

Das Thema dieser Arbeit ist die Losung der DGLAP - Evolutionsgleichung um kollineare Partondi-
chterverteilungen (PDFs), wie auch Transverse Momentum Dependent (TMD) PDFs (TMDs) zu bestim-
men. Die DGLAP-Gleichung wird mit der Parton Branching (PB) -Methode geldst, eine Methode, die
eine Bestimmung von kinematischen Variablen in jedem Schritt ermdglicht und die die Bestimmung
der Partondichteverteilungen in einem grofsen Bereich des longitudinalen Impulsbruchteils x und En-
twiklungsskala p? erlaubt. Die neue Methode wird mit semi-analytischen Losungen der DGLAP Ge-
lichung validiert. Die PB-Methode erméglicht es, Details der Partondichte-Evolution in einer Weise zu
studieren, die in den Standardlésungen nicht moglich ist. Die PB-Methode wird angewendet, um die
Startverteilungen mit Hilfes der kombinierten HERA H1 und ZEUS Messungen der Protonstrukturfun-
tkion zu bestimmen. Diese TMDs werden fiir Vorhersagen des Trnasversalimpulsspektrums des Z Boson
bei LHC und einem Vergleich mit Messungen verwendet.

Die vorliegende Arbeit These ist ein Teil eines groesseren Projektes um Vorhersagen fiir Messungen
zu erhalten, wobei der partonische Prozess wie auch hohere Ordnung Korrketuren mit den gleichen
TMDs bestimmt werden. Die Methode zur Loésung der Evolutionsgleichungen ist ein erster Schritt in
Richtung einer konsistenten Behandlung von Parton-Dichten und der Simulation von héheren Ordnung

Korrekturen bei hochenergetischen Teilchenkollisionen.
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1 Introduction

1.1 Preface

The Standard Model (SM) is the theory of Particle Physics which explains the structure of matter
in the Universe describing the elementary particles and the electroweak and strong interactions between
them. It arose in the second half of the XX century and it was formulated in the current version in the
mid 1970s.

Elementary particles are divided into fermions (quarks and leptons) and bosons. Mathematically, the
SM is based on the Quantum Field Theory (QFT) which allows one to write the Langrangian density
(called very often Langrangian) to describe the kinematics and dynamics of the theory. The SM is a gauge
invariant theory- its Lagrangian is invariant under the local SU(3) x SU(2)r, x U(1)y symmetry. The
group symmetry of colour is SU(3), SU(2)y, is the approximate isospin symmetry (exact, if u and d had
the same masses) and U(1)y is the baryon number conservation symmetry. The SM can be divided into
the sectors: Quantum Chromodynamics (QCD) sector, electroweak sector, which incorporates Quantum
Electrodynamics (QED) and weak interaction, Higgs sector and Yukawa sector. Each of these sectors has
its own Lagrangian.

This thesis is focused on the QCD part of the SM that is the theory which predicts that hadrons are
built from quarks and gluons and glue together via the strong interaction. The key ingredients of the
QCD are the colour confinement and the asymptotic freedom, the consequences of the running of the
QCD coupling «,, which is decreasing with the scale. QCD is a perturbation theory - any dimensionless

observable can be written as an expansion in terms of «.

The SM is an extremely successful theory. An enormous amount of measurements turned out to be
consistent with its theoretical predictions. Nevertheless, it is already known that the theory is not com-
plete. There are phenomena, like baryon asymmetry, neutrino masses or galactic velocity distribution,
which cannot be explained within the SM. A great effort focuses on finding hints of a theory which could
describe physics beyond the Standard Model (BSM). To find them, the SM must be well understood.
That is why it is so important to perform precision measurements: every inconsistency can be a clue of
how to construct the BSM theory and which of the existing ones can be preserved and which should be

abandoned.

A powerful tool to predict the cross sections is the QCD collinear factorization theorem. It allows one
to separate the processes at different scales and factorize them into the perturbatively calculable parton
level cross sections dependent on the process and the universal parton distribution functions (PDFs) -

pieces which contain non-perturbative information on the hadron structure and which, extracted once
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in a given experiment, can be used to obtain predictions in another one. The evolution of the PDFs is
described by the QCD evolution equations. However, there are observables where the collinear approx-
imation cannot give the satisfactory results and where also the transverse degrees of freedom have to
be taken into account to achieve predictive power. This is where the Transverse Momentum Dependent

(TMD) factorization theorems enter the game.

Several approaches to the TMD factorization theorem exist and many methods were proposed to
obtain TMD PDFs. The differences between them, such as the formalism used, the TMD concept or the
physical application, make the effort of comparing them very complicated. Most of these methods have
limited kinematic regions in which they can be used. A recipe, which could describe the data in the broad

range of the phase space, is on the wish list of particle physicists.

In this thesis a new approach to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution
equation is proposed. We show, that by solving it with the Parton Branching (PB) method one can
construct TMD PDFs. These TMD PDF sets can be used in a wide kinematic range. To demonstrate
the fact, that this method works, we apply the obtained TMD PDFs to LHC measurements.

The thesis is organised as follows.
In Chapter 1 we introduce the basic concepts of QCD: asymptotic freedom and colour confinement.

Chapter 2 explains the origin of DGLAP- the central equation for this thesis. We begin with the
Parton Model to explain the Deep Inelastic Scattering and we show how, by including the QCD
corrections, one can explain the Bjorken scaling violation. We introduce the concept of Parton

Distribution Functions (PDFs) and factorization theorem.

In Chapter 3 we move forward to the Parton Branching method and discuss the aspects of DGLAP
necessary to interpret the equation in terms of a parton branching process. We show how the

association of the kinematic variables with the evolution scale leads to a certain ordering conditions.
We present the idea of the Sudakov form factor which allows for a probabilistic interpretation of the

evolution equation and enables the solution using Monte Carlo methods.

In Chapter 4 the Balitsky-Fadin-Kuraev-Lipatov (BFKL) and the Catani-Ciafaloni-Fiorani-Marchesini
(CCFM) evolution equations are discussed. These equations introduce the k; dependence to the PDF.

Chapter 5 presents two approaches to the TMD factorization theorem: the high energy (k) ) and the
Collins-Soper-Sterman (CSS) factorization. Examples of the existing TMD parametrizations are quoted
and shortly compared. The areas, where the TMDs can be applied, are reviewed and examples of TMD

applications are given.

In Chapter 6 we begin the discussion of the Parton Branching (PB) method. We motivate the
introduction of the new method to obtain TMDs and explain the details of the solution. The way how
to obtain the k, dependence by solving DGLAP is described.

In Chapter 7 we validate the PB method by comparing the obtained collinear PDFs with the results
from another evolution package, QCDNUM.

In Chapter 8 we present the results for the collinear PDFs and TMDs we obtained using the PB
method. We study the effects of different ordering conditions on collinear PDFs and TMD densities.
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In Chapter 9 we perform a fit of the integrated TMDs obtained with the PB method to HERA Fy
data. We apply the resulting TMDs to the LHC measuerements of the Z boson p; spectrum to
illustrate that the method works.

In Chapter 10 we summarize the results presented in this thesis and give conclusions.

1.2 Colour confinement and asymptotic freedom in QCD

Before we start the actual introduction to the topic, in this section we would like to briefly introduce
the QCD running coupling, asymptotic freedom and colour confinement, the basic concepts of QCD. We

follow the argumentation from [1].

Let us assume we have a dimensionless observable R dependent on a single energy scale Q2, bigger
than all the other scales in the process. In a renormalizable quantum field theory R can be expanded in
the powers of the coupling «. During such a procedure a scale p, at which the ultraviolet divergences
are removed, is introduced. The observable R is dimensionless so it can depend only on a ratio Q2/u>.
However, the scale u is an arbitrary parameter and the observable R should not depend on that. This is

guaranteed mathematically by an equation

d 2 0 Oag 0
27 — s = 27 2 hd = . 1.1
“d;ﬂR(;ﬂ’a) (u o2 T H a;ﬂaas)R 0 (1.1)
One can define 5
_,29%
Blon) = i3 (12)
where oy is the fixed bare coupling, and
Q2
to rewrite eq. (1.1)
O 4 Bl o ) Rl ) = 0 (14)
5 Qs Bar, e as)=0. .

The solution of this equation is obtained by defining the running coupling o (QQ)

a:(Q?) 1
t= /as dz B (1.5)

with as(u?) = as. From that one can see that R(1, as(Q?)) is a solution of eq. (1.4).
Differentiation of eq. (1.5) gives the renormalization group equation for the coupling as:
0. (@?)

QQTQQ =B (as (@7)) - (1.6)

The function 8 has a perturbative expansion

B (s (@) = —b102 (Q2) (1 + baas (Q2) + bsa? (Q2) + ... (17)

whose coeflicients were obtained at the 1-loop level in [2-4], 2-loop in [5-7], 3-loop [8,9] and 4-loop
in [10] by calculating corrections to the bare QCD vertices. The Feynman diagrams contributing to the
(8 function at the 1-loop level are shown in fig. 1.1 and the 1-loop coefficient is given by

33— 204

b
! 127

(1.8)
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where ny is the number of active flavours. There are different ways of treating the number of flavours in
the calculations. One of the most popular ones is the Variable-Flavour-Number Scheme (VENS) where
the light quarks are assumed to be massless and the heavy quarks are not active at the scales below
their masses. Once the mass threshold of the heavy quark is reached, the number of flavours changes. In
the Zero-Mass VFNS (ZM-VFNS), after reaching the mass threshold, one still neglects the mass of the

heavy quark in the calculation of the short-distance cross sections.

Figure 1.1: The Feynman diagrams contributing to the £ function at the 1-loop level.

The coefficients b; for ¢ > 3 [1] depend on the renormalization scheme - the way of absorbing the
infinities arising in the perturbative calculation of the Feynman diagrams beyond the tree level. The
counterterms to cancel the divergences are introduced using a set of renormalization conditions fixed
by the renormalization scheme. The frequently used renormalization schemes are Minimal Subtraction
(MS) [11] and Modified Minimal Subtraction (MS) [12] scheme.

From eq. (1.6) and (1.7) at the 1-loop accuracy one obtains the relation between a; (u?) and o (Q?)
(both in the perturbative region)

as (1)

2\ _
(@) = T (A

(1.9)

For large t — oo the strong coupling decreases « (QQ) — 0 if by > 0 which is true for ny < 16. This
feature of QCD is called asymptotic freedom. At the higher scales, at small distances, the coupling is
small and the quarks and gluons can be treated as the free particles. The approach to the asymptotic
behaviour is slow, the coupling decreases as an inverse power of In Q2. On the other hand, at smaller
scales, i.e. large distances, the coupling is very strong and the quarks and gluons are confined inside the
hadrons and this is the reason why they are not observed as the free particles. The behaviour of «y is

opposite to the QED coupling a which increases with scale.

The solution of eq. (1.4) can be written in terms of the series expansion
R(L,as(Q%) = Rias (1%) (1 — ay (1) bit + o (u?) bt* +...) . (1.10)

From that one can see that by using the running coupling, the logarithms of Q?/u? are resummed order

by order. By cutting the series at pieces ~ « one obtains the leading order (LO) approximation, by

2

cutting the series at the pieces ~ o

one obtains the next-to-leading order (NLO) approximation etc.

The solution for the running coupling can be also written in terms of a parameter A in the following

@ __ 7 L
In A AS(Q2)dxﬁ(z) (1.11)

way
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and from that at LO one obtains
1

Qs (QQ) = bln (%j) :

The parameter A corresponds to a scale at which the running coupling diverges and gives the order of

(1.12)

magnitude of a scale at which o becomes strong. The precise definition of A depends on the renormaliz-
ation scheme and its value is approximately 200 MeV. It means that at the scale Q ~ 1 GeV a; becomes
strong and the perturbation theory breaks down.

A depends also on the number of active flavours. Some conditions are imposed on A to guarantee the
continuity of ay: definitions for different flavour numbers at the scales y = m where m are the masses of

heavy quarks, have to be matched.

QCD tells us how the running coupling changes with the scale but its actual value has to be measured
experimentally. Different measurements can be compared when ay is given at the same reference scale,
very often chosen to be the mass of the Z boson M. Measured at the scale @), it can be evolved to the
mass of the Z boson using the renormalization group equation truncated at a given order. An example

of some of the oy measurements performed in the hadron collisions is shown in fig. 1.2 [13].

H1 multijets at low G

EPJC 67:1 (2010)

H1+ZEUS (NC, CC,ng(Sg

Hi-prelim-11-034, ZEUS-prel-11-001 (2011)

ZEUS incl. jets in y p
NPB 864:1 {201 2)

H1 multifets at high G?
arXiv 1406.4709 (2014)
CDF incl. jets

PRL 88:042001 (2002)

DO incl. jets

PRD 80:111107 (2009)

Do anﬂ. correl.

PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJC 72:2041 (2012)

ATLAS N,
ATLAS-CONF-2013-041 (2013)

CMSR
EPJC 73:2604 (2013)
—— CMSs 1 cross section
PLB 728:496 (2014)
CMS 3-Jet mass
EPJC 75:186 (2015)
CMS incl. jets
EPJC 75:288 (2015)
World Average
Chin. Phys. € 38:090001 (2014)

| L
12 0.13

0.14 0.15
QL

Figure 1.2: An overview of some of the a; measurements made in hadron collisions [13] and the world-

average value [14].




2 Deep Inelastic Scattering, Parton
Distribution Functions and QCD

Evolution Equations

This chapter gives a short overview on the Parton Model, Deep Inelastic Scattering (DIS), Parton
Distribution Functions (PDFs), collinear factorization theorem and QCD evolution equations - the basics
of this thesis. We review how the Parton Model can explain the Bjorken scaling and how the QCD
corrections justify the Bjorken scaling violation and lead to the DGLAP evolution equation. We discuss
the importance of the PDFs and collinear factorization theorem. We summarize different solutions of
the DGLAP evolution equation and mark where our method enters the stage. Extensive literature (e.g.

[1,15-20]) covers these topics in detail, here only the most important results are summarized.

2.1 Parton Model and Deep Inelastic Scattering

The Parton Model was introduced before QCD achieved a status of the theory of strong interactions.
It was formulated at the end of 1960s ( [21-25]) using the basic idea that the interactions of hadrons
can be described as the interactions of partons, the point-like constituents of hadrons. In the simple
Parton Model, very often called naive in the literature, partons inside one hadron do not interact with
each other, which is a good approximation in processes with high transverse momentum transfer. An
improved version of the Parton Model including QCD corrections is still widely used nowadays and par-

tons are understood to be quarks and gluons.

The Parton Model was used to explain Deep Inelastic Scattering (DIS) [26] where a lepton [ scatters on
the proton P through the exchange of a virtual photon v*, Z or W /W~ boson with four - momentum ¢

[+P =1 +... (2.1)

The momentum transfer ¢ must be large enough to eject the quark from the proton. The final state
consist then of the outgoing lepton I’ and other produced particles with a large total invariant mass.
The proton normally does not survive the scattering, that is why the process is called inelastic. DIS is
very often compared to a microscope - thanks to the high transverse momentum of the virtual photon
one can go deeply inside the proton and probe its structure at distances much smaller than its size. The
photon - proton interaction time is much shorter than the time needed by partons to interact with each
other, which is why the structure of the proton stays the same during the probing time and the Parton
Model can be used to describe the DIS.

10



2.1. Parton Model and Deep Inelastic Scattering

In this section we focus on DIS of an electron on a proton through the exchange of a virtual photon,

as shown in fig. 2.1. We do not consider any electroweak effects coming from Z or W+ /W~ exchange.

. e'(k) e (k)
o N /
\k
p+q v*(@) |
4
P qf(p)/ a(p’)

proton
Figure 2.2: The LO Feynman diagram contrib-

Figure 2.1: DIS Feynman diagram. )
uting to DIS process.

To calculate the DIS inclusive cross section, we will consider the underlying process of an electron-
quark scattering which at LO can be calculated within perturbative QED. An electron e~ with a
four-momentum k interacts with a quark ¢; (being a point-like constituent of a proton with the four-
momentum P) with a four-momentum p through the exchange of a virtual photon v* with a four-
momentum ¢ = k — k' which is transferred from the electron to the quark. The outgoing particles are
an electron with four momentum &’ and a quark of the same flavour as the incoming one with the four-
momentum p’ = p + ¢. The LO diagram contributing to the DIS is shown in fig. 2.2.

It is assumed that the quark and proton are collinear, the quark carries a fraction £ of the proton mo-
mentum p = £P. The DIS cross section is given by the cross section of the electron-quark scattering,
multiplied by a probability density f;(§) that a proton contains a quark of a flavour f with momentum

fraction &, integrated over all possible £ and summed over all possible quark flavours f [16]

o (e~ (k) + proton(P) — e~ (k') + X) = /0 d§2ff(§)o (e (k) + qr(€P) — e~ (K') +qr(p)) . (2:2)
f

The functions f7(&), called parton distribution functions (PDFs) or collinear PDFs, cannot be computed
from the rules of perturbative QCD since they contain also non-perturbative information on hadron

structure and they must be extracted from experiments.

The LO differential cross section for electron-quark scattering is given by the formula [16]

do (e_ —e )—QWOZQQ?c
g\ YT T

§2+a2>

; (2.3)

where @ is electric charge of a quark in units of e , o is the QED coupling and 3, 4, t are the Mandelstam

variables for two body scattering at the parton level. In DIS, the Mandelstam variables are given by

>
I

(p+k)?=2p-k=2P k=¢s
¢ =-Q° (2.4)

>
I

where 5 is the center of mass energy of the electron-quark system, s = (P+k)? is the center of mass energy

of the electron-proton system, the masses of proton, quark and electron are set to zero P? = p? = k? =0

11
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and the relation for Mandalstam variables is § + ¢ + @ = 0. The variable Q? is called the wvirtuality of the

photon. Moreover, the following variables are defined in the literature to describe DIS

2
xr = Q N
2P ¢
P-q
= —_— 2.5
y 2 (2.5)

where z is the so-called Bjorken x and y is a dimensionless variable equal to the fraction of electron’s
energy transferred to the proton in the proton’s rest frame. The following relation holds for @, z, y and
s: Q% = wys. Using the above defined variables, the differential cross section for DIS, eq. (2.2), can be

rewritten

fo 122 (1 -y (2.6)

dfdQQ f Q*

The outgoing quark is on mass-shell p’> = 0 so the following relation holds

Q€

/2

PP=p+9*=p"++2p q=-Q° + =Q*(¢/x—1)=0. (2.7)

Thus & = z and Bjorken x is the longitudinal fraction of the proton’s momentum carried by the parton.

In the calculation above the definition of Bjorken x with the substitution P = p/{ was used.

The DIS cross section for the electron proton scattering can be parametrized in the following way [1]

o 4ra® (1+(1-y)? R (2,Q%)  (1-y
Q4 2 T +

dzdQ? - ) (B2 (z,Q%) — 22Fy (x,Q2))> (2.8)

where the mass of the proton is neglected and Q? is much lower than the mass of the Z boson Q? < M3.
The formula is a consequence of electromagnetic current conservation and symmetry arguments [15]. The
functions F; and Fb parametrize the interaction of the virtual photon with the proton, i.e. the whole

QCD physics in DIS. This parametrization agrees with eq. (2.6) after identifying

By (2,Q%) =) af(@)Q7 (2.9)
!
and
Fy (2,Q%) =2zFy (2,Q°) . (2.10)

The functions F; and Fy are the so-called structure functions. Eq. (2.10) is called Callan - Gross relation
and it is a consequence of the fact that the spin of the quarks is 1/2 [27]. The relation is true for
massless quarks, without intrinsic transverse momenta. When QCD corrections are taken into account,
it is violated.

2T

By dividing eq. (2.8) by a factor fo (1 +(1- y)z) one obtains the formula for the reduced cross section

o, which is equal to Fy at low Q2 and not very large y [28]. At LO this function is independent of Q2.
This feature is called Bjorken scaling. The reduced cross section is shown in fig. 2.3 as a function of
Q? for different values of = . The figure shows that the Bjorken scaling, being deduced from the Parton
Model, is a very good approximation at large (but not very large) = and not very large Q2. This is the
region explored by the first DIS measurements at Stanford Linear Accelerator Center (SLAC) [29, 30].

For smaller = and very large x one can clearly see the violation of Bjorken scaling which comes from

higher order contributions to DIS. This issue is the subject of the next section.
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2.2. Introduction to the DGLAP evolution equation

H1 and ZEUS
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Figure 2.3: The HERA measurement of neutral current e p reduced cross section o, vs Q? for different

values of x. Figure from [28].

(a) Quark emits a gluon before entering the hard (b) The cross section factorizes into a two pieces

interaction. marked with the colour frames.

Figure 2.4: One of the higher order contributions to DIS.

2.2 Introduction to the DGLAP evolution equation

The LO DIS cross section from eq. (2.8), discussed in the previous section, is proportional to the
second power of the QED coupling 2. Now we would like to concentrate on the QCD corrections. One
example of the QCD corrections to DIS comes from the diagram shown in fig. 2.4a where a quark, being
a proton’s constituent, emits a gluon before the interaction with the virtual photon. Such a diagram

gives the contribution proportional to the QCD running coupling «.
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Chapter 2. Deep Inelastic Scattering, Parton Distribution Functions and QCD Evolution Equations

pX
(a) General process in which a quark splits into (b) General process in which a gluon emits a gluon
a quark and gluon. Gluon continues the evolution before entering the hard process.

and enters the hard process.

Pe P P P
N Y AW Ay
T p3 T p3
S 0000000,
—Pp —Pp
2 2
te te
(c) General process in which a gluon splits into a (d) General process in which a quark emits a gluon
quark pair. One of the quarks continues the evolu- before entering the hard process.

tion and enters the hard process.

Figure 2.5: General processes in which a parton splits before entering the hard interaction.

2.2.1 QCD corrections: factorization of the process

The cross section for DIS including also the gluon radiation can be factorized in the collinear limit
(when it is assumed that the angle between beam axis and emitted gluon is small) into two parts
calculated separately, as shown in the fig. 2.4b [1,17]. The part marked with the green frame is the
LO electron-quark scattering for which the matrix element was given in the previous section. The part

marked with the red frame corresponds to the splitting of an initial quark into a gluon and a quark.

One can imagine a more general process, in which the parton 1 (being the proton constituent) splits
before the interaction into the particles 2 and 3. The particle 3 enters the interaction with another initial
particle X. Y is the final state of the interaction. The processes to be considered here are shown in
fig. 2.5, where the interaction with large momentum transfer is denoted with the gray circle and it is not

necessarily DIS.
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2.2. Introduction to the DGLAP evolution equation

The formula to compute the cross sections from fig. 2.5 is given by [16]

N / 26 \4s(4)
14X —24Y IME1 1 x o1y |?(2m)%0'" (p1 + Px — p2 — py) X
- 2/ A(px + p1)2,my, mx) -
1 dp;
< 11 bi (2.11)

(2m)3 2|75

where N, is a symmetry factor when the final state consists of identical particles, \(z,y, z) = 22 + y? +

22 —2(xy+xz+yz), m; = mx = 0 are the masses of the initial particles (quark and electron in fig. 2.4a),

Jj=2,Y

and the momenta are explained in figures. The four-momenta of the particles 1 and X do not have a

transverse component and are given by

D1 (p70a07p) )

With this choice \/)\((px +91)%,0,0) =4pEx.

In the collinear limit the matrix element factorizes in the following way [1,16,17]

>p3 (2.13)

IME14+ x 521y |? = [MEsy x5y | IME1 043+

where ME3, x_,y is a matrix element for the interaction of the particles 3 and X producing the final
state Y, Ps is the propagator of the particle 3 which can be a gluon or a quark and ME;_,5,3+ is the
matrix element for the splitting of the particle 1 into the particles 2 and 3. It is important to notice that
in this approximation, when MEs x _,y is calculated, the incoming particle 3 is taken to be on-shell, but
during the calculation of ME; o3+ it is assumed that particle 3 is slightly off-shell.

The cross section o34 x_,y is given by
1 d3pj

NS / 2 4 ¢(4
ME 2m) 46 (ps + px — . (214
2/ a0 ) e PER ) L g 24

O3+ XY =

Assuming that mg = mx = 0 and ignoring the transverse component of ps (which is a good approxima-

tion because p3 is only slightly off-shell and is important only in the propagator [16], see also Sec. (A.2)

and eq. (2.17) where the full expressions for 4-momenta are given) we obtain \/A((px + p3)2, ms, mx) =

4zpEx. With that, eq. (2.11) can be evaluated in the following way

1 d3
Ol4X 24y = /03+X—>Y|ME1—>2+3*|QZ,P§W2|ipl| - (2.15)
2

2 in the case when the particle 3 is a slightly

In Appendix (A.2) the matrix element for |[ME; 53+
off-shell gluon with momentum fraction z, is calculated. Here just the final expression (eq. (A.26)) is

quoted

2 1 1— 2
IME_245:]? = 87, Cp Pt 1+0-2)7 (2.16)
22 1—2

where Cp = Tr va’l, N being the number of SU(N) generators, N = 3 in SU(3) and T = 1. The

quark and gluon four-momenta are

pQL )

2(1—2)p

2
b1
= L 2.1
p3 (2p,p1,2p + 50 - Z)p) (2.17)

b2 = ((1_Z)p7_pJ_7(1_Z)p_
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Chapter 2. Deep Inelastic Scattering, Parton Distribution Functions and QCD Evolution Equations

with the convention p# = (p°, ?) = (p", p1,p?). The gluon propagator is

P2 (1)2 _ =22 (2.18)

p3 pi
Combining eq. (2.15)-(2.18) and using d3py = mpdp? dz the cross section formula for the process shown

in fig. 2.5a is obtained:

1+ (1—2)?

- (2.19)

as P
o1yxsoty = o~ Cr [ 034 x sy —5-dz
27 P
The integral over p? runs from 0 up to some maximum scale u?, called factorization scale (which
cannot be larger then s). One can clearly see that this integral is divergent and some cut off on the initial
scale p3 (which is O(A)) must be introduced. From that one gets the final result for the cross section in
fig. 2.5a

(0%

2
s [
Ol4X—24Y = 7017 /0’3+X—>de In (2>

1+ (1—2)2
2 Mo .

2.20
- (2:20)
This allows an interpretation that the cross section 014 x o1y of the process depicted in fig. (2.5a) is
equal to the cross section o34 x_,y times the probability that the initial quark will split into a gluon and

a quark. Analogous interpretations hold for all processes in fig. 2.5.

2.2.2 Evolution and LO splitting functions

One can imagine that the splitting processes from fig. 2.5 take place continuously and before a
parton enters the hard interaction many splittings happen. This cascade of splittings is called initial

state radiation and it is sketched in fig. 2.6.

Figure 2.6: The splittings inside the proton take place continuously.

It is interesting to look at the transverse momenta of the partons propagating in the cascade in
fig. 2.6. For this purpose let us assume we have two branchings, as shown on the left hand side of fig. 2.7.
In the collinear approximation one can factorize the matrix element for this process in an analogous way
as in fig. 2.4b, dividing the process from fig. 2.7 into a matrix element from fig. 2.5d and the matrix

element for the gluon emission. To do so one assumes that the particle which undergoes the splitting is
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2.2. Introduction to the DGLAP evolution equation

- ®

0000000, 3

0000009, 2 0000000, 2

0000000, 1 10000000, 1

Figure 2.7: The event with two branchings and with many branchings.

on mass-shell compared to the produced particles and the angle of the emission of the produced particle
with respect to the beam line is small. If p2, > p?  the virtuality of the quark between the particles 1
and 2 is very small compared to the virtuality of the quark which enters the interaction and it can be

ignored while computing the emission of the particle 2. The integral over the transverse momenta gives

then the factor , )
(%)2/” dpj, /”“ dpf, _ (&)2}1112 (“2> (2.21)
2r/ S P S P \2m) 02 &

2
0

where the o2 term is multiplied by a logarithm which can be large when the difference between the scales
pé and p? is large. In the opposite case, when p?, > p3, or when p2, ~ p? one can not assume that
the particle which undergoes the splitting, is on the mass-shell compared to the produced particles when
calculating the next emission, and the collinear approximation is broken. Moreover, even if we still use
the same formalism to compute the cross section, we find that if the emission of the particle 1 involved
larger transverse momenta than the emission of the particle 2, the emission of the particle 2 does not
change much the cross section. The contribution coming from it can be neglected so that there is at least
one power of the large logarithm In (ﬁ—g) less at a given order of ag. That is why in this approximation
the main contribution comes from partons strongly ordered in transverse momenta for which p% > p% 1
This result can be generalised to the case with n emissions (fig. 2.7 right). If the momenta are ordered

in the following way

P2 <Pl < pi < (2.22)

then the contribution from these emissions is proportional to

n 1 2
(52) 5w (‘g) . (2.23)
2/ nl 1

The interaction is called hard interaction because the particle, which enters the interaction, has higher
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Chapter 2. Deep Inelastic Scattering, Parton Distribution Functions and QCD Evolution Equations

transverse momentum than all the previous particles in the cascade.

From the discussion above the following interpretation arises: it is known from the Rayleigh criterion
in optics that one can distinguish two points which are separated by a distance r when the following
relation holds

r=A\, (2.24)

where A is the wavelength with which one wants to probe the object and A is a constant describing the
properties of the apparatus used for the observation (for example for a microscope it involves the diameter
of the lens and focal length of the objective). To distinguish the emitted and propagating partons in the
cascade, it is necessary to resolve transverse distances between them. To resolve partons with a transverse
momentum smaller than some p, , one needs a probe with a wavelength of the order of 1/p, . It means
that by using a probe with smaller wavelength one can resolve more partons at smaller distances inside a
proton than with a probe with bigger wavelength. That is the reason why DIS is very often compared to
a microscope: it serves to probe, using the virtual photon (or another exchanged particle), the structure
of the proton. The photon’s virtuality can be considered as the resolution scale of the process: a photon
with virtuality Q2 can probe distances inside the proton of order 1/Q and it can resolve particles with
virtualities of the same order. Partons which are emitted with a p, smaller than a certain value given

by a resolution scale, are non-resolvable. This feature is illustrated in fig. 2.8 [15].

partons

. g

O (Y

00
10

Proton at Q,’ Proton at Q’
x, = 1/Q, Ax, = 1/Q

Figure 2.8: Virtual photon with a higher virtuality Q? can resolve more partons inside the proton than

a photon with lower virtuality Q3.

One can ask then the question what happens with the parton distribution when the scale ;2 changes
by a small amount from p? to p? + Ap2. The probability that the quark of a flavour i carrying a
momentum fraction z’ at scale u? will split into a gluon at the scale 2 + Ap? with momentum fraction

x is then given by

/ dz’ / dz —CF A'Z L+ (-2 fa (@' 12)o(x — 22)0(2" — 2) (2.25)

z

where f,, (2', 4%) is the probability to find inside a proton at a scale u? a quark of flavour i with energy
fraction ' > x, where z is the momentum fraction of the considered final gluon at the scale ;2 + Au2.
The delta function §(x — zz’) is the energy-momentum conservation condition, z is the splitting variable

and ©(z’ — x) is the Heaviside step function to guarantee that the parent parton has higher momentum
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2.2. Introduction to the DGLAP evolution equation

fraction than the daughter one. It can also happen that inside the proton there is a gluon at the scale p2
and it will not split up at a scale ;2 + Apu?. The probability to find a gluon with the proton’s momentum
fraction z at scale u? + Ap? is then given by

p2l+(1—2)2

Folw, i + Bp) = fy(a, %) / da’ / 4= 0y AM fuula!, 12)8(w — 220" — )

(2.26)

z

and it can be rewritten in a form of an integro-differential equation
d s 11+(1-
fg ° M / da’ / a C Z +(1—2)" " f (2 ) (x — z2")O(z — ). (2.27)

The piece %CF# is called a real part of a leading order (LO) quark - gluon splitting function
because it describes the splitting

as , 1+ (1—2)?
%Cpf (2.28)

and it has a probabilistic interpretation that a quark at the scale 2 will undergo the splitting into a

R 2\ _
qu(Z,/J, )_

gluon with a momentum fraction z of the parent quark. It is the same for all quark flavours so Pyq, = Pyq.

The splitting function Pglfz(z, u?) is divergent when z — 0. This corresponds to the situation when the
gluon entering the hard interaction has an energy — 0. On the other hand, to be able to use perturbative
QCD in the calculation, some minimum scale of the hard process § has to be assumed. To be able to
study such a process with a gluon at very low x, the energy of the incoming beams must be very large.
The formalism, which is being described in this section, leading to the DGLAP equation (see later in
this section), is not a good description in the limit of s — oo or equivalently 2 — 0. There must be some
small cut off on the value of z protecting against situation when s — oco. Nevertheless, there are other

formalisms (like BFKL equation [31-34]), which are more appropriate in the region of small z.

Up to now only the splitting of a quark into a gluon was considered. But as one can see from fig. 2.5,
it is also possible that a gluon splits into gluon pair and this process contributes to the gluon distribution.
The real part of the LO gluon-gluon splitting function, the one visualised in fig. 2.5b, is given by the

formula

1—=2 1
PRz 2) = L9 e ta(1-2)—1 2.2
fi(eu) = 5220 (P2 4 o sl - 1) (2.20)

where Cy = N¢ = 3 is the number of colours. This equation is divergent when z — 0 and z — 1. The
first divergency was already discussed in the case of P;f]. The second divergency corresponds to the case,
when the energy of the emitted gluon (particle 2 in fig. 2.5b) is very small. It is also the case when the
transverse momentum of the gluon 2 is very small. Such gluons with p4 — 0 are called soft gluons. One
needs to find a way to regularize this singularity. Additionally, in the case of gluon splitting into a gluon
there are also virtual corrections, shown in fig. 2.9a, which must be included. Such virtual contributions
affect the region of z = 1 because they do not change the momentum fraction. They can be computed
from the diagrams or from unitarity arguments (for more details see e.g. [1,15]). The full expression for
the gluon-gluon splitting function is given by

1 1—=z

2) - Qs _ - o, 2 -
ng(z,u)—27r20,4<(1_z)++ p; +2(1-2) 1)+(6CA 3TRnf>5(1 z) (2.30)

where T = %, ny is the number of active flavours. The plus prescription is defined in the following way

for any test function ¢

1 1 1 1
/0 (ﬁ‘P(Z) dz :/0 [p(2) = (1)] dz . (2.31)

1—=2 1—=2
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(a) Virtual contributions to the LO gluon distribu- (b) Virtual contributions to the LO quark distribu-

tion function. tion function.

Figure 2.9: LO virtual contributions to the DIS process.

It is important to mention that in the cross section calculations the divergences from soft and collinear
(when the angle of the emission goes to zero) emissions and virtual corrections cancel exactly via Bloch,
Nordsieck [35] and Konoshita, Lee, Nauenberg [36,37] theorems for suitable defined inclusive quantities.
For exclusive quantities the cancellation is not exact. The contribution, which is not cancelled, can be

potentially large and it needs to be additionally resummed to obtain proper cross section prediction.

With this result, the full equation for a gluon distribution function can be written as

dfglep®) _ * g gL 3" Pog(z12) o (& 1) + Poglz, 12) fy (2! 1i2) ) 6 — 20")O(a’ — )
ap? = . . 12 _ ' oa y ) Jg (T gg\Zy L) Jg\ T, U
(2.32)
where, to make the notation consistent, the following relation was used
Pli(z,1%) = Pyq(z, 1) (2.33)

because there are no virtual corrections to be accounted for at LO for the splitting of a quark into a gluon.

Now we can discuss the quark distribution corresponding to fig. 2.5¢ and fig. 2.5d. The LO real part
of the splitting function of a gluon into a quark (shown in fig. 2.5¢) is given by

PE(z,u2) = %TR (> +(1—-2)?) . (2.34)

This expression is not divergent and there are no virtual contributions at LO so PJ(z, u?) = Pyy(z, p?).

The case of quark-quark splitting is similar to gluon-gluon case. The real part of the LO quark-quark

splitting function (fig. 2.5d) is given by

Ry, 2y Qs 1+ 22
P (z,p7) = 27rCF ( N —z) . (2.35)

This expression is divergent when z — 1 which corresponds again to the emission of a soft gluon.

Similarly, as in the gluon-gluon splitting case, there are also virtual corrections shown in fig. 2.9b, which
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have to be taken into account. The full P, splitting function is then
o} 1+ 22 3
P, N)=2Cp |+ 561 —2)) . 2.36
o) = 52 (225 + Ja1- ) (2.36)
Fig. 2.5d and fig. 2.9b show that at LO a quark can split only into a quark of the same flavour.

It is worth to draw the diagrams contributing to the LO splitting functions as the amplitudes squared
as shown in fig. 2.10 for quark - quark splitting. One can notice that these diagrams contain 1 loop. That

is why the LO splitting functions are very often called 1-loop splitting functions.

Figure 2.10: The amplitude squared diagrams contributing to quark - quark splitting function at LO.

The evolution equation for a quark density can be written now in an analogous form as eq. (2.32)

dfq ; Iu / / dz—5 (Pog (2, 1 )fg(x H )JFqu(ZaNz)fq(x/vuz)) d(z - za")O(z" —z) . (2:37)

Both eq. (2.32) and eq. (2.37) can be put together in a compact form

dfs
]:ni,f Z/ *Pw wh2) fiw/ 207 (2.38)

where 4,j denote quarks and antiquarks flavours (we have ny quark flavours which can depend on
the evolution scale so ny = ny(u?)) or gluons. This is the famous Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution equation [38—41] which describes the evolution of parton distribution functions
fi(x, u?) with the scale p?. The initial distributions cannot be calculated using the perturbative QCD but
they have to be determined from the measurements, for example in the DIS experiments by measuring
the cross section at a given value of Q2. The predictions for inclusive reduced cross section o, vs z for
a given Q? compared to the data coming from H1 and ZEUS are shown in fig. 2.11 [42]. The DGLAP
equation explains the Bjorken scaling violation observation. If the initial distribution f;(z, u2) is known
then one can obtain the distribution at another scale f;(x, u?) using the DGLAP equation, as illustrated
in fig. 2.12.

Very often, instead of parton distributions, momentum-weighted parton distribution functions are
used fa,

fala, p?) = afalz, 1?) | (2.39)
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H1 and ZEUS
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Figure 2.11: The combined HERA data for the inclusive reduced cross sections vs z for different values
of Q? measured at /s = 318 GeV compared to the predictions from HERAPDF2.0 NNLO [42].

for which the evolution equation has the form

dfaxu

Tdlnp? Z/ dz Pu(1®,2) Jolx/z,0%) (2.40)

In 1/x

DGLAP

iy W :

Figure 2.12: The DGLAP evolution equation evolves the parton distribution functions in z2.

Up to now we said nothing about the running coupling. It is a feature of QCD that a; depends on the
renormalization scale. The easiest choice is to set p?, which is the only scale in the processes discussed
up to now, as the scale in ay:

as = a(p?) . (2.41)
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2.2.3 Sum rules in DGLAP

In Sec. (2.2.2) in eq. (2.36) we presented the formula for the P, splitting function which includes the
real splittings and virtual corrections. The virtual corrections can be computed from the diagrams using
the Feynman rules, but there is a trick with which the answer can be obtained much faster [40]. It uses
the quark number conservation rule (i.e. baryon number conservation). Let us define the net (non-singlet)

number of quarks and antiquarks of a given flavour i as

f(xa:U’Q)quS = fql'(mvﬂ2) - fai(%/f) : (2'42)

Such distribution evolves only according to F,, splitting function. It is because the splitting of P,
contributes equally to the quark and antiquark distribution. Let us concentrate for a moment on the P,

piece of eq. (2.37). We can rewrite it in a following way

far (2, 12+ A Sy, (2, 1%) / da’ / dz ( 1—2) —|—ln< > Pyq (z,,u2)> far (2, p2) 6(z—22")0 (2" —2)

(2.43)
where A fq, (z, u2) = fq, (2, 42) = fg. (%, 1d). The piece Pyg = 6(1—2z)+1n (Z—g) Py (2, p?) can be inter-
preted as a probability density to find inside a quark another quark with a fraction z of the momentum
of the mother quark. The piece with §(1 — z) corresponds to the situation when the quark distribution
does not change and it includes the virtual corrections. The probability density P,, integrated over z

has to give 1. Thus the integral over the quark-quark splitting function should give 0 [1,17]

1
/ dzPyy(z,1%) =0. (2.44)
0
The straightforward way of taking into account eq. (2.44) in eq. (2.35) is to replace
g 1+ 22 g 1+ 22
— — . 2.4
27TOF(1—z)%27TCF(1—z)+ (245)

Using eq. (2.44), eq. (2.45) it can be rewritten in a form of eq. (2.36).

Let us also discuss briefly one of the rules satisfied by the parton densities, which is especially
important in this thesis: the momentum sum rule for the splitting functions. To begin with, we notice

that the sum over momentum fractions of all partons inside proton should be equal to 1

/01 dx :CZ filz,p?)=1. (2.46)
Integrating eq. (2.38) between p? and u? gives Z
fila,1?) = filw, ug) + /2 dlnpf Z/ & s, )1, ( 7:“1) (2.47)
This can be inserted into eq. (2.46)

1 1 w dz
/ dxxz fi(a?,;ﬂ):/ dxxz fi(x,ug)—&—/ dln pf Z/ Pii( fj< ,M) =1.
0 i 0 i ,u
(2.48)
The momentum sum rule is fulfilled at every scale, also at p2 which results in fol dez Y, fi(z,ud) =1.
It means that the second part of the eq. (2.48) must be equal to 0. With the change of the integration

variable from z to a = f one obtains

Z/ﬂ dlnulz/ dx/ =Py (3, 2) 265 (Sod)
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2 1 z
T, (T
dln,u?Z/ dz/ da:Pij(,u%,z);fj (;N?)
7 Jo 0

2
K] 0
u? 1 1
:Z/ dln,u?Z/ dzzPij(u%,z)/ daaf; (a,p13)
PR j 70 0

= 0. (2.49)

This equality must be always true so
1
Z/ dz zP;; (4, 2) =0 (2.50)
—Jo

This is the momentum sum rule for the splitting functions and it expresses the conservation of the mo-

menta in the splittings of quarks and gluon [1].

2.24 DGLAP evolution and NLO splitting functions

At NLO there are more diagrams, which need to be taken into account. In addition to the LO diagrams
introduced in Sec. (2.2.2) also diagrams proportional to a2 are considered.
It is interesting to mention that to obtain a complete set of splitting functions, 18 1-loop Feynman
diagrams were computed at LO, 350 2-loop diagrams at NLO and 9607 3-loops diagrams at NNLO [43].
DGLAP equation with LO splitting functions sums the contributions coming from the strongly

ordered emissions discussed in Sec. (2.2.2). An event with n emissions gives the factor
2
g " n ,lL
~ =) 1 — | . 2.51
(27r> ! <u3> (251)
This is the leading logarithm approximation (LL) where the power of the logarithm is the same as the

power of a,. DGLAP with LO splitting functions sums such terms up to all orders in ag. The NLO

splitting functions sum contributions, where one of the emissions is not strongly ordered so terms like

Qs \" n—1 M2
~ (=) 1 — | . 2.52
(277> ! <u%) (2.52)
Respectively, this is called next-to-leading logarithm (NLL) approximation [44].

In fig. 2.13 some of the diagrams for the squared amplitudes contributing to the NLO quark-quark
splitting functions are shown. These diagrams contain 2 loops so the NLO splitting functions are very
often called 2-loop splitting functions. From these diagrams one can see that at NLO a quark can split
into or a quark or antiquark of either the same or different flavour. The formulas for the NLO splitting

functions calculated in the MS scheme are given in [45-47] and in Appendix (A.1).

In is important to note that, except the increased amount of diagrams and, as a consequence, the
increased complexity of the computation, the concept of the splitting functions remains simple and their

structure is the same as at LO. These issues will be discussed in detail in the next subsection.

2.2.5 Structure of the DGLAP splitting functions

In this subsection the DGLAP splitting functions are discussed in more detail. Their structure is one

of the essential points in solving the DGLAP equation.
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2.2. Introduction to the DGLAP evolution equation

Figure 2.13: Schematic representation of some of the NLO splitting diagrams. The diagrams contain 2

loops.

The DGLAP splitting functions P,;(2, 4?) depend on two variables: the splitting variable z and the
evolution scale . The dependence on p enters the splitting function via the running coupling o (u?)
and the number of flavours ny = ny(u?).

The splitting functions have a perturbative series expansion

o a 2\\ 7 .
Py (z,1%) = > (2(7’:)) Py (2, 42). (2.53)

n=1

SU(ns) symmetry leads to the following relations for the splitting functions at any order in s

Py = Pﬁﬁj , (2.54)
Pqﬁj = Py, (2.55)
Puy = Pgg=Py, (2.56)
Pyq; = Pyg, = Pyq . (2.57)

The splitting functions are flavour independent since the strong interaction is flavour independent.

At LO the series expansion in eq.(2.53) is truncated after the first term

Qg (.UZ)

Pyg (2,1%) = = =Py (2.14%), (2.58)

p 2\ _ as(ﬂ2)P(o) 2 2.59

9‘1(27“)_ 2T 99 (Zvu)v ( )
2

Py (2, p2) = 0‘32(7‘: )ng) (2, 17) (2.60)
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Puy (sos) = S8 pi) (2 2y = 9005 pior () (2.61)
SO
P (z,0%) = 6P (2, 1%) (2.62)
and
Pyy, (z.0%) = 0. (2.63)

This means that at LO a quark can split and continue the evolution only as a gluon or as a quark of the
same flavour.

At NLO, the splitting functions are the following

Qg 2 Qg 2 2
Puy (2) = S5 PD) eo) + (2552 ) P o) 261
2 2 2
Poa (eo02) = 2529 i) (P ) B0 ) (265
2 2\ \ 2
Qs ag(
Pog (24%) = % Py (Z’“2)+< % > PY (2,12) . (2.66)

In this case the splitting functions for quarks are more complicated than at LO because a quark can
continue the evolution not only as a gluon or quark of the same flavour but also as a quark/antiquark of
different flavour or antiquark of the same flavour. The NLO splitting functions for a quark splitting into

a given quark/antiquark are given by

2 2\ 2
Pu o) = 29250 (e + (20) b (2) @6

[\~

Pyizia; ('Z’UQ) =

PWY (2, p?) (2.68)

Pﬁi#jqj (2’1“2) =

(%)
Pan, o) = (S) ) ) (2.60)
()

PO (2 p?) (2.70)
At NLO
Py ya; (2:16%) = a0 (z,1%) - (2.71)

The splitting functions can be also decomposed as follows

1
Puy (2,4%) = Day (1) 8(1 — 2) + Kb (17) Tt B (z,1%) (2.72)
+

where D, and K are diagonal in flavour,

Dy (,u2) = bapda (ﬂz) , Kap (U2) = davka (,UZ) (273)

(there is no summation over repeated indices) and the function R, does not contain any power diver-
gences when z — 1 (no terms ~ (1 — 2z)~™ for n = 1,2,...) but it can contain logarithmic divergences
(terms ~ In"(1 — 2z), n = 1,2 ). These can be, however, integrated to give a finite result (see the NLO
splitting functions given in Appendix (A.1)). The functions Dg; and K, or equivalently d, and k,, and

the functions R, in eq. (2.72) have the following expansions

do (%) = i (a“‘éiQ))ndg”l) (12), ko (u2) = i (0452(7/:2)

n=1

>n B0 (12 (2.74)
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o0 2 n
oo = 33 (5 ) R )
n=1

At LO, d,, k, and R, have the form

3 2

11
) =5Cr  d) (0¥) = 5 Ca— S Tany, (2.75)
O =2Cp, kY =20Cy, (2.76)
ROG) = 204 |12 420 1
99 (Z) - A > + Z( - Z) - ’
1+ (1—2)?
0
RO = op it
Rég)(z) = Tr [+ (1-2)?] , (2.77)
RO () = —Cr(l+2)8; , Rip(x)=0,

where ny = ng(p?) and the SU(N..) color factors (with N. = 3 the number of colors) are given by

N2 -1 1
Cs=N, , Cp= QCN . Te(TATP) =648 TR = 3 548 (2.78)

and T4, T are the Gell-Mann matrices (SU(3) generators).
The formulas of the splitting functions at NLO are given in Appendix (A.1).

2.3 Features of DGLAP

In the previous sections we discussed general features of the DGLAP equation. Now we would like to

concentrate more on two aspects, which are important for the parton branching method.

2.3.1 Momentum sum rule

In this section we discuss a reformulation of the evolution equation (eq. (2.40)) using the momentum
sum rule introduced in Sec. (2.2.3) in order to treat the virtual corrections.

To begin with, let us insert eq. (2.72) into the evolution equation (eq. (2.40))

d fa(z, 11?)

1
2 ra 2 Oz —
dln p? ;/0 dz Pay(p”, 2) fo(2/ 2, p7)O (2 — )

i)
B ' SR B -
S [ (Kat)gtg ) Ben -

+3° [ de Dtz ~ D Fala /20l ~ o)
b 0

- ¥ / ' & (Kab(;f)l . Rabw,z)) Fo(a/2, 1200 — 1)

= Zb:/: dz (Kab(,uz)(liz)“v‘Rab(MQaz)) Fol@/z, pu?)

1 ~
X [ (ualo) s - Dt - 9) )
b

= Eb:/:dz (Kab (%) %Hﬁab (u2,z)> ﬁ(;;f)
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- 1
~Fo(o) [ an P () (2.79)

where the PY (1%, 2) = ko (#?) 1/(1 — 2) — do (%) 6(1 — 2) contains the virtual corrections.

At this stage one can notice two possible difficulties for a numerical solution: the presence of virtual
pieces with the 0(1 — 2) function and the fact that all the integrals after the second equality sign in
eq. (2.79) are separately divergent. This divergence is treated formally correctly when the divergent
pieces are under one integral written with a plus prescription. Once the decomposition from eq. (2.31)
is written with two separate integrals, they are not properly defined anymore. However, if one wants to
obtain a numerical solution of the evolution equation it is better to not use the plus prescription and
take this singularities into account in another way.

First, we concentrate on the presence of the delta function. In Sec. (2.2.3) the momentum sum rule was
introduced in eq. (2.50). Let us insert it into the DGLAP evolution equation. We do this by subtracting

the momentum sum rule inside eq. (2.79)

dfa(z, p? ! 1 -
]:11(1316;5) = Zb:/ﬂf dz (Kab<ﬂ2)H+Rab(M2az)> fb(galﬂ)
B 1
—fa (x7u2)[) dz PY (,u fa x, 12 Z dz cha u?, z)
1 ~
- ¥ [ s (i <;ﬂ)%+z«zab (M2,2)>fb (;;ﬁ)
1
_At/z ’ 2 dz PV 2a
Fiwa?) [ au PY (.2)

};(.’E, /"LQ) Z/O dZ z |:Kca (IU/Q) (; + Dca (IU/Q) 6(1 - Z) + Rca (/1“27 Z)

1—2)4
_ g;élz@aufhiz+R@@%a)ﬁ(jm)
Fute®) [ R 2,2
a2 Z/ dzz{ o (12) 2 B (4, z)}
_fa(x,;ﬁ)zcj/o dz 2 [Deq (12) 8(1 — 2)] +ﬁ(m,u2>ch/01dz {Kca (1?) 112}

S 4o [Dea(1)5(1-2)]
1
_ 2 L 2 7 (T 2
= Zb:L dz (Kab(u ) T + Rap (1 ,Z)> fb(z,ﬂ )
1
,fa (I7/L2)/ dz PY (,uz,z)
0
~ 1 1
L) [ e [ () 12+ R 022

+falw, 1) /01 dz {k (1*) — (n?)6(1— z)}

1—=2

Py (1?,2)

= 3 [ () £ a9 B (5 0)
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—fa (2, 1%) Z/Ol dz = (Kca (1?) flz + Reg (u2,2)> . (2.80)

By using the momentum sum rule, the P part of the splitting functions was replaced by the real
part of the splitting function. One sould note that the virtual corrections are still included in eq.(2.80),

just written in a different way.

2.3.2 Endpoint z — 1 contributions to the evolution

Now we will discuss the second possible difficulty for a numerical solution of eq. (2.79) mentioned in
Sec. (2.3.1), i.e. the limit of z — 1. In eq. (2.80) one can still notice the problem that the integrals are
divergent for z — 1 when they are written separately (without using the plus prescription).

As discussed in Sec. (2.2.2), partons emitted with the transverse momentum smaller than a certain
value cannot be resolved. Using energy-momentum conservation it can be reformulated into the condition
that partons with z larger than some value z,; are non-resolvable. This corresponds to the limit of z — 1
of eq. (2.40) where the soft gluons are emitted. These singularities are cured by the plus prescription where
the divergencies cancel between real emissions and virtual corrections. However as already mentioned, if
one does not want to use the plus prescription, these singularities must be taken into account in some
other way.

Let us analyse the z — 1 contribution to the evolution equation eq. (2.80). To begin with it is useful
to split the integration region in two subregions z < zj; and z > zp7, where zj); > x is a parameter
with a value near 1, z)y = 1 — ¢, ¢ < 1. The parameter z; can be understood as a separation between
resolvable and non-resolvable branchings, branchings with z > z;; cannot be resolved. We rewrite the
evolution equation eq. (2.80) as

d~a s 2 ZM 1 ~
‘];1(:1:/;;) = zb:/z dz (Kab (,UQ) —— + Rap (MQ,Z)) fb (g"u2> +

1-=2
_.]?a (.23 UQ)Z/ZNI dz z <K (IuQ) L—FR (,LLZ Z))
’ c 0 ca 1—2 ca ,
' ~
+;1A{ @ (Kab (’UQ) ilz + Rap (,uQ,Z)) fb (§7M2> +
1 . + Req (;ﬂ,z)) . (2.81)

—fo (2, 1) Z/; dz z <Kca (W) 17—

We can use z = 1+ (z — 1), eq. (2.73) and the Taylor expansion of the parton density ﬁ,(x/z,;ﬂ) =
Fol, 1) + z(1 — z)fé(x,u?) + O(1 — 2)? to analyse the region z > 2z, of eq. (2.81)

Zb:/l dz <Kab (1*) lflz + Rap (;ﬂ,z)) T (g,,f) n
~fa (.1 Z/i dz 2 (Kca (1) i + Req (;ﬁ,z)) —

= ;/z; dz <Kab (1?) flz + Rap (/ﬂz)) [f‘;(x,u?) +2(l—2)fi(z, 1) + O(1 — 2)%| +
—fa (w12%) Z/; dz (1+ (2= 1)) (K (W) 12 + R (MQ,Z)) -

= [ k() 1 (Rl + o1 - 2)Falw) + 00 - 2] +

2 1—=2

29



Chapter 2. Deep Inelastic Scattering, Parton Distribution Functions and QCD Evolution Equations

f:fva(os,;f)/ dzka(,uQ)L—ﬁl(x,u%/ dz(zfl)kall +O0(1—zy) =

i 1—2z 2 -z

— O, (2.82)

Above we have used that the integration over the pieces containing R, for z > z); gives at most terms
of order O(1 — zp).
Therefore one can rewrite eq. (2.80) up to O(1 — zy/) as

dfa(x, 1 B 1 ~
J;l(ffulé) N zb:/r & (K“b(/ﬂ)lz+Rab(M27z>)fb(z,u2)+

1

— o (2,1 Z/OM dz z (Kca (1*) —— + Rea (u2,2)> : (2.83)

1—=2

It is thus convenient to define the kernels in the bracket as the real-emission branching probabilities
P£ (aS(M2>7 Z))

oy (1%, 2) = Kap (%) 7—

+ Rap (112, 2) (2.84)

and rewrite eq. (2.83) as
dfa(z, 1) o
e 3 [ )
~ z
— Jfa (CL’, ’u2) Z/ N dz ZP£ (,u27 Z) . (2.85)
0
c

One can notice that the same cut off z); was introduced in both pieces on the right hand side of the
evolution equation eq.(2.80). If the cut off was different in these two pieces then the cancellation between
the pieces of order O(1) would not be exact.

The practical choice of the form of the zj; parameter will be discussed in Sec. (3.1.3) where the issue

of resolvable branching is further investigated.

2.4 Solutions of DGLAP and PDFs measurements

Before we move to the PB method to solve DGLAP and to construct TMDs, in the last section of
this chapter we would like to describe the landscape of the existing DGLAP solutions and introduce the

mother of the TMD factorization - the collinear factorization theorem.

24.1 Methods to solve the DGLAP equation

The DGLAP evolution equation eq. (2.38) is an integro-differential equation and it does not have an
analytical solution in the x-space. Nevertheless, there are many other methods to solve DGLAP available.

This section gives a short overview of these methods. Further references can be found in [48-51].

Mellin transform In the first method the DGLAP evolution is solved in the Mellin space. The DGLAP
equations can be formulated in the Mellin space by taking the Mellin transform of the parton distributions

[1] (so called moments)

1
Fulis i) = /0 dead ™ fo(a, 1) | (2.56)
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The anomalous dimension is defined in the following way

1
Wab(jv/lg) = / dmx]_lpab(xvﬂz) . (287)
0

With these definitions, the DGLAP equation eq. (2.38) can be written in a form
dfa Js
,U ‘LL Z'}/ab ]a fb ]7 ) (288)

which is now a simple product whereas eq. (2.38) is a convolution. An analytical solution of this equation
can be obtained but the inverse Mellin transform cannot be done analytically and a numerical procedure
is required to obtain the distributions in the x-space. Many results were obtained with this method
(see e.g. [52-54]). Its accuracy is good, but it is CPU time consuming. Moreover, the results are model
dependent [48,50]. The reason for that is that the limit of z — 0 corresponds to infinite energy. Because
of that every moment has an uncertainty which is reduced by model dependent assumptions. One way
of dealing with this problem is to use truncated Mellin moments instead of full moments [48,55,56]. The

method works well for j > 2.

Laguerre polynomials The method based on the Laguerre polynomials expansion solves the DGLAP
evolution directly in the z-space. This method was proposed by Furmanski and Petronzio [57]. It reduces
the DGLAP integro-differential equation into a set of ordinary differential equations. An evolution func-
tion is introduced, expanded in terms of the Laguerre polynomials, then the integro-differential equation
becomes a simple differential equation rewritten in terms of some recursion relation and at the end of the
evolution the parton distribution is calculated via summation of the Laguerre coefficients expansion [49].
This method is very efficient for > 1072 [50], however, it has some accuracy problems in the small x

limit since the Laguerre polynomials go to infinity for  — 0 [49].

Brute force The DGLAP equation can be also solved directly in the x-space with so called brute
force method [58-61]. The idea is very simple: the space in 2 and p? is divided into a small steps, the
differential is calculated then in the following way

df(?) _ flugi) = F(u3) (2.89)

dp? Hi1 = M

and the integral is calculated as

[ et@) = s = 2w (2.90)
m
The evolution is then solved step by step and, if the space in = and 2 is divided into many small inter-

vals, the accuracy of this method can be high but it is CPU time consuming.

Polynomial spline The next numerical method to solve DGLAP is the polynomial spline interpolation
used by QCDNUM [62]. The function to be interpolated is divided into n intervals and it is parametrized
in each interval by the polynomial of order k. Continuity conditions are imposed on the function at each

of the grid points and its derivatives, usually on all but the highest derivative. This gives us n +k — 1
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free parameters. The function f(x), which one wants to interpolate in this method, is sampled at n 4 1

points zg < 1 < ... < x, and it is rewritten as a linear combination of B-splines Y;
fla) =" AYi(z). (2.91)
i

In the DGLAP case the function to be evaluated is the derivative of the parton density (or more
strictly speaking in QCDNUM it is the derivative of the momentum weighted parton density f(x, u?) =
xf(z,u?)). The right hand side of the DGLAP equation eq. (2.40) is rewritten as a linear combination
of B-spline coefficients and weight functions.

In QCDNUM there are two interpolation schemes, a linear and a quadratic one. The accuracy in-
creases with the number of grid points but it also causes an increase of CPU time, nevertheless the
QCDNUM method is very fast. Both interpolation schemes were compared with another evolution pack-
age and per mill level agreement was obtained between these two packages at small and medium z. At
higher z the accuracy is ~ 2 — 3% but it can even reach < 1% for x < 0.9 depending on technical

details [62].

Parton Branching The DGLAP equation can be also solved with a parton branching (PB) method
[63-66]. Applying the PB method the splitting variables z and scales u?, at which the branchings hap-
pen, are generated according to the appropriate distributions. With this method the whole chain in the
evolution is generated, with the information about all partons and their momenta. Moreover, the kin-
ematics of every single splitting process can be treated exactly and this makes this method attractive
comparing to semi-analytical solutions of the evolution equations. The uncertainty of this method is easy
to estimate by the statistical uncertainty of the Monte Carlo sample used. The parton branching allows
also to construct MC Parton Shower programs - key ingredient of nowadays experimental analyses of
high energy collisions. The parton branching method is the main topic of this thesis and will be discussed

in details later on.

2.4.2 Collinear factorization theorem

In Sec. (2.1) the DIS cross section in eq. (2.2) was written as a convolution of the partonic cross
section and parton distribution function. This formalism can be generalized. The cross sections for
other QCD processes with a large momentum transfer can be written in an analogous way, using the
parton level cross sections, computable in perturbative QCD, and the parton distribution functions which
incorporate all the non-perturbative physics and collinear singularities. This is the content of the QCD
collinear factorization theorem [67,68] which is proven for sufficiently inclusive observables in the final
state of the scattering of colorless hadrons, i.e. besides DIS and diffractive DIS, also for the Drell-Yan
(DY) process and single particle inclusive spectra [67]. The factorization theorem is the basis of many
QCD calculations, e.g. Monte Carlo generators are based on it. The theorem is also assumed to be valid
for processes for which it is not strictly proven.

As an example, let us consider the DY cross section. The LO differential cross section o for a collision
of two protons with the four-momenta P;, P, is shown in fig. 2.14. A partonic differential cross section &
of a quark - antiquark collision, which carry the fractions &; and & of the protons momenta, is multiplied
by the probabilities to find inside the protons the partons with these momentum fractions. Then it is

integrated over all possible momentum fractions carried by the quarks and summed over all possible
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quark flavours i, j to give the DY differential cross section [67]

r1 T2

d 1 1 .
TEEThdY [ a6 [ dennne, (2205 0w) faen. @

In eq. (2.92) @ is the lepton pair invariant mass, u is the renormalization scale, x1 = ey\/%z, To =

e Y/ %2, Yy = %ln (3:2) is the rapidity of the lepton pair.

The essential point of the factorization theorem is that the parton distribution functions are universal

for a given hadron - if they are measured in one process, let us say DIS, they can be used in a calculation

for another process involving the same hadrons, for example proton-proton collisions.

Figure 2.14: Tllustration of the QCD Factorization Theorem for the LO DY. The dotted frame represents

the partonic cross section 6.

The short and long distance physics can be divided between PDFs and partonic cross sections in a
different way, defined by the factorization scheme. The same scheme has to be used for both the par-
ton density and the partonic cross section to obtain consistent results. Frequently used schemes are the
MS [12] and in earlier days also the DIS scheme [69)].

2.4.3 PDFs measurements

There are many measurements from which PDFs can be extracted. The kinematic range in = and Q?

covered by these experiments is presented in fig. 2.15. This section gives a short overview of some of them.

The basic process, in which PDFs are measured, is DIS. The measurements of the DIS process
were performed in fixed target experiments (e.g. Bologna-CERN-Dubna-Munich-Saclay (BCDMS) and
NMC experiments at CERN, E665 experiment at Fermilab, SLAC National Accelerator Laboratory) and
collider experiments (HERA at DESY), for overview see e.g. [70].
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Figure 2.15: The phase space in 2 and Q? covered Figure 2.16: The parton distribution functions from
by different PDFs measurements [71]. HERAPDF2.0 at NLO and NNLO [42].

There are two DIS processes from which PDFs are extracted: neutral current (NC) in which a lepton
scatters on a proton through the exchange of a virtual photon or a Z boson, and charged current (CC)
where a lepton scatters on a proton through the exchange of a W or a W~ boson. NC scattering allows
to measure the valance quark distributions and the gluon distribution which enter the evolution of a
quark through the DGLAP equations (which is the consequence of the Bjorken scaling violation). The

quark flavour separation is possible in the CC exchange.

The cornerstone DIS collider experiment took place at HERA electron(positron)-proton acceler-
ator [42] at DESY. There were two phases at HERA: HERA T in 1992-2000 and HERA II in 2002-2007
during which the two experiments, H1 and ZEUS, collected a total integrated luminosity of approximately
~ 0.5fb~! each. From 1994 the electron beam energy in HERA was E. ~ 27.5 GeV and for most of the
time the proton beam energy was E,, = 920 GeV which gives the center of mass energy of /s ~ 320 GeV.
HERA NC measurements covered the range of 0.045 < Q2 < 50000 GeV? and 61077 < x < 0.65 and
the CC experiments covered the range 200 < Q2 < 50000 GeV? and 1.3-1072 < z < 0.4. The predictions
of inclusive reduced cross section o, vs z for a given Q2 compared to the data coming from H1 and ZEUS
are shown in fig. 2.11. The z and Q2 dependence of the reduced cross section was used to determine the
sets of parton distributions. The parton distribution functions from HERAPDF2.0 at NLO and NNLO
are shown in fig. 2.16 [42].

Another group of important measurements of PDFs are the measurements performed in proton-
antiproton collisions (pp) at the Tevatron at Fermilab and proton-proton (pp) collisions at the Large
Hadron Collider (LHC) at CERN.

In a Drell-Yan process, shown in fig. 2.17a, the quarks and gluon PDFs can be measured. The W
and Z bosons are sensitive to different combinations of quark flavours and flavour separation is indir-
ectly possible. The example of the impact of DY ATLAS data on zu-sea quark PDF is shown in fig. 2.17b.
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Figure 2.17: DY process from which quark PDFs can be constructed and the impact of the ATLAS 8 TeV
DY data on the zu-sea quark PDF [72].
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Figure 2.18: Vector boson + jet production.

In vector boson + jet production shown in fig. 2.18 the flavour of the quarks can be accessed directly

if the final state is explicitly tagged.

One of the processes which can be used to constrain the u and d valence quark parton densities or sea
antiquark densities, is the annihilation process of valence quark from one proton and sea antiquark from
another proton in which a W+ or a W~ is produced (ud — W+, du — W), shown in fig. 2.19a. Since
there are more u valence quarks inside proton than d quarks, W are produced more often than W ~. This
asymmetry was measured at the LHC in ATLAS, CMS and LHCDb (e.g. [73-77]) and in DO and CDF ex-
periments at the Tevatron [78-80] providing better constraints on the quark PDFs. The comparison of the

PDF constraint with and without CMS W data is shown in fig. 2.19b [77] and the improvement is visible.

The strange quark PDF is constrained mainly from the NOMAD DIS experiment with neutrino scat-
tering shown in fig. 2.20a [81], but also the LHC experiments produce constraints by studying W + ¢
production, as shown in fig. 2.20b [73]. The processes initiated by d or d quarks are Cabibbo suppressed.
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Figure 2.19: Process contributing to the W+ /W~ asymmetry measurement to constraint the quark PDFs
and the comparison of the d valance quark PDF with and without CMS data [77].
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Figure 2.20: Neutrino scattering DIS and W + ¢ production process from which s-quark PDFs can be
constrained.
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Figure 2.21: Processes in which quark and gluon PDF can be determined and the improvement of the

gluon PDF constraint with CMS inclusive jets data is visible [82].
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Figure 2.22: The diagrams for the top pair production from which gluon PDF can be constrained and

the improvement of the gluon PDF constraint with top quark production data [83].

Inclusive jet production in pp collisions at the LHC is directly sensitive to gluon and quark PDFs [82].
A simultaneous extraction of PDFs and o, measurement is possible in these processes. The diagrams
contributing to the PDFs studies are shown in fig. 2.21a. The improvement of the PDF constraint in-

cluding CMS measurements is shown in fig. 2.21b.
A significant improvement in the uncertainty of the gluon distribution, as shown in fig. 2.22b, is
obtained from top pair quark production [83]. The diagrams contributing to this process are shown in

fig. 2.22a.

Forward ¢ and b production, shown in fig. 2.23a, analysed by LHCDb [84] can be used to constrain
the gluon PDF, both at low and high z. The impact of these data on the gluon PDF is shown in fig. 2.23b.

PROSA NLO FFNS fit

c, b bt " 12 =10 GeV?
NI, - m HeRa D
HERA DIS + LHCb abs
0 = HERA DIS + LHCb norm
<
A N
20 .

ol
ol

(a) (b)

Figure 2.23: The diagram contributing to forward ¢ and b production and the impact of the forward

heavy flavour production on the gluon PDF [84].

There are many groups extracting PDFs from the experimental data, among them are MSTW [85],
CTEQ [86], NNPDF [87] and HERAPDF [88]. In general, the results obtained by these groups are
in agreement but there are some differences for example in the choice of the data sets, heavy flavour

treatment, initial parametrizations, treatment of uncertainties or the order in the perturbation theory.
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3 Interpretation of DGLAP evolution

equation

DGLAP evolution scale ¢ does not have a priori any physical meaning but it can get one by associating
the evolution scale with a given kinematic variable. In this section we discuss possible associations and
ordering conditions which arise as the consequences of these choices. We also investigate further the issue
of the zj; parameter defining the resolvable and non-resolvable branchings. In the second part of this
chapter we rewrite the evolution equation using a Sudakov form factor which provides the appealing

interpretation of the evolution equation in terms of parton branching picture.

3.1 Interpretation of the evolution scale

3.1.1 Virtuality and p,-ordering

In this section we discuss the physical interpretation of the evolution scale in the DGLAP evolution
equation. The kinematics of the splitting process together with the notation is shown in fig. 3.1 where p’

_>
is the scale of the branching. For a given four vector with coordinates k = (k°, k*, k%, k®) = (Ex, k) =

x,P’, ky, a

Z=X/X, c ,
G M

XbP+, kLb b

Figure 3.1: The kinematics of the splitting process.

(Ej, k1, k%), where k; = (k',k?), one can define the light cone variables k = (kT, k™, k. ), where k* =
%(ko + k3). Using the light cone variables the following relation holds

k2= 2kThT — k2 . (3.1)

From that we obtain
k24 kT

K 2k+

(3.2)
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3.1. Interpretation of the evolution scale

From the kinematics indicated in fig. 3.1 one can write a momentum conservation condition
ky =ko + qe (33)

which can be rewritten in terms of the minus component conservation as

Rk, hathl. @+d. (3.4)
2k, 2kg 24 '

Assuming that k7 = zk;", ¢ = (1 — 2)k;]", eq. (3.4) can be rewritten

k2 + k3, N 4 +aqi,

ki + k%, = T

(3.5)

Particle b and ¢ can be put on mass shell k2 = 0, ¢> = 0. In the collinear approximation the strong ordering
in the transverse momenta holds kib < kia and one can neglect k| ;, =0 giving us k| o = —¢q1 .. We

thus obtain

k2(1—2)=—q],. (3.6)

One can associate the virtuality of a parton a with the DGLAP scale of the branching ;2. Defining the
virtuality as u? = —k?2 one gets

prPl-z2=q,. (3.7)

With this association the partons in the cascade are ordered in virtuality. The condition from eq. (3.7)
is called wvirtuality ordering condition.

In the limit of 2 — 0, important for the high energy regime, eq. (3.6) becomes

From that one can associate the DGLAP branching scale with the transverse momentum

WA=, (3.9)

With this association the partons in the cascade are ordered in p; and eq. (3.9) is known as p -ordering

condition.

3.1.2 Angular ordering

In this subsection we introduce colour coherence phenomena of QCD and the ordering condition
arising out of that. Coherence effects are common to all gauge theories. An example of the coherence is

the Chudakov effect in QED [89], the suppression of soft photons bremsstrahlung from e*e™ pairs.

(1-2)p’

Figure 3.2: Emission of the soft photon from the ete™ pair.
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Chapter 3. Interpretation of DGLAP evolution equation

The Chudakov effect is shown in fig. 3.2 [1]. Let us assume that the angles are small ©.,,0 < 1.

The time during which a photon can be emitted from the electron, can be estimated from the un-

certainty principle as the inverse of the energy imbalance in the vertex e~ — ~ve™, At = 1/AE
2 2
where AE = p— /22p2 + k2 — /(1 —2)2p2 + k% ~ 22(’167;)1), which is equal to ;7*]3 for z — 0. The

transverse momentum of the emitted photon in the small angle approximation is k; =~ 2zp©®. From
that At ~ 2/2p©? ~ 1/202p. During this time the electron-positron pair separates by the distance
Ab ~ O, At. Only photons which can resolve the electron-positron pair, can be emitted. Otherwise they
would see only the total charge of the ete™ pair, which is zero so there cannot be any emission and the
interaction cross section is zero. In order to be able to resolve the eTe™ pair, the photon wavelength A
has to fulfil the condition Ab > \/©. From that ©.. > © for photon to be able to resolve the e*e™ pair.

A similar effect occurs in QCD where the coherence effect reveals itself as an angular ordering of the soft

Figure 3.3: Example for eTe™ — ¢gg forming a colour singlet. The emission from lines i and j at angles

larger then ©;;/2 can be computed as an emission from the parent line I.

gluons emissions studied in [90-92]. The difference between QCD and QED is that the electric charge of
the photon is replaced by the colour charge of the gluon. When the radiation comes from two external
lines which form a colour singlet, the effect of angular ordering is the same as in the QED case. An
example can be the eTe™ — ¢q system, where the radiation from the ¢q pair outside the cone between qq
is suppressed. The interesting case is ete™ — ¢gg when the soft gluon is radiated from a system of three
partons 4, j, k which form a colour singlet (for an educational description see e.g. [1]). The soft gluon can
be radiated from each of the partons i, j, k proportionally to the colour charge squared of the emitter.
The incoherent radiation from parton ¢ and j can occur only in the cone of angle ©;;/2. If the angle
is larger in the direction of parton k, the contribution from line ¢ and j occurs as a coherent radiation
which is proportional to the squared sum of their charges and can be calculated as a radiation from the

internal line [. This feature is shown in fig. 3.3.

The coherent branching phenomena appears in the cascades of soft gluons emissions as shown in

fig. 3.4. From this diagram we have
. - .
lgL,i| = |Zs|sin®; = (1 — 2)| k 4_1|sin©; . (3.10)
Similarly, for the next emission

. - .
lqLis1] = | Titalsin©ip1 = (1 — 2:)(1 — 2i41)| K 4—1]8in Oz (3.11)
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3.1. Interpretation of the evolution scale

Figure 3.4: Coherent branching in the cascade of soft gluons emissions.

When one calculates ¢, ;, it is assumed that £, ;_; = 0 and the angle ©; is with respect to the beam
line. Similarly, to compute g ;1+1, k1 ; is neglected so the angle ©;, is with respect to the beam axis.

Defining the rescaled transverse momentum [93]

|QL,1
1-— Z;

qy (3.12)

one obtains _
qii+1 . 041

(3.13)

qy IRNCY
and from that using the angular ordering condition ;7 > ©; one obtains ordering condition for rescaled
transverse momenta
G141 > %91, - (3.14)
This condition reduces to ordering in rescaled transverse momenta for large z. For z — 0 the transverse
momenta are free to perform a random walk [94].
One can associate the rescaled transverse momenta with the DGLAP scale at which the branching
happens, g, ;, = ¢/, and write

gti=01—z)". (3.15)

Eq. (3.15) is known as the angular ordering condition.

3.1.3 zy definition

As explained in Sec. (2.3.2), partons emitted with a transverse momentum smaller than a certain
value given by a resolution scale cannot be resolved. This can be expressed in terms of a condition on
zpr: branchings with z > zj; are non-resolvable. In this sense the z;; parameter defines the resolution

scale. It can be fixed to some given value close to 1
zy = fixed . (3.16)

It can also change dynamically with the evolution scale since the resolution depends on the evolution

scale. Two possible prescriptions are given by the wvirtuality and angular ordering conditions.
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Chapter 3. Interpretation of DGLAP evolution equation

If one replace ¢, . with some minimum |g; o| = go in the eq.(3.7) and eq.(3.15), one obtains conditions

for the zps value. For virtuality ordering

2
G =(1—2)p* =z =1~ <lqﬁ> (3.17)
and for the angular ordering
=1 22?5 oy =1— <i‘j) . (3.18)
3.1.4 Renormalization scale choice

It has been shown [95] that together with the virtuality ordering condition the renormalization scale
in oy should be chosen to be g%, rather than the branching scale p/? what in the case described in
Sec. (3.1.1) gives

s = as((1—2)u'?) . (3.19)

With this scale choice some extra large logarithms compared to the basic DGLAP eq. (2.38) with as(u'?)
are resummed.
In [91] it was quoted that with the angular ordering condition the argument of a; should be
oy = a, ((1—2)%) (3.20)

which again corresponds to the transverse momentum squared of the emitted parton. With such a
choice the DGLAP equation is improved compared to the one with virtuality ordering - by taking the
angular ordering condition and rescaling the renormalization scale in «g, the phase space available for

the successive emissions is reduced and the large infrared corrections are resummed [91,95].

3.2 Sudakov form factor

3.2.1 DGLAP with Sudakov form factor

Eq. (2.85) may be rewritten in terms of the Sudakov form factor, defined as

A, (p? —exp( Z/ / dz z PE(u ,))
3
lnu ZM
= exp (Z/ dln p/? / dz z Pblz(u'z,z)> . (3.21)
b lnp,g 0

Using the following relation

d A (1?) 2 o R, 2
dTMQ =—Aa(p )Zb:/o dz z Py (p”, 2) (3.22)

Ay (p?, 1d)

one obtains from eq. (2.85)

d falx d fa(z, p*)
dln p?

Z/ = PR2) Blefont) + 5o D et G2

Comparing eq. (2.85) and eq. (3.23) one can notice that the virtual piece of the evolution equation is
now rewritten with the Sudakov form factor. The Sudakov form factor and eq. (3.23) resum the virtual

and non-resolvable contributions to all orders [1].
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3.2. Sudakov form factor

Eq. (3.23) can be rewritten as

Aa(p?) dh(liu <fa . M > Z/ dz P5(n?,2) folx/z %) . (3.24)

Let us rewrite eq. (3.24) changing the names of the variables: u — p; and z — 2z; and dividing both
sides by A, (u?)

T 2
dljuf (fz( (;f%l))> 2 (2) Z/ dz1 Pl 1) fo(a/z1,03) (3.25)

Integrating over dIn 2 we obtain

S Bl [
ol ) = 2a002) L) + 3 / s / a2 PR3, 20) Fo(a/md)  (3.26)

where we have used A, (42) = 1. Now, let us write the same kind of solution also for f, (:—1, ,uf):

_ ln;,e1 2 ZM ~
Ro(Z02) = sl (L8) + S ame e / darf ) 7 (2 d)

(3.27)

which can be inserted into eq. (3.26). Of course, the solution for fc (ﬁ, ,u%) can be written in the same
way and inserted into eq. (3.27).
By using the Sudakov form factor one obtains an equation, which has the probabilistic interpretation

in the parton branching picture. This will be described in Sec. (3.2.2) and in Sec. (6).

3.2.2 Probabilistic interpretation of the Sudakov form factor

The Sudakov form factor defined in eq. (3.21) has an intuitive interpretation of being the probability
of an evolution without any resolvable branching. One can notice that the expression in the exponent of
eq. (3.21) gives the probability that there is a branching of a parton a into a parton b at a given scale
w'? and z, integrated over all z valueas between 0 and 2y, all ;1'? values between p2 and p? and summed

over all partons species.

Under some simplified assumptions, using the unitarity and the Markov property (the process has no
memory: the probability that a splitting happens depends only on the scale of the previous splitting,
all the splittings that had happened before do not play any role) one can easily prove that the Sudakov

form factor is the probability of an evolution without any resolvable branching.

The sum of the emission probability Pg between the scale pop and p and the probability of no emission

Py g between the same scales must be equal 1 (this is the so-called unitarity condition)

Pre(p?, 1g) + Pe(p®, mp) = 1 (3.28)
SO
Pre(p?, py) =1 — Pe(p?, 15) - (3:29)

Now, dividing the interval between pZ and p? into n intervals (and assuming that p3 < pu? < p3 < ... <

u2 | < p2 = p?) one can notice, that the probability of no emission between scale po and p means
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Chapter 3. Interpretation of DGLAP evolution equation

that there was no emission between o and w1, pq and ps etc. up to pp—1 and p so one can use the

multiplication law
Pye(®, 1g) = Pae(ui, 1g) Pae(us, 17) . Pe (i’ 1) - (3.30)

Under the assumption that the intervals in p are equally distributed we obtain

2 _ 2
N R a—— (3.31)
where i = 0,1,2,...,n. Then from eq. (3.30) and eq. (3.31) one obtains
n—1 n—1
Pau(p? pg) = limnooo [[ Pye(uiir wf) =limp oo [T (1= Po(uiiro6d)) - (3.32)
i=0 i=0

Py (p® 1)

. Then, the above equation
n

Now, let us assume that all Pg(u?, 1, u?) are equal so Pg(pd, , p7) =

can be continued in the following way

n—1

1i 2 2 o . PE(:U’QHU%) " _ 2 2
My —o00 H (1 - PE(IU’H»l?/J'i)) = limp,eo (1— — = exp (_PE(N aﬂo))
i=0
n—1
= exp <— > Pu(piis, u?))
i=1

= exp <_/M§ d '2(”355,2)> (3.33)

x

where the definition of the exponential function was used e™* = lim,, (1 — %)n Now one just needs

to express the probability of a real emission between p'? and u'2 4+ dp'? as

dP H/2 1 ZMm
7;(,2 ) */2/ dz 2y Pr(u?2) (3.34)
K = Jo b

and from that one obtains

" dp zZm
.%w%m</ Q/dmZ$M%OAmma (3.35)
I b

I

which proves that the Sudakov form factor is the probability of an evolution without any resolvable

branching.

3.2.3 Idea of Resummation

In this section the problem of a soft gluon emissions is approached in a different way than before. In
Sec. (2.2.2) in eq. (2.19) we have obtained the result for the cross section for the process from fig. 2.5a,
where a quark splits into a quark and a gluon and continues the evolution as a gluon which enters the
hard interaction. The same equation can be also written for fig. 2.5d where a quark emits a gluon before

entering the hard interaction

/ AdzaPR 12) (3.36)

where 6 is the hard process cross section. Differentiating eq. (3.36) with respect to p? we obtain

do 1 R 9
el = api/dquq(z,u ). (3.37)
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3.2. Sudakov form factor

From the angular ordering, discussed in Sec. (3.1.3), one obtains the limit on z integral zp; = 1 — 9. Let
us con51der a smlphﬁed form of the splitting function P (z) ~ §= 2Cr [92]. After performing the 1ntegral
Jd=P qq z,1?), assuming that p? = s and ¢ = p? is some mlmmal p?, the following formula can be

written for the case of 1 gluon emission
do as 1 s
— =6Cp——-1n (> . 3.38
p P i (3.38)

This result was originally obtained by studying the Drell-Yan cross section [96]. This differential cross
section diverges for soft gluon emission, when p? — 0. The idea, on how to solve this problem was

proposed in [96] and for soft photon emissions in eTe™ — uTp™ in [97].

For the total cross section the following relation holds
fdo | 4 )
—-dp] = (1 + O(ay)) - (3.39)
0

This integral can be divided into two integrals

° do M do * do
—-dp? :/ —dp? +/ —dp? 3.40
/0 dp} + o dpi + k2 dp} + ( )

and used to define the partially integrated cross section
1 [F do
S(kY) == —-dp? . 3.41
K= [ g (3.41)

Taking the derivative from the partially integrated cross section one obtains a formula for the differential

cross section ddT"
1
dE(kf_) 1 do

-9 3.42
W2 T sail (342)
From that 1 g .
(k2 z1—f/ ap? 6C O‘Sln(5>= 70 2> 3.43
( J_) & K2 1 r o pi pi F k2 ( )

This result is called double-leading-log approximation because the logarithm is squared.
This formalism can be extended to the emission of more soft gluons, because for soft gluons the

matrix element factorizes. Summing up all the contributions from n — oo gluon emissions one obtains

z(ki)exp<§‘;cF1n2 <kQ>> exp( /k dpL/ dz PE(2 ) (3.44)

The factor X(k?%) is referred to as Sudakov form factor. Eq. (3.44) has a similar structure as eq. (3.21).
One can notice that there is an extra z factor in eq. (3.21). The origin of this factor comes from using

momentum weighed parton densities f(:v, ©?). Using eq. (3.42) one gets

do . Qg 1 Qg S
1 1

n
All the soft gluons giving the contribution o <ln2 (ﬁ)) are now resummed via the exponent, up to
€

all orders in n. The expression from eq. (3.45) does not diverge when k% — 0 but instead it goes to zero.
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4 Other QCD evolution equations

4.1 BFKL evolution equation

The DGLAP evolution equation sums the contributions proportional to o (ln” (Z—;) + "t (%) + ) .
These contributions are based on collinear factorization so they come from the small angle emissions.
However, in the high energy limit, i.e. small x, it becomes important to sum the contributions propor-
tional to o In" L. In Sec. 2.2.2 it was discussed that the splitting functions P and P are divergent for
z — 0 when the gluon, entering the hard interaction, carries only a very small energy. Moreover, when
one looks at fig. 2.16, one can see that at small z the gluon parton distribution function dominates. This
is why the approach presented in this section concentrates on gluon evolution.

The evolution equation, which sums terms coming from the 1/z singularity, o In" %, is the Balitsky-
Fadin-Kuraev-Lipatov (BFKL) evolution equation [31-34]. It evolves the parton density in a: if the
parton distribution is known at some scale zq it can be evolved with BFKL towards x < xy as shown in

fig. 4.1 [15].

In 1/x

BFKL

In 1/x,

u

Figure 4.1: The BFKL evolution equation evolves the parton distribution functions in z.

The BFKL equation originates from consideration of a collision of two quark-antiquark bound states
called quarkonia for which perturbative QCD can be used. The dominant LO process comes from a ¢-
channel gluon exchange shown in fig. 4.2. The ME for this process is proportional to the gluon propagator
G

it

MELO ~

(4.1)

The cross section for this LO process is calculated by taking into account all possible gluon connections to
quarks and antiquarks. After the integration over the transverse separations, x1,, X2, between quarks
and antiquarks in the quarkonia pairs and their longitudinal momentum fractions and after proper
summation and averaging over the quantum numbers, one obtains a cross section independent of s [15].

In [98,99] the rule was obtained that the contribution of each ¢-channel exchange particle with spin j to
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4.1. BFKL evolution equation

the total scattering cross section is
st (4.2)

where s is the center of mass energy squared. When the exchanged particle is a gluon, the cross section
should be constant with energy
o~ s, (4.3)

However, the analyses of the total cross section measurements in pp and pp collisions showed that the

cross sections grow approximately as [100]

o~ %08 (4.4)

X1

Figure 4.2: LO quarkonium-quarkonium scattering amplitude at high energy.
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Figure 4.3: Quarkonium-quarkonium scattering amplitude together with its complex conjugate at high

energy. The shaded rectangle G denotes all leading In s corrections to the LO process.

As a side remark, it is interesting to mention, that before QCD was developed, the cross section of
the collision of two hadrons was described in terms of t-channel exchange of some hypothetical particle

called pomeron. A single pomeron exchange cross section within this description is given by
o~ 501 (4.5)

where €(0) is called pomeron intercept. The pomeron with €(0) — 1 = 0.08 is called soft pomeron.

The increase of the scattering cross section with the energy given by eq. (4.4) is caused by higher
order corrections to the process from fig. 4.2. BFKL sums all leading In s corrections, which are denoted
in fig. 4.3 with a shaded rectangle called Green function G of the BFKL equation.
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Chapter 4. Other QCD evolution equations

L

§ _FE

|
|

Figure 4.4: Diagrams contributing to the effective Lipatov vertex [15].

Figure 4.5: LO virtual contributions to the quarkonia scattering amplitude.

All real gluon emission corrections to the scattering from fig. 4.2 are shown in fig. 4.4 on the right
hand side of the equality sign. The leading In s contributions from all of them sum to the so-called ef-
fective Lipatov vertex represented by the black dot in the vertex on the left hand side of the equality sign
of the fig. 4.4.

Diagrams in fig. 4.5 together with their mirror reflections are all the LO virtual contributions to the
quarkonia scattering amplitude.
The total contribution to the amplitude from the virtual corrections from fig. 4.5 can be written
as [15]
ME,irt = MELo (1l )w(lL)Y (4.6)

where Y ~ In s, ME o is the matrix element for the process from fig. (4.2) and w(ly) is so called Regge
trajectory.
It turned out that the higher order virtual corrections in a4 to the amplitude from fig. 4.2 proportional

to In s can be accounted for by writting the gluon propagator from eq. (4.1) as

2?5,, @) (4.7
L
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4.1. BFKL evolution equation

It can be understood as an exchange of a hypothetical particle called reggeized gluon with spin j = 1 —w.

Such gluons are denoted with the bold gluon line on the Feynman diagrams.

The BFKL equation has the following form [15]

, 2
OG(LL,1',Y) _ asN / (G(QJ_;ZIJJY) 2 G(zl, l’y)) . (4.8)
1904 (IL—qu)?

This equation takes into account all the gluon emissions represented by the ladder diagram from fig. 4.6

where the Lipatov vertices and regeized gluons are shown. It is proven [33,101] that the BFKL equation

sums all the leading In s corrections up to all orders in ay, i.e. all the contributions

~arln”s. (4.9)

Figure 4.6: BFKL evolution ladder.

The BFKL evolution can be also written in terms of an evolution of unintegrated gluon distribution .

The quarkonium-quarkonium cross section in light cone variables can be written in the following way [15]
1
ag /d2l‘u_d2$2J_/ d21d22|\11($1j_7Zl)‘glq](xQJ_,22)‘2
0
a’1, %! : , ., »
/ 7153 = (2- e"tiTiL _ e”imu) (2 — e tuTaL _ elle2L> G(,I'Y) (4.10)

where x1,22, are the transverse sizes of the quarkonia systems and z1, z5 are the light cone momenta
fraction carried by the quarks exchanging gluon, ¥ are the quarkonia light cone wave functions. From

there one can introduce a concept of unintegrated gluon distribution F(x,l, ) by defining

s azr . »
F(z,1y) = aCF/deu/ dzo| ¥ (221, 22)|? / l,; — ”N“—e”Nu)G(l,l’,Y). (4.11)

The unintegrated distribution function obeys the same equation as the Green function

af(a: zl aSN / 11
= F — L, 4.12

and it counts the number of gluons inside the hadron with a longitudinal momentum fraction x and the

transverse momentum /[ .
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Chapter 4. Other QCD evolution equations

partons
) / »
Proton at x,, Q° Proton at x<x,, Q

Figure 4.7: Proton in the plane transverse to the beam axis. At small  many new partons are created.

The BFKL equation predicts a cross section which rises as a power of energy oo, ~ s*Ve % 2 [102].
This violates the Froissart- Martin bound [103]. The Froissart-Martin bound is a consequence of the black
disc limit which in nonrelativistic quantum mechanics says that the total cross section for the scattering
of the point-like particle on an infinite spherical potential of a radius R (the "black disc") is limited
Orot < 2mR2. Froissart and Martin obtained the QCD version of the black disc limit by considering
hadron-hadron collision with impact parameter b. From eq. (4.4) it is known that the cross section has
to grow with energy as some positive power A. It also has to decrease with the increase of the impact

—2mb

parameter b. Froissart and Martin assumed the slowest physically possible fall e where m is the

mass of the lightest QCD bound state pion. The probability of the interaction is then [15]
p~ sBhe mb (4.13)

The black disc upper limit can be obtained by requiring that p ~ 1

sheTImb — 1 (4.14)
From that one obtains Al
ns

b= . 4.15
Sy (4.15)

By putting R = b and o4 < 27 R? one obtains the bound

A2rln? s

Tiot S —5—5— (4.16)

which says that the total cross section can not be greater than the logarithm squared of center of mass
energy squared multiplied by some constant.

In BFKL, the transverse sizes of the emitted partons are similar x, = ﬁ because their typical
transverse momenta are of the same order [15]. As a consequence, at some point during the evolution
process partons start to overlap and a dense system is produced. The picture arising from BFKL can be
illustrated by fig. 4.7 [15]. At smaller 2 there are many more partons inside the proton than at higher x
and they create the so-called Colour Glass Condensate (CGC) [104].

Some mechanism has to be introduced to the BFKL equation to slow down the small x evolution in
order to make the cross section obey the Froissart - Martin bound. A solution is a concept of saturation
which says that at very high energies partons can recombine: two partons can merge into one. This effect
is proportional to the number of pairs of partons which scales as N2. It can be introduced to BFKL
by adding a non-linear term [105,106]. The exact form of the equation in the limit of large number of
colours N, was given by Balitsky and Kovchegov (BK) [107,108] and generalised beyond large N. by
Jalilian-Marian-Tancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK) equation [104,109-112].

50



4.2. CCFM evolution equation

4.2 CCFM evolution equation

The Catani-Ciafaloni-Fiorani-Marchesini (CCFM) equation [93,113-115] combines the formalism of
the BFKL evolution equation and DGLAP. It resums not only the singularities coming from 1/z terms
in the splitting function but also 1/(1 — z) terms. In the high energy limit CCFM is equivalent to BFKL
equation, for large x and high Q? it is similar to DGLAP evolution. It includes the angular ordering
condition to treat properly gluon coherence effects.

In DGLAP evolution, the Sudakov form factor contains the 1/(1 — z) terms which cancel the di-
vergences coming from the soft gluons. The idea incorporated in the CCFM equation is to treat the
singularities at 1/z in a similar way as the 1/(1 — z) terms are treated in DGLAP. This is done by
introducing so-called non-Sudakov form factor.

In the CCFM formalism the DGLAP equation is rewritten for an unintegrated PDF which depends

now on one extra variable - transverse momentum k& [93,94]

7 — 2 —
d7® A7, Q3) 2 A7, Q%)

~ N2
P(z 1 k2> 2
2 =2 '\ 2 s v —
ziM:/dzﬁ ( ) A (m’,k’f, (g) ) (4.17)

where k "= k: 1+ (1=2) 27 { is at the azimuthal angle ®, z = = and q is defined in eq. (3.12)
together with ordering condition in eq. (3.14).

The Sudakov form factor is defined as

/2 — I2 2 2
A, (7%,Q7) —exp< dq 1= ))> (4.18)

1—2

where @, = Cqas /7. The splitting function is given by

w @0 =) (1)

1—Zi Zi

where the non-Sudakov form factor Ang is
ki d7/2 20
_ _ i dg dz
Ans (zi,qf,k‘i)i) =exp | —a, (kiz)/ j/ In — (4.20)
z0ziq7 4 zi z
and
20 = kL,i/QL,i if 2z < ki,i/@ <1, (421)
zi i k1q/q; <z

The Sudakov form factor resums contribution from large z region, non-Sudakov from small z.

Both of the evolution equations discussed in this chapter introduce the concept of PDF which depends

on the new variable - the transverse momentum. In the next chapter we discuss this topic further.
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5 Transverse momentum dependent
PDFs

5.1 TMD factorization theorem

Collinear PDFs describe the structure of hadrons in the longitudinal direction only. But one can
think also about a 3-dimensional imagining of hadrons with some "extended" parton distribution. Such
a distribution is the Transverse Momentum Dependent (TMD) PDF which is a generalization of the
concept of the PDF. TMD PDFs depend not only on = and x? but also on k. The TMD PDFs will be
referred to as TMDs throughout this thesis.

Collinear factorization gives predictions for a wide range of sufficiently inclusive observables in which
only one hard scale is relevant (for example the virtuality of the exchanged photon in DIS) and the
transverse momenta are integrated over. However, it is known that there are some observables, for
example with the transverse momenta measured in the final states, which cannot be predicted with
standard collinear factorization (e.g. [116]). In this case TMD PDFs are introduced and a new TMD
factorization theorem is obtained to factorise perturbative and non-perturbative dynamics. There are
many areas where the TMDs play an important role, such as resummation of all orders in the QCD
coupling in high-energy hadronic collisions, a proper and consistent simulation of parton showers, multi-

scale problems in hadronic collisions etc. TMD factorization theorems can be divided into two groups.

Collins-Soper-Sterman factorization Collins-Soper-Sterman (CSS) style of the TMD factorization
has been formulated for processes like semi-inclusive DIS(SIDIS), DY and ete™ annihilation [117-130].
The formalism is valid for for q; < Q.

High energy (k,-) factorization Another type of TMD factorization theorem was obtained for
heavy flavours and heavy boson production in the high energy limit s — oo and for arbitrarily large

momentum transfer [131-136].

These two approaches differ in many aspects, such as the formalism used, the TMDs concept or the

physical application and this makes the comparison of them very complicated.

Historically, the CSS TMD factorization formula was obtained for the DY cross section [123]. When
one looks at the eq. (3.45)

do Qg 1 s Qg 5[ s
— ~0—Cp—1In| — ——CFrl — 5.1
iz =0 orgn (5 Jew (-gromn (33 ) >
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5.1. TMD factorization theorem

it can be interpreted as a resummation of the contributions proportional to o In*" (%) by exponenti-
ation of the soft gluon emissions. The formula for the cross section vanishes when k% goes to zero. The
suppression is too strong since the measured cross section does not vanish at small k£, . The idea how to
deal with this problem was to introduce transverse momentum conservation for the n gluons emission
1) (pﬁ_ — k‘f_l — .= kin), where pﬁ_ is the sum of the transverse momenta of all emitted gluons. The next
issue was how to include in the cross section formula not only terms proportional to o In*" (%) but
also sub-leading contributions. These were incorporated within CSS formalism. The delta function and
the exponentiation was performed within CSS in b space, where b is a variable Fourier conjugated to the
transverse momentum. The following cross section formula was obtained

do 47202 1
~ d2p O+ - b 2
dQ2dydQ2. " 9Q2s (27)2 / exp(iQr );%

Z/m dgAfa/A (€4,1/b) Z/ defb/B (€5,1/b)
exp (— / Z G [ (45) ot + B(g(u»]) (5:2)
O (”gj,ga/b)) (22,900

+ZgTQ 2 Y(Qr,Q,za,zp)

where f,/4 are the parton distribution functions of a parton of species a (gluon and quark and antiquark

flavours) in hadron A at the renormalization scale 1/b, €4 is the momentum fraction of a hadron A carried
V2 xp =e¥Q/s'/2, y = %ln(Q+/Q*), Q is the mass of the produced

boson, @ is its transverse momentum, e; is a charge of a quark of flavour j in the units of e. The

by the parton a, z4 = e¥Q/s

functions A, B and C' have a perturbative series expansion, term A sums the leading 1ogarithms term
B the next-to-leading ones. The coherent branching formula with a simplified form of the P, sphttmg
function, discussed in Sec. (3.2.3), reproduces the first coefficient in the A expansion, A1) = O‘? r [92].
The first term of the equation is dominant at small transverse momenta Q7 < @. The term Y is
introduced to match the solution for the region Q1 ~ Q.

More details about CSS formalism can be found in [122,137].

The high energy TMD factorization was obtained to give a prescription for a cross section calculation
with BFKL evolution. In BFKL, the virtuality and transverse momentum of the propagating gluon
are not ordered and the matrix elements have to be taken off-shell together with a convolution with
unintegrated parton distributions. The factorization was obtained for the heavy flavour hadroproduction
cross section [131,132]

M0 (p, M2) = / hyydhy, [ 02, ("’, ki ku,M2> Flaki)Floakis)  (53)

0 *1 22 2122
where p = 4M?/s, M is the invariant mass of the heavy flavour system, s is the centre of mass energy,
k11,2 are the transverse momenta of the incoming gluons, F are the unintegrated gluon structure func-
tions obeying the BFKL equation, 6 is the off-shell Born cross section for g* (k1) + g* (k2) — Q + Q, 21,2
are the fractions of the longitudinal momenta of the colliding hadrons carried by the incoming gluons.

Similar factorization formulas were also obtained for lepto- and photo-production.

The eq. (5.2) and eq. (5.3) were obtained for different processes. To compare these two formalism

one should consider a process, which can be calculated in both of them, for example Higgs production
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Chapter 5. Transverse momentum dependent PDFs

through gluon - gluon fusion.

In ref. [138,139] the total cross section and transverse momentum distributions for g*¢* — H was cal-
culated within high energy (k,-) factorization with unintegrated gluon distributions obtained from the
full CCFM evolution equation [140]. The predictions describe well the LHC 8 and 13 TeV data.

In ref. [141] CSS and small x factorization results were compared for the transverse momentum distri-
butions of Higgs boson in the dilute region and they were found to be consistent.

The detailed comparison of different TMD approaches is still one of the challenges of the TMDs com-
munity and there is an ongoing effort. A library TMDIib [142] to collect the different parametrizations
in one place and a plotting tool TMDplotter [143] were created to make the comparison easier.

An overview of the field can be found in [144].

In the next sections some of the methods to obtain TMDs and some of the analyses involving TMDs

are briefly discussed.

5.2 Methods to obtain TMDs

The methods to obtain TMDs are based on semi-analytic or approximate solutions of TMD evolution
equations, perturbative expansions of the TMDs in terms of collinear pdfs, or some combinations of both.
The parameters of the models must be fitted to experimental data to get the TMD sets which can be

later used in other experiments.

5.2.1 TMDs parametrizations

In this subsection several TMD parametrizations included in the TMDIlib and TMDplotter [142,143]

are introduced and compared.

TMDs from BFKL A parametrization of an unintegrated gluon distribution satisfying the BFKL
equation was proposed by Blumlein [145]. The gluon TMD was obtained as a convolution of an integrated

gluon distribution with some function B [146]

1
}'(x, kﬁ_,,uQ) = /L dzB (z,k‘ipﬂ) gg (;;ﬁ) (5.4)

where BB can be expanded in terms of series, in which the first term incorporates BFKL dynamics in the

double-logarithmic approximation

= (2\/%111 (1) In (H)) k2 <p?
25 Jo (2\/%111 () In (;)) itk > p

Jo is the Bessel function and @ = 2a,/m.
The method was studied for € (107%,1). For * > 1073 it approaches BFKL double logarithmic

approximation [145].

=

B (z,k1, 1) =

o

TMDs from the PB method with CCFM and DGLAP One way to obtain TMDs, which incor-

porates small and large = behaviour, is to solve the CCFM evolution equation.
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5.2. Methods to obtain TMDs

TMDs from CCFM were obtained in [147,148] by solving the CCFM evolution equation with a par-
ton branching Monte Carlo method [149]. The light quark evolution was also included according to a
method described in [150,151]. The fits to HERA measurements of the Fy structure function to obtain
TMDs with experimental and theoretical uncertainties were performed using the herafitter platform
(the mother of xFitter [152]). This method was restricted to x < 0.005 and Q% > 5 GeV?.

The subject of this thesis, which will be discussed in the following chapters, is the determination of
TMDs from the PB solution of DGLAP equation [65,66]. The approach extends the method developed
in [147,148]. The solution with DGLAP is not limited to small z but is applicable in a wide range of x.

This method allows also to perform the fits to HERA measurements of the F5 structure function.

TMDs from GBW dipole model In the method of Golec-Biernat-Wusthoff [153,154], the paramet-
rization of the dipole-nucleon cross section was used to obtain an unintegrated proton gluon distribution.
In the dipole model of DIS, the virtual photon splits into a quark- antiquark pair (dipole), which scatters
on the proton [153|. The quark-antiquark cross section and unintegrated distribution are related in the

following way within this model [154]

R 472 dk2
o(x,r) = T/ITQL (1= Jo(ki7m)) s F (z,k7) (5.6)
1
and from that
a,F (2, k%) = %JORS(x)kie’Rgmki (5.7)

A/2
where Ro(z) = Gé\/ (%) . The free parameters of GBW o, o and A, were fitted to HERA data. This

approach is valid for < 0.01 and small Q2.

TMDs from MRW Kimber, Martin and Ryskin (KMR) developed an easy idea of how to obtain
unintegrated parton distribution functions (uPDF) using the DGLAP equation and last step evolution to
generate k, [155], and later extended it into the Martin-Ryskin-Watt (MRW) version of KMR [156,157].

This approach is based on the assumption of strong k; ordering in the DGLAP evolution and on
the approximation that the k; of the parton entering the hard interaction comes mainly from the last
branching in the evolution (up to the leading order accuracy [156]).

At LO, the standard collinear DGLAP evolution is performed up to a scale k; . The k, dependent
parton distribution is obtained from the collinear one by taking into account only the last real emission
and summing all the virtual contributions between k2 and p? via Sudakov form factor. The LO MRW

evolution equation can be written in the following way, for quark and gluon separately

~ 1 ~
Fo (2,12 12) =0, (42, 52) / dz (qug (2,00 (K2)) fo (g ki) O(1 — 2ar(k2) — 2)

(5.8)
R 2\ 7 (T 2
+2np by, (z,ozs (kl)) g (;7 ]ﬁ_)) 5
s 2 2 2 1.2 ' R 2\\ 7 (T ;2 2
f.q (kal_vu ) :Ag (,u 71@.) / dz (ng (Z’O‘S (kj_)) f.q (77]@_) 9(1 - ZM(kJ_) - Z)
x < (5.9)
~ [z
+Pq (2 a5 (K1) fo <;7k‘i)) ;
where the z); parameter expresses an angular ordering condition
ki
zy (kL) ot (5.10)
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Chapter 5. Transverse momentum dependent PDFs

The Sudakov form factors are defined

By (13 13) = exp [~ i, Y5 [ dz 2 (PR (2,00(63)) © (1= 201 (52) = 2) + PR (2,00(60))) |
A (/ﬂ,ki) = exp [— f:{ % fol dz z (Pg@ (z,a5(k%)) © (1 —2Zy (Iii) - z) + 2anqI§ (z,as(ﬁi)))}
(5.11)

where the splitting functions are at LO. The unintegrated distributions satisfy the normalization condi-

tion )
r3 2 g dki s 2 2
falz, ™) = kaa(xJCL:U ) (5.12)
0 1
with the assumption that the parton density for k) < pg for a given x and p is
1= 2 2 1 = 2 2 2
kaa(I7kL7H ) = 72.]6(1(1’7# )Aa(,LL a:LLO) (513)
L ki <po Ho

where pp ~ 1 GeV. From that one can write a differential definition of the unintegrated distribution

0 (Fala, 2)Aa (2, 12))

(5.14)
ok

1 ~
kaa(x’ kiﬂz) =
1
At NLO, a new scale is used within MRW

an

k2 = .
1—2

(5.15)

The difference between TMDs evolved using k? or k% is very small at LO or very small z, which is why

it was not introduced at LO [156]. With this change the unintegrated parton density is defined as

~ 1 as (k2) ~ ~/x k2
Jalw, K3, %) = / dz4, (uzvkz);;)Péﬁ“) (2 k%) fo (,kﬂ@(l—z—ﬁ) (5.16)

x

where
S04 oy _ 50 L g2y, % (B 50y o
POV (2,8 = PN (2,K) + —5—Pa, (2, k?) (5.17)
and
Py (2,k) = P (2,k%) = O(z = 1+ 2n(k1)) Fly) (k) dapas(2) (5.18)
with
0
Fq(q) = CF,
F9 = 204,
10 2 67
1) (1.2 - - 2 -
ED (12) C’F<9TRnf(k)+CA(6 18)),
1) /19 10 9 2 67
FJ (k) = —2C4 <9TRnf F)+Cal e —35))
pqq(z) = (1 + 22)/(1 - Z) ,
Pgg(2) = 2/(1-2)+(1-2)/z+2(1-2). (5.19)

In [158] TMD sets are obtained with this approach.

The equivalence of the integral (eq. (5.8) - (5.9)) and differential (eq. (5.14)) definition of the KMR
unintegrated PDFs is discussed in [159].
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5.2. Methods to obtain TMDs

Comparison To conclude this section we compare the gluon TMDs obtained from Blumlein, GBW,
MRW and PB with CCFM and DGLAP methods listed above. For the PB method with DGLAP evolution
we show the set which is the result of this thesis, obtained with angular ordering and with a,((1 —
2)2u'?) (details are given in Sec. (9.1)). We plot the distributions using TMDplotter. Fig. 5.1 shows the

comparison of the gluon TMD with a logarithmic scale on the y axis, fig. 5.2 with the linear one. One

can clearly see that the differences between these parametrizations are huge.
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Figure 5.1: TMDs obtained from different parametrizations included in the TMDIib with a logarithmic

scale on the y axis.
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Chapter 5. Transverse momentum dependent PDFs

CCFM and DGLAP TMDs are similar at large k&, while GBW, Blumlein and MRW are very different.
Only the MRW and PB with DGLAP approach include also the evolution of quarks and antiquarks of
all flavours. CCFM approach includes the evolution of the light quarks. CCFM and DGLAP take into
account the coherent branching effects. GBW and Blumlein methods parametrize only gluon distribution.
An important difference compared to the other parametrizations is that the GBW includes no evolution
in p. To make a conclusion which of the given parametrizations are better than others it is necessary to

compare them with measurements.

5.2.2 Fits of TMDs to experimental data

In addition to the TMD fits described in Sec. (5.2.1) based on PB solution of CCFM [147,148] and
DGLAP equation, which is the major topic of this thesis, there is a huge experimental attempt to extract
low g; TMDs based on CSS evolution equations. New analysis extracting unpolarized TMDs simultan-
eously from SIDIS, DY and Z boson gy measurements are presented in [160]. The fit is valid only for
low ¢, and it does not contain any matching to fixed-order calculations at high transverse momentum.
References to previous TMD extractions can be found therein. Some of the important issues connected
with such TMDs are the parametrization of the nonperturbative component and including flavour de-

pendence of the intrinsic transverse momenta [161].

5.3 Applicability of TMDs

One example of an observable, which cannot be described with standard collinear PDFs and perturb-
ation theory, is the turnover and the low ¢, region of the Z boson differential cross section, as shown in
fig. 5.3 [162]. This region is dominated by soft gluon emissions which cannot be explained by fixed order
expansion in perturbative QCD. Instead, a method to sum all the soft gluon contributions is needed. In
an approach used in [162] soft gluon emissions and nonperturbative effects at low ¢, are simulated by
Monte Carlo generators (PYTHIA [163] with different tunes and POWHEG [164,165] + PYTHIA with
different tunes). The predictions and CMS data are presented in fig. 5.3 showing that the agreement for
PYTHIA with Z2 tune (x?/ndof = 9.4/8) and ProQ20 tune (x?/ndof = 13.3/8) is good [162]. Another
solution could be the usage of TMDs, which solve this issue by summing the enhanced contributions in
In M/q, up to all orders in a; [121-123].

The next famous problem of the collinear approach which can be solved by TMD factorization is
the raise of the proton PDFs at small z. This region is crucial for many cross sections measured at
the LHC but the parton distributions have big uncertainties there and the higher order corrections in
perturbation theory can make a huge change. This region is dominated by the radiation over long inter-
vals in rapidity of the gluons unordered in transverse momenta, present up to all orders in perturbation
theory [105,166-168|. Here the TMD factorization theorem allows one to sum up enhanced contributions
coming from these unordered gluons, proportional to In+/s/Q, where @ is the evolution mass scale and
/s is the center of mass energy [131,132,134,135].

Another example of an LHC process, where TMD factorization can be applied, is the measurement
of the Higgs differential cross section as a function of ¢, . The main chain of the Higgs boson produc-

tion is gluon fusion dominated by single eikonal gluon polarization which depends on gluon transverse
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Figure 5.3: Upper part: differential cross section for Z-boson production in pp collision at the LHC
as a function of the Z-boson transverse momentum g7 in the lepton pair’s invariant mass range 60 <
M < 120 GeV compared with different predictions. Lower part: the difference between the data and the
simulation predictions divided by the uncertainty ¢ on the data. The green (inner) and yellow (outer)

bands are the £6 and £2§ experimental uncertainties [162].

momentum [169]. The contribution of the polarized gluons in the low ¢, region for Higgs production
was studied perturbatively [170-174] and nonperturbatively [141,175-178|. As mentioned in Sec. (5.1),
TMDs can be also used to study Higgs boson production at high momenta (e.g. [138,139]).

High energy TMD factorization plays an important role in the scenarios with heavy boson production
together with high jet multiplicity where high transverse momenta are involved. At higher energies,
when the finite order matrix elements for multi-jets are merged with a collinear parton shower, the
jet multiplicity distributions and angular correlations are affected due to soft but finite-angle multi-
gluon radiation [113,149,179]. Moreover, the collinear approximation combined with energy-momentum
conservation leads to longitudinal momentum shifts and shower corrections when multi-jet final states are
simulated [180-182]. A TMD treatment of QCD shower evolution takes into account such effects correctly.
An example can be found in ref. [183] where the azimuthal correlations in W +n jets production predicted
by high energy TMD factorization was studied with an unintegrated gluon distribution obtained using
CCFM evolution equation in [148]. The azimuthal separation A® between the two hardest jets is shown
in fig. 5.4.

An interesting field to study TMDs at low mass scales are the processes of quarkonium production. An
example of such an analysis is the production of J/¥ and ¥(2S5) from the decays of b-flavoured hadrons
at LHC which was studied in &, factorization [185]. The authors used off-shell matrix elements [186-188§]
together with unintegrated gluon distribution obtained from CCFM evolution equation in [189]. They
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Chapter 5. Transverse momentum dependent PDFs
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Figure 5.4: Azimuthal separation A® between the two hardest jets associated with W-bosons. The
purple and pink bands correspond to different methods of obtaining TMDs from CCFM equation [183].
The experimental data come from [184] with the experimental uncertainty represented by the yellow
band [183].

based their investigations on the dominant off-shell gluon-gluon fusion where the transverse momenta
of initial gluons are important. They obtained predictions for the double differential cross sections of
inclusive non-prompt J/¥, ¥(2S5) and associated production of J/¥ and Z boson as a function of their
transverse momenta and rapidities which agree very well with the measurements from CMS, ATLAS
and LHCb. An example can be found in fig. 5.5. Other quarkonia studies can be found for example
in [190-197].
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Figure 5.5: The double differential cross sections of inclusive non-prompt J/¥ meson production at
Vs = 7 TeV as a function of J/¥ transverse momentum compared with CMS data [198]. Figure from [185].

There is a huge progress in studying TMDs in Double Parton Scattering (DPS). DPS happens when
two partons inside one hadron collide with two partons in another hadron. In DPS particles with high

invariant mass or high transverse momenta can be generated. The contribution from such processes
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5.3. Applicability of TMDs

becomes important at the LHC energies. DPS is usually described in the framework of collinear factoriz-
ation with the double parton distribution functions (DPDFs); there is extensive work ongoing to describe
DPS also in terms of TMDs (for an overview see eg. [199,200]). The extension of the KMR formalism to
obtain unintegrated double gluon distribution was proposed in [201,202].

TMDs are applied also in studying the non-linear evolution and saturation phenomena [203-205].
Different fields of application are single spin asymmetries and azimuthal asymmetries in polarized colli-

sions, especially Sivers asymmetry [206-208|.

The list of fields, where TMDs are or can potentially be important, given in this section is not
complete but it should show how large the interest in TMDs is and how wide is the area of application
of TMDs.
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6 The Parton Branching Method

In this chapter the Parton Branching (PB) method to solve the DGLAP evolution equation is in-
troduced. The necessity of the new method and a description of the formalism are discussed. We also

present how the transverse momentum dependence can be included in the DGLAP solution.

6.1 Motivation

As explained in Sec. (5.1), the collinear approach gives a very good description of sufficiently inclusive
processes with one hard scale involved. However, whenever a second scale emerges, like e.g. the transverse
momentum in the final state, one encounters difficulties, which cannot be solved by the collinear approach.

To obtain predictions for cross sections in the collisions at high energy, the hard scattering cross
sections are calculated within perturbation theory, nowadays at NLO or NNLO. Higher order radiation
is included (using MC@QNLO [209-212] or POWHEG [164,165]) in the calculations via parton showers
performed by Monte Carlo event generators (like PYTHIA [163], Herwig [213,214], Sherpa [215-217]).
Parton showers are supposed to simulate soft gluons emissions and perform their resummation. An
example of an observable, where the fixed order perturbation theory breaks, is the Z boson ¢, spectrum
shown in fig. 5.3. Here, the very low ¢, region is dominated by non-perturbative physics which is modelled
by Monte Carlo event generators, the low ¢, region is dominated by the soft gluons emission, the high
q1 region is described by perturbation theory. The intermediate ¢, range must be treated carefully to
match these different prescriptions and to avoid double counting. At the end a good description of the
spectrum is obtained but it relies on many different inputs. Moreover such problems have to be treated
process by process. Another examples of observables with transverse momenta involved, where parton
showers play an important role in obtaining predictions, are jet-pair or heavy-quark pair production.

The general procedure of a Monte Carlo event generator for hadronic collisions within collinear ap-
proximation is the following: first, the hard scattering process is generated with the initial momenta
distributed according to the collinear parton distributions. Then, on top of that, a parton shower is
applied by going backwards (for efficiency reasons [1]) from the hard scattering process towards the beam

particles.

In [180-182] the effects of parton shower on inclusive quantities were studied. It was reported that
the parton shower affects not only the transverse momenta, but also the x variable if it is defined in the
light cone coordinates. The reason for that is energy-momentum conservation: to keep the same energy
when transverse momenta are generated, the longitudinal components have to be shifted. In most of the
Monte Carlo event generators a rotation and boost is applied on the hard process to conserve energy-
momentum after showering. The simulations of QCD processes, like jets, the Higgs boson, heavy flavours

or new particle production are affected by these effects.
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6.1. Motivation

In fig. 6.1 the = distribution for inclusive jet events is shown [180]. One can see that including
the intrinsic transverse momentum, initial-state and final-state parton showers (POWHEG + PS) one
changes the original x distribution (POWHEG) significantly. This is very important for PDFs fits, when

the inclusive jet data are used for their determination.
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Figure 6.1: The shift in longitudinal momentum fraction after including intrinsic k , initial and final

state parton shower for inclusive jet events [180].
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Figure 6.2: Comparison of the splitting variable z, transverse momentum of the propagating (k;) and
emitted (q;) parton and the ratio of k;/q; obtained with backward evolution according to the TMD from
CASCADE (solid line) and the SMALLX CCFM evolution (dashed line) [218].

From these considerations an alternative idea arose [218]: if one could generate z, and k; of the

matrix element at the given p? according to a TMD, no reshuffling of the momenta would be required.
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Chapter 6. The Parton Branching Method

The TMD fixes the values of =, k, and p?. Moreover, one could construct a shower, which evolves exactly
according to the kinematics contained in the TMD. From that a consistent picture could be obtained,
where parton shower and matrix element follow the same TMD.

However, this project requires several steps to be fulfilled. First of all, the TMD PDF sets have to be
obtained. Then, the program to generate the matrix elements must be available. At the end the parton
shower, which follows the kinematics according to TMDs, has to be obtained. All these steps have to be

properly combined.

The first steps in this direction were performed using the CCFM equation. The forward solution of
CCFM gluon evolution equation was obtained in [219] with the Monte Carlo program SMALLX [149,220].

In [218,221] the CASCADE Monte Carlo generator was constructed, which generates a parton shower
according to a backward TMD evolution obtained with CCFM equation. The program contains also the
generation of the off-shell matrix element for v*g* — ¢g [132]. An important result of these studies is
shown in fig. 6.2 in which the kinematic variables obtained with the SMALLX solution of the evolution
equation and from the backward parton shower from CASCADE are compared [218].

As discussed already in Sec. (5.2.1), in [147, 148, 222] the CCFM equation was solved with the PB
method and the fits to HERA measurements of the F5 structure function were performed. This method

was however restricted to z < 0.005 and Q2 > 5GeV2.

A new solution, which should be valid over the wide range of  and Q?, was proposed: to use DGLAP
equation instead of CCFM equation to obtain TMD PDF sets for all flavours. This idea was developed
in [65,66] and the rest of this chapter is devoted to describe this method.

6.2 DGLAP evolution as the Markov Process

It was recognized long time ago that the cascade structure of the DGLAP equation can be seen as
Markov process [91,223,224]: the branching depends only on the last step in the evolution, the previous
branchings do not matter, the process has no memory. The underlying reason for that is that in the
collinear limit the matrix elements factorize (see Sec. (2.2.1)) and there is no interference between Feyn-
man diagrams. The detailed description of the solution of the DGLAP equation in terms of Markovian

process can be found in [63].

6.3 Iterative solution in terms of parton branching

Let us start from the integral form of the evolution equation equation (eq. (3.26) in Sec. (3.2.1)):

2
n %Aa(lﬁ)

Foleo12) = D) Falar i) + 30 / dln /ZMdeﬁ(u%,zoﬁ<x/zl,u%> (6.1)
b xT

n p2 A7)
where
- - In As (12 M -
) 2 ) 2 Ap(p7) R/ 2 £ 2
—, =A —, + / dln / dzo Py (u5, 22) fo | —, . (6.2
fb<z1 m) b(:ul)fb(zl Mo) ; e R , fmh (3:22) fo\ w3 ) - (62)

Eq. (6.1) has a vary clear intuitive interpretation.

64



6.3. Iterative solution in terms of parton branching

Let us assume that the parton a is a gluon at the scale p? carrying the proton’s momentum fraction

x and let us ask where it comes from.

— cl—
b, X,

X=X, Ho b, X=X T C, X,=X, é ™

Figure 6.3: Evolution by iteration.

18

The first possibility is that there was no splitting between some initial scale y2 and p? which is shown
on the left hand side of fig. 6.3 and described by the first term after the equality sign in eq. (6.1). The
probability of evolving between p2 and p? without any resolvable branching is given by the Sudakov

form factor A, (u?). There was no branching so zg = .

Another possibility, described by second piece after the equality sign in eq. (6.1), is that the parton
a was born during the splitting of a parton b at some scale 2. Parton b could be a quark splitting into
a quark-gluon pair (as visualised in the middle diagram of fig. 6.3) or gluon splitting into a gluon-gluon
pair. If we assume that the final parton a carries the fraction = of the longitudinal momentum of the
proton then the parton b carried fraction z7 = x/z;. If parton b was the initial parton (as in the first

piece after the equality sign in eq. (6.2)) then zg = 21 = /2.

But parton b does not need to be the initial parton, it could come from splitting of another parton
¢ what is described by second piece after the equality sign in eq. (6.2). Parton ¢ carried a momentum
fraction w3 = x/(2122) and splitted into parton b at scale u3. Of course again parton ¢ could be a quark
or a gluon (what corresponds to the diagram on the right hand side of fig. 6.3). If it was the initial

parton, then zg = xs.

A single evolution chain from pg up to p is called an event. In every event following one of the
scenarios described above zq is different, not only because the number of splittings is different, but also
because 21, zo etc. can be different in every event. To obtain the solution of the DGLAP equation one
needs to take into account all the possible options, i.e. integrate over all possible xy or speaking more
generally for bigger amount of splittings, over all possible x from the previous step of course satisfying
energy-momentum conservation.

It can be explained by writing the eq. (6.1) in a different way:

-~ In 2
falm, 1?) = Da(p?) fala, 1 +Z/ . ? 'Z /dxl/ dz1 Pl (ud, z0)2 fo (a1, p1)0 (21201 — )

In p2
(6.3)
and for eq. (6.2)
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Chapter 6. The Parton Branching Method

Folwmd) = Do) fo (21, 10)
Inp? A 2 M

Z/ dln b(ﬂé) /de/ dzo P (113, 22) @1 fe (w2, 113) 0 (2002 — 1) .(6.4)
1 Ab(/jﬁ) 1

2
nug

+

The delta function is present in the formula eq. (6.3) to express the relation between x, z; and z1, i.e.
the energy-momentum conservation. Analogously in eq. (6.4).

From mathematical point of view the eq. (6.1) is the Fredholm type of equation

b
£ = 1o®) + A [ K(ty) 1wy (65
which is solved by iteration [225] in terms of Neumann series
F(t) = lim > Nuy(t) (6.6)
=0
with
Uo (t) = fo(t) )
b
w®) = [ Kephd,

b b
1%)2LLMWMM&%M%%7
(6.7)

6.4 Parton branching method with Monte Carlo techniques

The goal is to solve the eq. (6.3)

In p? 2

Fa(@, 1%) = Ao (12 Fulz, y2) + E / % Z /dm/ dz1 PR (2, 210)a fo(x1, p2)d(z121 — 2)
In p2
(6.8)

with a parton branching method using Monte Carlo techniques described in Appendix (A.3).

The parton branching method to be discussed here is a realization of a forward evolution, one starts
the evolution from a known parton at a given scale u and evolves up to a maximum scale p?. It is not
known how many branchings will appear and what will be the final parton at scale u?. The scales p2
and p? stay the same for all the discussed events.

Before we move to the discussion about the parton branching method in detail, we notice that by using

the following relation
A — At ( S arn z>> (69
the evolution equation eq. (6.3) can be rewritten in a form
falw.i®) = Al fa(a? 13)
Z/l 2 b(11)) Aa(ﬂi) dzy Lo derFuiid. 2) @ fo(w1, 13)0 (2121 — )
n pg

Ao(pf) E IZM dZZPR (13, 2)
+ (6.10)

+
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6.5. The transverse momentum during the evolution

After this operation the structure of the solution becomes clear: the scale 2, at which the branching of

parton b into another parton happens, can be generated according to

I 2
Ri= [ a(=m02) (6.11)

n H(Q)

using a uniformly distributed random number R; € [0, 1].
At LO, to take a decision about the splitting we use the probabilistic interpretation of the splitting
functions. We do it with the method described in eq. (A.84)-(A.88) where the p.d.f. is a sum of two

p.d.fs. A new uniformly distributed random number Ry € [0,1] is generated and compared with P,

where
oo i)
Zc:a,b OZM dZZP(fZ(Z’N%) ’
P S dzzPh (2, 1)
2 = z 9
Zc:aﬂb Olu dZZPCIE(Z) ‘LL%)
P = P+P=1. (6.12)

If Ry > Py, the parton b splits into a parton a, otherwise it splits into a parton b. After the decision is

taken, the z; variable can be generated according to chosen splitting function ng)

Ozl dzzPE (2, 12)

[T Az PR (= )

R3 = (6.13)
where x = a or x = b, using another uniformly distributed random number R3 € [0,1]. In practise, it is
not possible to find the inverse of the splitting functions analytically. Instead, one has to use importance
sampling method connected with weighted events method, both described in Appendix (A.3.5).

At NLO we decide to keep the same structure of decision taking even if the splitting function do not
have a probabilistic interpretation anymore because they can become negative. For the gluon we follow
exactly the same recipe as at LO, for the quark splitting the decision is taken according to a generalised
method from eq. (A.84)-(A.88), described in Appendix (A.4.5). Since the NLO splitting functions can
become negative we have sometimes negative weights. It is however not a problem. It is important to
notice is that there is a condition which must be fulfilled to use this method: all the z integrals from the
splitting functions have to be positive, otherwise one cannot use a random number Ry € [0, 1] to make a
decision about which branching to take using ratios from eq. (6.12). Also, the positivity of the integrals
in the Sudakov form factor is essential for the PB method. The integrals from the splitting functions are
positive, both at LO and NLO that is why this method can be used. In Sec. (6.6) the properties of the

splitting functions are discussed.

After generating the splitting variable z;, the scale of the next splitting can be generated. The pro-

cedure is repeated until the maximum evolution scale u? one is interested in is reached.

6.5 The transverse momentum during the evolution

The DGLAP equation is obtained in the collinear limit. The concept of transverse momenta is in-

troduced into the parton distribution functions with the assumption that the emission of a particle is
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Chapter 6. The Parton Branching Method

possible with a p; smaller than some factorization scale u? (see eq. (2.19) in Sec. (2.2)) [16].

In the PB method, we generate the splitting variable z and the branching scale y’ for every branching.
The kinematics of a branching is visualised in fig. 6.4.

The transverse momenta of the emitted and propagating partons can be obtained from p -, virtuality
or angular ordering conditions, discussed in Sec. (3.1.1) - (3.1.2), where the connection between the

transverse momenta and the branching scale was discussed.

x,P", ku, a

Z=X,/%, c '
Qo

xP", ku, b

Figure 6.4: The kinematics of the splitting process.

Once the relation of ¢, and y’ is chosen, one can calculate k of the propagating parton using the

following formula

- -
kia=Fkip—qie- (6.14)

This formula indicates that the k, is accumulated during the evolution process. This is one of the
differences to the MRW approach discussed in Sec. (5.2). In this sense, the transverse momentum in the
PB method contains the whole history of the evolution.

Having k, calculated at every branching, one can construct the TMD parton density for every parton

species A, (:U, k., ,uz) which fulfils the condition

/dk‘iga (m,k]_,uz) = fa (x,,u2) . (6.15)

Using eq. (6.1) one can write an equation for TMD evolution

Ava (xa kJ.,/J2> = ACL (,U/2) A (x kl_nu’g) +
;L d2 / A )
Z/ 7”/2 A /2)

< [ @Rl e anlal ) A (T @) . (616)

Above the notation was introduced
W= (1 1)
pt=u?. (6.17)

It means that the branching scale p’ is generated according to the Sudakov form factor and later,

the components of a two dimensional vector of the length i’ are generated. From them the transverse
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6.6. Properties of the DGLAP splitting functions

momentum is calculated according to one of the formulas in eq. (3.7), eq. (3.9), or eq. (3.15). The variable
a(z) indicates the possible choices of the argument of o discussed in Sec. (3.1.4) and the association of
the transverse momenta and the evolution scale. For the p| -ordering a(z) = 1, for the virtuality ordering
a(z) = /1 — z, for angular ordering a(z) = 1—z. The PB method allows one to define the z; parameter,
factorization and renormalization scale independently - one can for example introduce the function a(z)
in the definition of k; but not in the argument of . Thanks to that the effect of every individual part
of the ordering definition can be studied.

The way of calculating k; does not affect the collinear evolution. The variable i is generated accord-
ing to the Sudakov form factor and the splitting variable z is generated according to collinear splitting

functions, in both of these steps no dependence on k, or ¢, is included.

6.6 Properties of the DGLAP splitting functions

The knowledge of how the real parts of the splitting functions behave is crucial for the solution of
the DGLAP evolution equation by the parton branching method applying Monte Carlo techniques.

The splitting functions depend on z and p? (through a and n £). In this section the real parts of the
splitting functions multiplied by z, zP(2)%, as a function of z and the integrals over z of the real part of
the splitting functions multiplied by z, [*" dz 2P(2)%, as a function of log(1 — zy) are investigated, first
at LO, and later at NLO in the MS scheme. The calculations are obtained using a value of oy = 0.118
and ny = 5. The LO contributions to the NLO splitting functions are already multiplied by F= and
NLO contributions are multiplied by (%;)2 For the integrals studies the calculations are performed for
Zmin = 1078,

In fig. 6.5 the LO splitting functions zP(z)¥ are shown in the range z € (107°,1). Fig. 6.6 presents

a zoom of the plots from fig. 6.5 in a region of large z.

One can also construct the sums of the splitting functions 2 P(2) and their ratios to study their prop-
erties from a different perspective. Such sums are used in the parton branching method (see Sec. (6.4)).
In fig. 6.7 the sums of the splitting functions zP(z)® and in fig. 6.8 the ratios of the sums are presented
at LO.

From fig. 6.5-6.8 one can see that for small and medium z, szb > zP;f_qj. For the gluon sector in
the whole z region, ng > 2n szq}f'g. Using the probabilistic interpretation of the splitting functions
one can say that the region of small and medium z corresponds to having more likely the gluon entering
the hard interaction than a quark. At large z, the qu}j_”qj and ng@ are quickly growing which reflects the
soft gluons emissions. In the large z region, after the ¢ — gg splitting, it is much more probable that it
is a quark, which enters the hard interaction, not a gluon. Last but not least, at the LO all the splitting

functions are positively defined.

Now, one can study also the real parts of the NLO splitting functions. In fig. 6.9 the NLO splitting
functions zP(2)% are shown in the range 2 € (1075, 1).

The interesting region is the region of large z, in fig. 6.10 the zoom in this region is shown. The
splitting functions at NLO contain pieces proportional to In(1 — z) thus they are divergent (towards +oo

or —oo) when z — 1. Additionally, functions P} and qujqj contain pieces 1/(1 — z).

In fig. 6.11 the sums of the splitting functions zP(z) at NLO and in fig. 6.13 the ratios of the sums are
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Figure 6.5: Real parts of the LO splitting functions vs log,((2).

presented. As one can notice in fig. 6.11, the sum of functions z Pq];‘qj (z) + qujqj (2) +2(ny — 1)P£qj (z)}
is close to z [P,;f_qj (z) + Paqu,- (z)} and ZP;j'qj (2), a zoom of them is shown in fig. 6.12.

It is important to note that the sums in fig. 6.11 and fig. 6.12 are always positive.

Similarly, as at LO, at NLO in the medium and small z region, nglgj > z(PqIqu + Paquj +2(ns —
1)quzz ” qj). For the gluon sector in the whole z region, zP;; > 2n fZP£g~ Even though the probabilistic
nature of the NLO splitting functions is lost since they can become negative, their integrals over z are
positive (see later in this section) and we take the decisions according to them. In the weighted events
method we are using, some of the weights can be negative because of the structure of NLO splitting
functions. From fig. 6.9 - 6.13 one can conclude that gluon radiates more than quark. One can also see

what are the proportions of the different splitting possibilities.

Having analysed the splitting functions themselves, we can concentrate on the integrals of splitting
functions f "M dzzP(2)%. Here, the studies on the dependence of the integral value on the z); parameter
are performed. The choice of the z); parameter must be a compromise between the accuracy we want to
achieve and CPU time consumption. In principle one could think that taking higher z,; should lead to
a better accuracy. The result becomes indeed more precise with higher z,; however also the fluctuations

become bigger. Moreover, with increasing the zj; parameter, the CPU time needed for the calculation
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6.6. Properties of the DGLAP splitting functions
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Figure 6.7: Combinations of the LO splitting functions.

increases. For these practical purposes we are studying 6 different values of zpy = 1 — 107!, 1 — 1072,

1-1072,1—-10"% 1—-10"°, 1 — 10~% with which one should achieve good compromise.
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Figure 6.8: Ratios of the sums of the LO splitting functions.

In fig. 6.14 the integrals [~ dzzP(2)F as a function of log;o(1 — z5s) are shown at LO. In fig. 6.15

the sums of the z integrals from the splitting functions and in fig. 6.16 the ratios of the sums are presented.

In fig. 6.17 the integrals of the NLO splitting functions [* dzzP%(z), as a functions of log; (1 —zas)
are presented. In fig. 6.18 the sums of the integrals and in fig. 6.19 the ratios of the sums used in the

parton branching are presented as a functions of log;,(1 — zas) at NLO.

Both at LO and NLO, the splitting functions which contain the piece 1/(1— z) (zPR and zPJ), are

very sensitive to the change of the z;; parameter. For quRg, quRq , ZP;_‘q and ngIz ,

on zjy is very weak. At NLO we can see that the pieces proportional to In(1 — z) can be integrated over

the dependence

up to 1 to give finite result.

All the sums and ratio plots presented here show a dependence on z,; parameter because of quRq
and nglz.

The integrals fZM dz zP(z) are positive in the whole range of z, from 0 up to a zps close to 1, both
for the LO and the NLO case. This is understandable from the momentum sum rule. We know that
by taking into account real and virtual contributions, the divergences should cancel. Since the virtual
corrections give negative contribution, the real splittings should give a positive one.

Thanks to multiplying the splitting functions by z the divergency at z = 0 is gone. This is one of the
reasons to use the DGLAP evolution equation for the momentum weighted parton densities defined in
eq. (2.40).

All of the plots in this section were done for a; = 0.118 and ny = 5, no dependence on a, and ny
was included. Even though the main conclusions from this section stay valid for other scales 2 when the
values of ny and «a, are different, the proportions of different splitting functions and integrals change not
only with z or zj; but also with the scale 2. Example is depicted in fig. 6.20 where the integrals of the
real parts of the splitting functions multiplied by z over z vs log;y(1 — zps) at NLO for different values

of oy and ny are shown.
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Figure 6.10: Zoom at the real parts of the NLO splitting functions vs log;,(z) in the large z region.
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Figure 6.13: Ratios of the sums of the NLO splitting functions.
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Figure 6.20: Integrals of the real parts of the splitting functions multiplied by z over z vs log;(1 — zps)
at NLO for different values of oy and ny.
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7 Validation of the PB method with
QCDNUM

The PB method described in Sec. (6.4) was implemented into a computer program called uPDFe-
volv [222] which was initially used to solve the CCFM equation. In this section we show the consistency
and agreement of the PB method for collinear PDFs with QCDNUM.

As mentioned before, to solve the DGLAP evolution equation, one needs to know the parton distri-
bution functions at the initial scale. One of the possible input used in this thesis is a parametrization
from QCDNUM [62]. With this choice of initial distribution only three active flavours are assumed at
the starting scale, charm quarks are produced during the evolution for scales u > m, = 1.73 GeV and
bottom quarks are produced for > my, = 5.0 GeV. The strong coupling a5 with a value as(m%) = 0.118

at 1- or 2-loop is used.

In Sec. (2.3.2) it was discussed that by introducing the parameter z); in the integrals, some contri-
butions to the parton density of O(1 — zps) are skipped (see eq. (2.82)). Here we want to study how
the collinear distributions are affected by the zj; parameter. In this section zps is kept fixed (eq. (3.16))
and five values of zpr (237 =1 —107%,1—-10"2,1-1073, 1 —107% and 1 — 10~7) are examined. The
argument of g is the branching scale y'? (eq. (2.41)). The LO splitting functions and 1-loop a are used
for the validation at LO and the NLO splitting functions and 2-loop a; are used to obtain the results at
NLO. The calculations are done in the MS scheme. The distributions presented here were obtained for

1019 events.

We present the collinear PDFs xf(z, 4?) from the PB method as a function of z for a given scale
12, The procedure to obtain the results is the following. The initial distribution is evolved with the PB
method up to a given evolution scale u? at which the evolution is stopped. The figures with the results
are divided into two parts. In the upper part the distributions obtained from PB method are presented.
In the lower part the ratios of the results from PB and QCDNUM with the same initial conditions are

shown.

Validation of the method at NLO Fig. 7.1 shows the results for the gluon and down quark densities
obtained from the PB method with fixed value of z;; compared to the calculation from QCDNUM. One
can see a very good agreement between these two methods for zp; =1 —1072, 1~ 1075 and 1 — 1077.
However, the values zp; = 0.9 and z3; = 0.99 are too small and the results from the PB method starts
to deviate significantly from the one obtained with QCDNUM. For higher values of zj; both methods

agree within the statistical fluctuations.
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In fig. 7.2 we show the collinear PDFs from the PB method with fixed value of zp; = 1 —107° evolved
up to different evolution scales 10,100, 1000, 10000 GeV? for down-, strange-, charm- quark and gluon

densities compared to the calculation from QCDNUM. We illustrate a very good agreement between

these two methods for all flavours and different evolution scales.

Validation of the method at LO We validate the PB method also at LO. On the left hand side of
fig. 7.3 we present the plot for gluon for five fixed values of 2y =1—10"%,1-10"2,1-10"3,1—-10°
and 1 — 10~7. Additionally we show the NLO QCDNUM result to visualise the effect of going from LO
to NLO. Similarly as at NLO, we obtain the same collinear PDFs with large values of zj;. One can also
see that the effect of going from LO to NLO is significant. On the right hand side of fig. 7.3 we show the
results for gluon PDF at different evolution scales obtained with fixed value of zy; = 1 — 107°. A very
good agreement with QCDNUM is obtained.
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different values of z); at NLO.
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Figure 7.2: Results for the NLO collinear PDFs from the PB method with fixed value of zp; = 1 —
10~® evolved up to different evolution scales 10,100, 1000, 10000 GeV? compared to the calculation from
QCDNUM.
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8 Collinear and TMD PDFs from
PB method

In the previous chapter we performed a validation of the PB method by comparing our results to
the QCDNUM package. We showed a very good agreement between these two methods. In this chapter
we explore other advantages of the PB method, i.e. we discuss the issues of the ordering variables, the
choice of the parameter z); defining resolvable branching and the renormalization scale choice in as. We
study the effects both for collinear and TMD distributions. The main results presented in this chapter
were published in [65,66] and in the following proceedings [226-228|.

Additionally to the QCDNUM initial parametrization, we use also the HERAPDF2.0 [42] parametriz-
ation, again assuming only three active flavours at the initial scale, with charm quarks produced during
the evolution for scales p > m. = 1.47 GeV and bottom quarks produced for p > m; = 4.5 GeV. The
strong coupling o value as(m%) = 0.118 at 2-loop and as(m%) = 0.13 at 1-loop is used. The reason for
using HERAPDF2.0 is to apply the obtained TMDs to the Z boson p; measurements (see Sec. (9.2)).

definition of g py — ordering virtuality ordering angular ordering
g = p"? ¢t = (1—2)u”? ¢; = (1—2)*u"?
eq. (3.9) eq. (3.7) eq. (3.15)
zps definition fixed 2z 2y =1— (%)2 zyy=1— %
eq. (3.16) eq. (3.17) eq. (3.18)
renormalization scale | o (12) = a5 (¢3) | as (1= 2)p?) = as (¢}) | o (1 = 2)%p?) = s (¢2)
eq. (2.41) eq. (3.19) eq. (3.20)

Table 8.1: The ordering definitions together with the definitions of z); parameters and renormalization

scale choices in ag.

In this chapter the TMD distributions obtained with the PB method are presented. The prescription

to determine k; dependence in the PB method was introduced in Sec. (6.5).

The TMDs are determined in a grid of 50 ® 50 ® 50 bins in log z, log k; and log p. A polinomial and
linear interpolation is used to obtain the values of the TMDs between the grid points. The intrinsic k|
distribution is assumed to be a Gaussian exp(—k? /o?) with 0 = k2/2 where ko = 0.5 GeV. The same

form is used for all partons. In the figures the TMDs, zA(x, k] , i), as a function of k, for a given = and
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Chapter 8. Collinear and TMD PDFs from PB method

scale p or the TMDs as a function of x for a given k; and scale u are shown. The figures are obtained
with TMDplotter plotting tool [143].

In Sec. (3.1.1)- (3.1.2) we introduced p, -, virtuality and angular ordering conditions. We showed that
from the association of the branching scale u? with a given kinematic variable, the z); definition and
renormalization scale choice in a; follows. In Tab. 8.1 we summarize the formulas given in Sec. (3.1.1)-
(3.1.2). However, as discussed in Sec. (6.5), the PB method allows one to change the ordering, z); and
renormalization scale independently to examine the individual effects and we performed the studies
systematically for different scenarios. In Tab. 8.2 we illustrate the different settings which we study in
this chapter additionally to Tab. 8.1. Throughout this thesis we will refer to the expression ordering as
the association of the branching scale with kinematic variable (eq. (3.7), (3.9) or (3.15)) and we will

say explicitly which definition of z); and o we are using.

virtuality ordering angular ordering
i =(1—2)p” qi = (1—2)*p"
fixedzpr | 20 =1 — (%)2 fixed zpr | 20 = —%
o, (M'Q) a, (//2) o, (HIQ) a, (//2)

Table 8.2: The summary of the settings tested additionally to the prescriptions listed in Tab. 8.1.

8.1 Collinear PDFs and TMDs with fixed value of z,,

In this section we use NLO splitting functions and 2-loop a (,u’ 2) except the last subsection where the

LO splitting functions and 1-loop as (M'Q) are used. The initial parametrization comes from QCDNUM.

8.1.1 Collinear PDFs with virtuality and angular ordering condition with

fixed z),

The results in the previous chapter were calculated using the settings from the first column of Tab. 8.1.
In fig. 8.1 we present the results for virtuality and angular ordering condition, with four different fixed

zp values. As explained in Sec. (6.5), the prescription of calculating k; does not affect the collinear

evolution. The results presented in fig. 8.1 confirm these predictions. !

IThe evolution variable is always the evolution scale 2, which is generated according to the Sudakov form factor and
the splitting variable z is generated according to the collinear splitting functions. In both of these steps no dependence on
k, or g, is included. An interesting detail can be noticed in fig. 8.1: the way the k, calculations are performed should not
affect the collinear distributions, however, the fluctuations on the plot with virtuality ordering looks a bit different than
the plot with p, - and angular ordering. The reason for that is that the results with virtuality ordering were obtained with

different seed for a random number generation than the results for p | - and angular ordering.
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Collinear PDFs and TMDs with fixed value of z,
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Figure 8.2: Gluon TMD parton densities as a function of k.

fixed values of z;;.

8.1.2

from the PB method with p, -ordering and

TMDs with fixed z); and p,- ordering condition

In fig. 8.2 the transverse momentum dependence of the gluon TMD with p, -ordering is shown for

three fixed values of zpy = 11072, 1—107% and 1 —10~7 (for which no dependence on z,; was observed

for collinear PDFs, see Sec. (7)).

From fig. 8.2 one can see, that for TMDs the situation is different: with each of these values of z,
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Chapter 8. Collinear and TMD PDFs from PB method

one obtains different TMDs. The reason for that is that p, - ordering is valid only for the z — 0 region,
otherwise it violates the energy-momentum conservation whereas here we observe an effect coming from

z — 1. Thus one can conclude that p, - ordering does not allow one to define TMD in a consistent way.

Nevertheless, let us still analyse the plots for TMDs with p, - ordering. With larger z); value one
obtains larger k| tails. Large zj; means that the Sudakov form factor becomes smaller and the probability
to evolve without any resolvable branching is smaller. As a consequence, there are more branchings and

higher &, is accumulated in the evolution process (eq. (6.14)).
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Figure 8.3: Anti-up quark TMD densities as a function of x from the PB method with p, -ordering and

fixed values of z,;.

In fig. 8.3 distributions for anti-up quark density as a function of  with p, -ordering for three fixed
values of zpy =1 —1073,1—107% and 1 — 107 are shown. In the region of small k, , higher densities
are obtained with smaller value of the z,; parameter for which the probability of an evolution without
any resolvable emission is larger. In the region of large k, the Sudakov form factor with higher z,; gives

larger contribution.
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Figure 8.4: Gluon and anti-down quark TMD densities as a function of k; from the PB method with

virtuality ordering and fixed values of z;.
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8.1. Collinear PDFs and TMDs with fixed value of z;s

8.1.3 TMDs with fixed z), and virtuality and angular ordering condition

In this subsection we study the zj; dependence in TMD distributions with virtuality and angular

ordering condition.

In fig. 8.4 the transverse momentum dependence of the gluon and anti-down quark TMD densities
with virtuality ordering and in fig. 8.5 with angular ordering for three different values of z; = 1 — 1073,
1—107% and 1 — 10~ 7 are shown.
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Figure 8.5: Gluon and anti-down quark TMD densities as a function of k, from the PB method with

angular ordering and fixed values of z;.

From fig. 8.4 - 8.5 one can see, that all these values of z); lead to almost the same TMDs. The
difference is visible in the very small k£, region at higher scales. The difference between different z;;
values starts to be visible at lower scales for quark density than for gluon density and it is bigger for
virtuality ordering than for the angular ordering. In the case of TMD distributions with virtuality or
angular ordering, there are three effects that influence the distributions at very low k. The first one is
the intrinsic k, distribution, the same for both orderings. The second one is the Sudakov form factor,
also the same for virtuality and angular ordering, which gives the probability of an evolution without
any resolvable branching. Thus with higher z); we have more emissions in which & is accumulated. The
third effect regards the diffusion in the low k£, coming from the branchings at higher evolution scales.
When a soft gluon is emitted, a parton which continues the evolution has a very large z and a very small
k) because of eq. (3.7) and eq. (3.15). These formulas express the energy- momentum conservation.
The formula for angular ordering gives k; smaller than the formula for virtuality ordering for a given

branching scale /2 and z.
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ordering and fixed value of z; =1 — 1072,
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Figure 8.7: TMDs as a function of k; for gluon and all quark flavours from the PB method with angular

ordering and fixed value of z; = 1 — 1072,

PB method can be used to obtain TMD densities for all parton species. In fig. 8.6 TMDs as a

function of k, for all quark flavours and gluon densities with virtuality ordering and in fig. 8.7 with

angular ordering are shown for zp; = 1 — 107°. An interesting feature can be noticed there: in the low

k. region, the quark densities are different for different flavours. The difference comes from the initial

distributions and beginning of the evolution. In the high &k, region where many emissions contribute,

the initial difference between quark flavours is smeared away because the splitting functions do not

distinguish between quark flavours if only the mass threshold for a given quark production was reached.
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8.1. Collinear PDFs and TMDs with fixed value of z;s

8.1.4 Comparison between virtuality and angular ordered TMDs with fixed

ZM

We have shown above that the p, - ordering condition does not lead to stable results for the TMD
whereas both virtuality and angular ordering produce results which do not depend on z); (except very

small &k, at higher scales), as long as it is close to 1.

The comparison of TMDs as a function of k) with virtuality and angular ordering is shown for
2y = 1 —107° in fig. 8.8. The TMDs obtained with angular ordering are larger at small values of k|
than the one obtained with virtuality ordering. In addition, TMDs with virtuality ordering have a bit
larger k tail than TMDs with angular ordering. This is expected because of (1 — 2)? and (1 — z) terms

in the angular and virtuality ordering conditions, respectively.
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Figure 8.8: Comparison of gluon TMD densities as a function of k; from the PB method with virtuality

and angular ordering and fixed value of z; =1 — 1072,

Both ordering conditions give k, tails which can be even larger than the evolution scale u, however
this contribution is very small. This is a consequence of eq. (6.14) where &, is calculated by summing

all the transverse momenta from the previous emissions.

8.1.5 Comparison of virtuality and angular ordered TMDs with fixed z,,
at LO and NLO

At the end of this section we investigate the difference between LO and NLO TMDs.
In fig. 8.9 a comparison of the gluon TMDs from the PB method at LO and NLO with angular

ordering and in fig. 8.10 with virtuality ordering, for fixed value of zp; = 1 — 107° is shown?.

2The fluctuations on the plots are due to limited statistics.
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Figure 8.9: Comparison of gluon TMD densities as a function of k; from the PB method with angular
ordering at LO and NLO.
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Figure 8.10: Comparison of gluon TMD densities as a function of k; from the PB method with virtuality
ordering at LO and NLO.

The TMDs densities obtained from the PB method are similar at LO and NLO. This is understand-
able, because we use the same initial distribution from QCDNUM for LO and NLO case and we use
splitting functions which do not depend on k. The only thing which can influence the distributions, is
«s, which differs between 1-loop and 2-loop mainly at small scales.

In fig. 8.11 TMDs as a function of k, for gluon at LO are shown for p, -, virtuality and angular

ordering condition for different values of z;; parameter. Similarly, as at NLO, p, - ordering does not give
stable results for the TMD.
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Figure 8.11: Comparison of gluon TMD densities as a function of k; from the PB method with p, - (left),
virtuality (middle) and angular (right) ordering at LO.

8.2 Collinear PDFs and TMDs with dynamic z);

In this section we investigate the effect of using the definitions of z,; which follow from the virtuality
and angular ordering conditions. The parameter z,; is calculated for every branching and depends on
the scale of the branching ©/? and some parameter go. We call such zy; dynamic.

In Sec. (8.1) we showed that virtuality and angular ordering condition give consistent and stable
results for the TMDs for different fixed z); values except the very low k; region at higher scales. Here
we study the usage of the dynamic zy;.

The first issue is what should be the value of the ¢y parameter. One can estimate the required value
by assuming that even at the smallest scales the zp; value should reproduce the standard collinear PDFs
(e.g. QCDNUM or HERAPDF). We know from eq. (2.82) that when z,; is too small, the approximation
in eq. (2.83) is not good anymore. In Sec. (7) we have shown that z); ~ 0.999 gives the results which
agree with QCDNUM. Using zj); definitions from Tab. (8.1) with the initial scale p = 1.41 GeV we
obtain gg ~ 0.04 GeV for virtuality ordering and go ~ 1073 GeV for angular ordering. In Sec. (3.1.3) we
introduced ¢¢ as some minimum ¢, allowed for an emission to be resolvable. This physical interpretation
of values gy = 0.04 GeV or gy ~ 1073 GeV is not accurate. Nevertheless, we test such a small values

treating them just as some parameters.

In this section we use NLO splitting functions and 2-loop as (u’ 2). The initial conditions for the PB
method come from HERAPDF2.0.

8.2.1 Collinear PDFs with dynamic z,,

In fig. 8.12 the results for collinear PDFs with angular ordering and dynamic zp; = 1— Z—O, as a function
of = for different values of the parameter gy = 0.001 GeV, qo = 0.01 GeV, ¢o = 0.1 GeV, gp = 0.2 GeV,
go = 0.5 GeV and 1.0 GeV are presented. One can see that the choice of the resolution scale has an
effect on collinear distributions. The distribution obtained with the value ¢y = 0.001 GeV turns out to
be consistent with HERAPDF2.0 while for bigger ¢o values the deviation from HERAPDF2.0 starts to
be visible because the parameter z)s is too small (see Sec. (2.3.2)).

Similagly7 in fig. 8.13 the results for collinear PDFs with virtuality ordering and dynamic z; =
1 - (%) as a function of x for different values of the parameter go = 0.04 GeV, ¢o = 0.1 GeV,
qgo = 0.2 GeV, gop = 0.5 GeV and 1.0 GeV are presented. With higher gy the results start to deviate from
HERAPDEF2.0.
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Figure 8.12: Collinear PDFs from the PB method compared with HERAPDF2.0. The results obtained

with angular ordering condition for different values of ¢y parameter in z;; definition.
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with virtuality ordering condition for different values of gy parameter in z,; definition.
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8.2.2

TMDs with dynamic z,,

In the previous subsection the collinear PDFs with dynamic z;; were discussed and it was shown that

only small values of the resolution scale parameter gy give results in agreement with standard collinear

evolution. Here we want to study how the choice of gy influences the TMD distributions 3. We test small

values of gy and we expect a similar behaviour as in the case if fixed z,; value, however with the dynamic

zp definition we have continuous variation of the resolution scale.
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ordering and different choices of z,; parameter.
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Figure 8.15: Comparison of gluon TMD densities as a function of k; from the PB method with angular

ordering and different choices of z,; parameter.

3The distributions shown in this section are obtained with different initial parametrization than the distributions in

Sec. (8.1).
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Chapter 8. Collinear and TMD PDFs from PB method

In fig. 8.14 TMD distributions as a function of & for gluon density from the PB method with virtuality
ordering are shown. Additionally to the dynamic z); with gg = 0.04 GeV and 0.1 GeV, the curve for
the fixed value zp; = 1 —107° is drawn (obtained with the same initial conditions from HERAPDF2.0).
In fig. 8.15 TMD distributions as a function of k; for gluon density from the PB method with angular
ordering obtained with the dynamic zp; parameters with gg = 0.001 GeV, gg = 0.01 GeV and with the
fixed value of zp; = 1 — 10~° are shown.

In both figures the difference between the different z,; is visible in the very small & region, for higher
k1 values all the z); options give consistent results.

The effects from fig. 8.14 - 8.15 can be explained in a similar way as for the fixed z); values in
Sec. (8.2.2).
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Figure 8.16: Collinear PDFs from the PB method compared with QCDNUM. The PB results obtained

with virtuality and angular ordering condition with as(q?).

8.3 Influence of the renormalization scale choice on collinear

and TMD PDFs

As discussed in Sec. (3.1.4), the virtuality and angular ordering not only give the prescriptions how
to associate the k., g1 and ©'? and how to calculate the zj; parameter, but also on the renormalization

scale choice in the ay argument. Up to now, in Sec. (8.1)- (8.2), the argument of a, was always the
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Figure 8.17: Comparison of gluon TMD densities as a function of k; from the PB method with virtuality

ordering and different arguments of a.

branching scale /2 (eq. (2.41)). In this section we study the renormalization scale given by the virtuality
and angular ordering condition (Sec. (3.1.4)).

In this section the virtuality and angular ordering condition is introduced together with the dynamic
zpr definition and with ¢, in the argument of oy (see Tab. 8.1). We introduce a cut off on the argument
of a, to ensure that the renormalization scale is above the initial evolution scale. The NLO splitting
functions and 2-loop «; are used to obtain the results. The results are compared to HERAPDF2.0 which
the initial conditions for PB method come from.

The parameter qg is chosen to be gy = 0.04 GeV for virtuality ordering and to gy = 0.001 GeV for
angular ordering so in the case of as(11'?) one obtains the results consistent HERAPDF2.0 (see Sec. (8.2))
for collinear distributions. The results shown in fig. 8.16 show that the influence of changing the argument

of a; parameter on the collinear distributions is significant.

The fact that we do not obtain anymore the collinear PDFs which agree with standard methods, is not
surprising. By introducing full virtuality or angular ordering we resum extra large logarithms compared
to a, (1) [91,95].

The results shown in fig. 8.17-8.18 show that the influence of the argument of o parameter on the

TMD distributions is significant, especially in the low &k, region.

Conclusions from the studies on collinear and TMD PDFs
from the PB method

8.4

In Sec. (7)-(8) we have shown that the PB method can be used to solve DGLAP evolution equation
and to obtain collinear PDFs which agree well with other methods (QCDNUM). We demonstrated how
we can include in the solution also different orderings, the dynamic resolution scale parameter z;; and
different renormalization scale choices in the argument of as;. We studied different scenarios given in

Tab. 8.1 and Tab. 8.2. For a,(u'?) we have found that as long as the zj; parameter is close enough
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Figure 8.18: Comparison of gluon TMD densities as a function of k) from the PB method with angular

ordering and different arguments of a.

to 1, the results for collinear PDFs are not affected and we reproduce the standard collinear PDFs from
QCDNUM or HERAPDF, both for fixed and dynamic values of z);, regardless of the ordering we are
using. However, p, -ordering does not produce stable results for the TMDs since we observe a dependence
on z); parameter in the whole k; range. The reason for that is that p, - ordering violates the energy-
momentum conservation. TMDs with virtuality and angular ordering do not depend on zp; definition
except a very small k) region (compared to the evolution scale u? we are looking at). This residual
zns dependence is unavoidable. By changing z); we reorganize the pieces which go into resolvable and
non-resolvable branchings which must affect the small &k, region. Moreover, we observe a diffusion into
the small &k, region from the evolution which is a consequence of the expressions we use to calculate k|
to conserve energy-momentum. The small &k, behaviour should be understood better. This would require
some special treatment, for example introduction of a scale dependent intrinsic k£, . This is out of the
scope of this thesis where we concentrate on the perturbative region.

We performed also studies on the effect of changing the renormalization scale in s to the scale
given by virtuality and angular ordering. We found out that both collinear and TMD PDFs are affected
significantly.

At this stage both virtuality and angular ordering are considered in this thesis as two equivalent
descriptions without giving a statement which one is more appropriate. In the next chapter we will
apply obtained TMDs to the measurements to further explore the ordering and renormalization scale

dependence.
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9 Outlook: determination of TMDs

and application to measurements

In the previous chapter we obtained the TMD distributions with the PB method using the initial
parametrization of QCDNUM or HERAPDF2.0. In this chapter we describe the procedure to obtain the
parameters of the initial distributions from a fit to HERA F5 data. Having obtained the TMD PDFs, we
can test the idea introduced in Sec. (6.1) to obtain the predictions for high energy collision observables by
using TMDs instead of collinear PDFs. In the second part of this chapter we apply the TMDs obtained

from the fit to a measurement of the Z boson p; spectrum at 8 TeV.

9.1 Fits of integrated TMDs to HERA F, data

The parameters of the initial parton density distributions have to be obtained from the fits to the
experimental data. For the fits presented in this chapter [229] this is done within xFitter package [230] -
a standard tool to obtain PDF fits. The method to obtain the fits was developed in [148]. The procedure is
the following: first, an evolution kernel K?(z", u?) is obtained from the PB method for every initial parton
of flavour b and final parton a. The initial parametrization at the scale u2 is given by zg = 1 —107° (the
term —107% is added because of the technical reasons) and the kernel is produced during the evolution
process. The convolution of the kernel with the starting distribution Ag is performed in the following

way

falz,p?) = x/dx'/dx”Ao,b(x’)K (2", 12)o(z'z" — x)

, (@“)%KZ (ﬁ,ﬁ) : (9.1)

T

I
—
o
R\
o
(=}

The parametrization of the initial distribution has the form of HERAPDF2.0

(x) = AgzPo(l—a)% — AlzP a(1— )% |
() = Ay 2Pl —2)% 1+ E, 2%,
zdy(x) = AgaPi(1—z)%
U(z) = Aga"7(1-2)7(1+ Dga),
(x) = Apz"P(1—2)"P. (9.2)
The obtained distribution f;(x, ©?) is convoluted with the matrix element to obtain the structure function
at NLO, which can be fitted to experimental data. Then, the procedure is repeated with different values

of the initial parameters until the minimal x? is found. It turned out in [222] that in practice it is enough

to determine the evolution kernel only for one initial state light quark and gluon.
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Chapter 9. Outlook: determination of TMDs and application to measurements

The method described above can be also extended to the TMDs case. A new kernel, depending now

also on k|, can be obtained from the PB method and convoluted with the initial distribution

an($7 kJ_7 MQ)

x/dw’/dm”Ao,b(x’)B(kJ_’O)Ks(x”,kl’ml@_,/f)é(x’x” — )
T T
- /dx’AO,b(x’)?B(kL,o)Kg (;,Iﬁ,o,kl,u?) . (9.3)

For all flavours the intrinsic &k o distribution B(k, o) is assumed to be a Gaussian exp(—kiO/JQ) with
0? = k3 /2 where ko = 0.5 GeV. The obtained distribution xA,(x, k, , u?) can be then integrated numer-
ically over k2 using eq. (6.15) and used to fit the experimental data. This is however time consuming and
it is enough to use the collinear kernel to fit the starting distribution. The parameters of the initial dis-
tribution from the collinear fit are then used to obtain the TMDs using TMD kernel Kg(x”7 kio, ki, ;ﬂ)
according to eq. (9.3).

The evolution kernel, K°(z", u2), is stored in a grid of size 50 x 50 in logx and log y and the TMD
evolution kernel, K2(z" ky o, k1, 1?), in a grid of size 50 x 50 x 50 in logx, log k, and log u. A proper
grid spacing has to be used since the distributions are quickly falling at large = and the grid spacing is
made more dense in this region. To obtain the results shown in this section the range in x was divided
into 5 intervals with the edges at 107%,0.01,0.1,0.4,0.9, 1. In every of these intervals there are 10 grid
points distributed logarithmically.

The fit presented in this chapter was obtained with the data from HERA H1 and ZEUS combined
measurement [42] - the most precise measurement of the DIS cross section in a wide range of x and Q2.
In [42] the fit to these data was done and the HERAPDF2.0 parton distributions were obtained using
QCDNUM and xFitter. In our work we use the same analytic form of the parametrization for the initial
distributions (eq. (9.2)). At the initial scale u3 we assume that xU = 2% and D = zd+ 3. For the initial
strange quark distribution we use 25 = f,xD with f, = 0.4. We set By = By and Ay = A5(1—f). The
normalization parameters A, , Aq,, Ay and Ay are constrained by the quark number and momentum
sum rules. We use the same hard scattering coefficient functions and we treat heavy flavours in the same
way as was done in [42].

The fits were performed in the range of 3.5 < Q% < 50000 GeV?, 4-107° < z < 0.65 (the same
as for HERAPDF2.0) using the kernels obtained with the PB method for the angular ordering condi-
tion (eq. (3.15)). The fit was performed twice, for two different values of argument of a;, with ay (1'?)
(eq. (2.41)) and with a, ((1 — 2)%u?) (eq. (3.20)) for zpy = 1 — 1075 (to concentrate on the effect of
changing the renormalization scale). The x? was calculated within the xFitter package in the same
way as was done in [42]. The systematic shifts and treatment of correlated and uncorrelated system-
atic uncertainties are included in the x? definition. 162 systematic uncertainties and uncertainties from
combining H1 and ZEUS data were treated as correlated. The experimental uncertainties were obtained
using the Hessian method [231] with Ax? = 1. The model uncertainties were obtained by varying the
charm (m. = 1.41,1.47,1.53 GeV) and the bottom mass (m, = 4.25,4.5,4.75 GeV), and the starting
evolution scale (u3 = 1.6,1.9,2.2 GeV? for the fit with « (,u’2) and p? = 1.1,1.4,1.7 GeV? for the fit
with a ((1 — 2)2//2)) where the numbers in brackets are the lower, central and upper values respect-
ively. For o, ((1 — 2)?p/?) we also varied the cut off geys (0.9, 1.0, 1.1 GeV) in a; which ensures that the
renormalization scale is not too small. The best y? was obtained for the initial scale value p3 = 1.9 GeV?
with as (1?) (x?/(d.o.f) = 1.21) and for the initial scale value p3 = 1.4 GeV?> with ay (1 — 2)%u"?)
(x?/(d.o.f) = 1.21). The number of degrees of freedom was d.o.f = 1131. The fit parameters obtained for
o (W?) reproduce the parameters of HERAPDF2.0, for o, ((1 — 2)21/2), especially for gluon, they are
different [229].
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Figure 9.1: Collinear PDFs obtained from the fit with a, (p'?) (Setl) and oy ((1 — 2)?p) (Set2). Ex-
perimental uncertainty is shown in red, model dependence in yellow, additional dependence on q.y¢ in

green.

In fig. 9.1 the collinear pdfs with uncertainties coming from fits with a, (%) (Set1) and s ((1 — 2)2p/2)
(Set2) are shown. One can clearly see the difference between them, especially for gluon. This agrees
with our observations from Sec. (8.2.1) where the collinear PDFs obtained from the PB method with
as ((1 = 2)?p?) were very different from the HERAPDF2.0 results. In fig. 9.2 the ratios of the upper
and lower uncertainty bound to the central value result are presented. At the large x the uncertainties
with a; ((1 - 2)?4?) and o, (1) behave differently.
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Figure 9.2: Uncertainties of the collinear PDFs from the fit for o (1/?) (Setl) and o ((1 — 2)?p'?) (Set2).

In fig. 9.3 the comparison of the TMDs for o, (1) and a; ((1 — 2)?1/?) obtained from the fit is
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shown. The same conclusions hold as discussed in Sec. (8.3). The TMDs obtained with « ((1 — 2)2//2)
are smaller in the small k) region than the TMDs with ag (,u’2).
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Figure 9.3: Comparison of the TMD distributions obtained from the fit for o (1) (Setl) and
s ((1—2)2u2) (Set2).

9.2 Application of the TMDs from the PB method to the LHC

measurements

In this section we test the idea introduced in Sec. (6.1) to obtain the predictions for high energy
collision observables by using TMDs instead of collinear PDFs. One of the observables, which is very

problematic for the collinear approach, is the Z boson p; spectrum.

In the standard approach, the Z-boson p; spectrum is described by Monte Carlo event generat-
ors, which model the non-perturbative effects, simulate the soft gluon emissions via parton showers and
combine the radiation effects with the perturbative calculations for the hard process. In [232] the im-
plementation of the NLO DGLAP evolution in the PS was discussed. In fig. 9.4 the prediction obtained
in [232] with DIRE [233] + PYTHIA compared with ATLAS measurement at 7 TeV [234] is presented.
The distribution is limited to p, < 30 GeV since there is no fixed order calculation of the hard process
included. The prediction was obtained with the default PYTHIAS tune, no additional tuning of DIRE
+ PYTHIA was performed. An overall agreement within 15% with the data was obtained at NLO.

We now calculate the same observable with the PB method. The procedure is the following: we take
the LO matrix element for the DY Z boson production generated by PYTHIA8. The matrix element
does not contain any transverse momentum. The next steps are performed by the CASCADE (version
2.4.X) Monte Carlo event generator [218,221,235]. From the kinematics of the event z and u? are known
and the transverse momenta of the incoming quark-antiquark pair can be generated according to the
TMDs we obtained from the PB method. With that the virtualities Q2, Q3 of the incoming partons 1,
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9.2. Application of the TMDs from the PB method to the LHC measurements

2 are calculated. In the next step the initial partons are boosted into their CM frame. The energies Ej o

and z components p, 1,2 of the partons’ momenta are changed according to [236]

5+ (Q5-QY)
Erp = W ;

. <<§2+Q%+Q§)2—4Q%Q%>”2

pz71 = (94)

45
to take the virtualities into account and to keep the § = (p1 + pg)2 fixed. Then, also the final state is
boosted into its CM frame. Afterwords, the whole system is boosted and rotated back to the laboratory
frame. Due to this operation, the k; added to the initial state is compensated by the final state, the
longitudinal fractions x1 and x5 of the incoming quark and antiquark are changed and the mass mpy of
the quark-antiquark pair is kept fixed. The events are then analysed by Rivet [237,238] and compared
with the 8 TeV measurement [239]. We are interested only in the inclusive Z boson spectrum so we do

not need any parton shower.
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Figure 9.4: Comparison of the predictions of the Z boson p, spectrum obtained with the DIRE+PYTHIA
PS with ATLAS data [232].

On the left hand side of fig. 9.5 we present the results obtained with the TMDs from the PB method,
for virtuality and angular ordering condition, fixed value of the z); parameter being zp; = 1 — 1075 and
Qs (,u’ 2). The outcome with angular ordering is very encouraging, however with virtuality ordering it
looks a bit worse. With the TMDs obtained from the PB method we can predict the correct shape of the
Z boson p, spectrum. All the p, dependence comes directly from the PB method. There is no tuning
of free parameters. The prediction for the whole spectrum comes from one method, there is no mixture
of different approaches in the different p; ranges. It is also interesting to see the difference between

virtuality and angular ordering in the physical observable spectrum.

In the next step we test different options for the argument of as. On the right hand side of fig. 9.5
we show the comparison of predictions obtained with the TMDs from the PB method with virtuality
and angular ordering condition with dynamic zp; and ¢, in the argument of «y (see Tab. (8.1)). The
parameter qqg is chosen to 0.2 GeV for both virtuality and angular ordering condition, to be not too far
away from the approximation from eq. (2.82) and at the same time keep gy = O(A). The result obtained
with angular ordering with o, ((1 — z)21/?) agrees within 20 % with the data in the whole range in p, .

Virtuality ordering underestimates the data in the small p; region and overestimates them in the large
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Figure 9.5: Comparison of the predictions of the Z boson p, spectrum obtained with the TMDs from the
PB method with virtuality and angular ordering condition and the ATLAS data. Left: results obtained

with with a(p'?). Right: results obtained with ¢, being the argument of .
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Figure 9.6: Comparison of the predictions of the Z boson p,; spectrum obtained with the TMDs from

the fit with angular ordering condition with a, (1/?) and a, ((1 —

z)?p'?) and the ATLAS data.

In the next step we repeat the analysis for Z boson p, spectrum, but instead of using TMDs directly
from the PB method, we use the TMDs from the fits. Based on the results from fig. 9.5 we decided to

perform the fits for the angular ordering since it looks more promising than virtuality ordering.

In fig. 9.6 we show the prediction for the Z boson p, spectrum obtained with the TMDs with angular

ordering condition to calculate &k from the fits with properly defined uncertainty bands for two different

renormalization scales in as. The result confirms the previous observation. With both sets one can predict
the correct shape of the Z boson p spectrum, the TMD with « ((1 - z)z,u’2) describes the data better.

The level of agreement is of the same level as what is done in the standard MC approach presented

above. With that we can conclude that our method is successful and competitive with other methods.
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10 Conclusions and closing remarks

In this thesis a new approach to solve the DGLAP evolution equation was proposed. We presented
a solution with the Parton Branching method from which we can obtain, in addition to the standard
collinear PDFs, also the TMDs. We have validated the PB method by comparing the results for collinear

PDFs with predictions from semi-analytical calculation and we found a very good agreement.

One of the advantages of the PB method is the possibility to study independently different elements
of ordering condition: the connection between the evolution scale and a kinematic variable, the soft
gluons resolution scale parameter z); and renormalization scale in ag. Using the PB method, we could
systematically analyse every individual part of the ordering definitions.

For renormalization scale being the scale of a branching we have confirmed that as long as the z,
parameter is close enough to 1, the results for collinear PDFs are not affected, both for fixed and dynamic
definitions of zps, regardless of the ordering we are using. However, we concluded that p, - ordering does
not give the stable results for the TMDs (since they depend on zj; parameter), whereas virtuality and
angular ordering do. We compared the angular and virtuality ordered TMDs. We also explored the con-
sequence of changing the scale in ag in the case of collinear and TMD distributions and we observed a

significant effect.

The initial parameters of the parton distributions have to be obtained from the fit to the experimental
data. The structure of our evolution code enables one to perform such a fit within the xFitter package.
By fitting the integrated TMDs to HERA H1 and ZEUS combined F3 data we obtained two TMD sets

(with uncertainties) with angular ordering for two different renormalization scales.

Our approach allows us to test the TMDs directly in the measurements. We tested our method by
applying the TMDs to the Z boson p, spectrum and we obtained a very good description of the 8 TeV
data. The method can be, nonetheless, applied to any QCD process, like jet production, AP decorrelation
in dijets events, Higgs production etc., especially one could study the low energy DY data which might

be sensitive to the intrinsic momenta.

The approach presented here is a part of a broader program which aims in precision predictions for
observables at high energy collisions. The general procedure within collinear approximation to obtain
predictions for hadronic collisions is the following. A Monte Carlo event generator generates the hard
scattering process with the initial momenta distributed according to the collinear parton distributions.
Then a parton shower is applied and, in most of the Monte Carlo event generators, the hard process is
rotated and boosted to conserve energy-momentum after showering. Such a procedure leads to a shift,

not only in transverse momenta, but also in the x variable if it is defined in the light cone coordinates.
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This affects the simulations of many QCD processes.

In Sec. (6.1) an alternative approach to obtain the predictions for observables using TMDs instead
of collinear PDFs was discussed. Using TMDs to generate the ME and to perform PS has enormous
advantages, since the transverse momentum is included from the beginning and no adjustment of the
kinematics has to be performed at the end.

In this thesis the TMDs- the first link in a chain needed for this alternative approach- were constructed
in a wide range of z, k; and p2. This opens new perspectives for a better precision for the calculations
of higher order corrections to the physical observables, not only for LHC measurements, but also in the
context of the new colliders. For example, multi-dimensional mapping of the nucleon structure is one of
the main goals of the Electron-Ion Collider [240].
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A Appendix

Al NLO splitting functions

At NLO, the coefficients for d, and k, are given by [47]:

o () = 3 (3-T 60w+ ora (51 + e —3¢®) - Cotany (5422
dV (?) = 3 <§ +3 <(3)> — % CaTrny — CpTrny , (A.1)
where ( is the Riemann zeta function, and
k((11) (N2) - 20rT (,u2> 7 kél) (,uQ) —20,4T (NQ) 7
where I'(p?) = Ca <€1i; - 7:) - TRnf% . (A.2)

The NLO contributions to the functions R, are:

5 7 7 1
C% {— ——z+ (2+ z) Inz+ <2z— 1) In?z — 2zIn(1 — 2)

Ry (2, 17) 272 2

- (Bln(1-2)+ In?(1 — z)) pgq(z)]

28 65 44 8
24 —22 4 (—12—5z— 322> Inz+ (4+2)In%2+2z1In(1 — 2)

+CFCA{9 18° 79

1. 5 11 9 |
+ —2lnzln(1—z)+§ln z—l—gln(l—z)—i—ln (1_Z)_F+§ Dgq(2)

_|_

pgq(—z)Sg(z)] + CpTrny [—gz - <2£ + gln(l - z)) pgq(z)} , (A.3)

1
R(l) (z,0%) = CFTR{4—9Z+(—1+4z)lnz—|—(—1+22)1n2z+41n(1—z)
2
+ ( 4Inzln(l —2) +4Inz+21In* 2z — 4In(1 — 2) + 21n? (12)37r2+10>pqg(z)}
1
2

" 3)lnz—4ln(1—z) (24 82)In? 2

182 14 40 136 38
9 9 9z

CATR|: +—z+—+
|
+ ( In? z+—1nz—21n (l—z)+4ln(l—z)+7; 98)pq9()

+ 2pqg(—z)52(z)] , (A.4)

20 4
R(l) (z,1*) = CpTrny [—16 +8z+ 322 + Ew + (=6 —102)Inz 4 (=2 — 22) In? z}
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26 26 4 20 /1
+ C’ATRnf{Z—Zz—l— 22— = (1+z)lnz—<z—2—|—z—z2>}

9 9z 9
2 11 44
+ Ci[;(l—z)—i— z——l—( 3t3 —322>1nz
+ 4(1 4 2)In® 2 + 2pgg(—2)Sa2(2 )+ ( 4lnzln(1 —2) +In? %) Pgqg(2)
67 7 1
1 16 112 40
R‘(Izgjqj Rflzj% §CFTR ((10z+322+2) 1nz—?zz+972_2(1+z) In? z—4+12,z> ,
(A.6)
3 3 7 1
R‘(J;Bb' = (% {— (21nzln(1 —z)+ 2lnz> Pqgq(2) — (2 + 2z> Inz— 5(1 +2)In? 2
1., 11 67 w2
— 5(1— z)] +CrCy {<21n z+ 61nz) Pgq(2) — (1 + 2) (18 - 6>
20 2 10 4
+ (1+2)nz+ 3(1 - z)] + CpTgrny [—3 In 2pgqe(2) + 5 (1+2)— §(1 - z)}
1 1 112 4
+ =CrTg 1Oz+—6z2—|—2 lnz——zz—l——O—Z(l—l—z)ln z—4+12z (A7)
2 3 9 9z
and
RO — cp (Cr — G4 2pog(—2)8 21+ 2)Inz +4(1 — 2)]
G0, P \YF T 57 Paq(—2)S2(2) +2(1 + 2)Inz + 4(1 — 2)
+;CFTR(<1OZ+136Z2+2) Inz 1;2 2+;L072(1+z)1n z4+12z) . (A.8)
In the above expressions
2
pqq(z>:172_1_27 (A.9)
Pag(2) =22+ (1 - 2)?, (A.10)
1+(1-2)2
Pgq(2) = (z CJi ) (A.11)
1
Dgg(2) = = (1-2), (A.12)
and
. ]. 2 71—2
Sa(z) = —2Lia(—%) + 3 In“z—2Inzln(l+ z) — 5 (A.13)

A.2 Computation of the LO ME for quark — quark + gluon*

In this section the amplitude for the process of quark splitting into quark and gluon at leading order,
represented by the diagram shown in fig. A.1, is calculated from the Feynman rules. The conventions for
the Feynman rules follow [16].

The 4-momentum convention is p* = (p°, ? °. pt, 0% p*) = (0%, p1,p®), pp = (P°, —7) and the

metric tensor is

1 0 0 0
0 -1 0 0

uv = guy = 0 0 1 0 (A14)
0 0 0 -1
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The full list of Feynman rules is given in [16], here only the relations and conventions used in the

computations in this section are listed.

- ® uy(p1,s1) - spinor of the incoming quark

° > U, (p1, $1) - spinor of the outgoing quark
— €,(p1,\)* - polarization vector of the outgoing gluon
A

@ b —1ig7T, lfﬂ” - vertex for quark-quark-gluon

In the notation above a,b are colours of the quarks, A is a colour of the gluon, p; is the 4-momentum,
s1 is the spin, A is the polarization index, T, ,;3 is the Gell-Mann matrix and v* is the gamma matrix.

Gell-Mann matrices are hermitian. The following relations and conventions are used

7 = uly, (A.15)

VYW = =2, (A.16)

Tr(y"y"yPy%) = 4g™9* —g"79" +9"79"") (A.17)

Y ulp,syulp,s) = pt+m, (A.18)

ZEHL(p, Nevi(p, )" = —guw +eure,_ teuery (A.19)
A

u(p,s 8)) u(ps, S,)

Figure A.1: The diagram of the ¢ — ¢ + g splitting.

In the computation we assume that incoming quark (with 4-momentum p;) and emitted quark (with
4-momentum py) are on shell and the gluon (with 4-momentum p3) is slightly off-shell. It means that
p? =0 and p3 = 0.

We start from writing the expression for the ME and the conjugate of the ME from the diagram in
fig. A.1 using the Feynamn rules

ME = —igﬁb(pzaSz)Tzf{V”Ua(pl,81)%(173,)\)*,
IME[" = ige, (p3, N (p1, 517" (T2 )up(pa, s2) - (A.20)

The square of the ME, summed over the spins, colors and polarizations of final particles and averaged
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over the spin and color of the initial quark is

— c
|ME|2=7FTT 9° Y en(ps, New(ps, Nu(pa, 52)T (2, 52)7V 10 (P1, 51)Ta(pr, s1)7 | - (A21)

51,52,

The trace invariance under cyclic permutations was used to move up(p2, $2) to the current position, the

factor % comes from averaging over the initial quark spin and the colour factor is %Z Aa leszﬁ) =
Crp = 3 with Cp = TF%, Tr = % and N being the number of SU(N) generators equal to 3 in SU(3).
Now, the spin sum rules eq. (A.18) and eq. (A.19), with the masses of the quarks set to zero, are used

to obtain

_ CF y
‘ME|2 = TQQTI‘ [(79/w + €/L+€D— + €,u—5u+)Hé’YHH1'Y } (AQQ)
and from that
IME|? = 4Crg® [p1 - p2 + (p2 - €4)(p1 - 6—) — p1 - poese— + (p2-e_)(p1 - €4)] . (A.23)

The choice of the 4-momenta is such that p? = p3 = 0 (neglecting the pieces O(p?)) and the gluon
is slightly off-shell

D1 = (p’ovovp) )
I
pr— 1 _ —_ _ —_ =
D2 (( Z)pa pL, (1 Z)p 2(1 — Z)p) )
P
ps = (2p.pr,zp+ m) . (A.24)

The polarization vectors are defined in the following way: e = (g9 + €3) /V2 and e = (g9 — €3) /V/2
where g9 = (1,0,0,0), £1,£2 are the polarization vectors perpendicular to the direction of gluon’s 3-

momentum vector, €3 is a vector pointing in the direction of the gluon’s 3-momentum. So

v = 0 rrats)
e = %(1,—3,—2 (zp—|—2(1p_iz)p>>. (A.25)

2 2
A=2zp\/1+ (kiﬁ is a normalization, such that e -e_ =1s0 1/A = % (1 - miﬁ)' Moreover

e1-e2 =0and ¢; - g5 = gi5.
From that one obtains

_ 2 1 1— 2
IME|* = 8ra,Cr (+(z)> (A.26)
z 1—=2

where the definition of a strong coupling a, = g?/(47) was used.

A.3 Introduction to probability theory and Monte Carlo tech-

niques

This chapter summarizes the elements of the probability theory which are needed for this thesis.
Further details can be found in statistics text books, especially [241-243] on which this chapter is based

on.
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A.3.1 Short summary of probability theory

The basic concept of probability theory is an event. The meaning of an event is intuitively clear from
everyday life. Events are facts or processes which are characterized by a specific property. It can be, for
example, the fact that someone won in a lottery or that someone is ill. An event can be a throwing of
“3” with a dice or throwing a number “less than 3”.

An event is often defined as an outcome of an experiment. The experiment has a set of possible
outcomes, to every outcome a probability can be assigned. The outcome of the experiment is random if
any of the outcome from the outcomes’ set can appear and we can only say what is the probability of
the given outcome to appear.

Probability was a subject of study since at least 17th century and over the years a few different
definitions of probability were formulated. The one obtained by Kolmogorov [244] is commonly used and
it defines probability in terms of set theory.

Fig. A.2 shows so called Venn diagram which represents logical relations between events. In the
diagram we can see set A containing some events characterized by a given property and set B which is

characterized by another property. Events not belonging to set A are called complement of A and belong

K
Figure A.2: Venn diagram.

to set A. They exclude each other. An event can belong to A or to A, not both at the same time but it
must belong to one of those. If an event can belong to set A or B it is denoted as AU B and it means
that an event belongs to one of those sets or it has features of both what is shown in the diagram in
fig. A.2 by the common area of set A and B. Events belonging to both sets at the same time are denoted
as AN B. If there is an empty set containing no events it is denoted as () so AN A = (), if there is a
set containing all possible events it is denoted by 2, it is certain to have an event belonging to this set,
so AU A = Q. As mentioned already, to every event a probability is assigned. The axioms defining the

probability in terms of set theory are listed here
1. the probability of a certain event is P(Q2) = 1,
2. the probability is a real positive number P(A4) > 0,

3. P(AUB) = P(A) + P(B) if the events are mutually exclusive (so when AN B = ().

Further, the following relations hold

P@)=0 (A.27)
P(A) = 1-P(A)
P(AuB) = P(A)+P(B)—P(ANDB).

One can ask what is the conditional probability, the probability of A knowing B. The conditional
probability is defined in the following way:
P(ANB)

P(AIB) = =5

(A.28)
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assuming that P(B) # 0 and analogously, for probability of B given A, P(B|A). From that one can write
the equality
P(A|B)P(B) = P(B|A)P(A) (A.29)

which can be reformulated into Bayes’ theorem

P(B|A)P(A)

P(AIB) = ——prps

(A.30)
From the last few relations one can see that if events are independent (so P(A|B) = P(A) for every

B) one obtains

P(ANB) = P(A)P(B) (A.31)

and at the same time P(B|A) = P(B).

A.3.2 Events, random variables and probability distributions

If we perform an experiment once, and we measure a given quantity, the number, which characterizes
it, is a random number.

Some of the experiments, like throwing a dice, have discrete outcomes, other can take values from
continuous set. Let us concentrate for a moment on the continuous case. If we perform the experiment
n times, we obtain a set of x1,...,x,, results which can be displayed in a histogram. The range of all the
possible «x is displayed on a horizontal axis of the histogram and is divided into m bins of the width A;,
where i = 1,2, ..., m. The bin width does not need to be the same for every bin. On the vertical axis the

number of entries n; in each bin ¢ is displayed. One can calculate the area A under the histogram using
m
i=1

and normalize it to the unity by dividing each n; by the bin width and the total number of entries Y .- | n;.
In the limit of zero bin width and infinite number of entries the histogram corresponds to probability
density function (p.d.f.) f(x) [242]. The probability of observing a value in the interval [z, 2 +dz] is equal
to f(z)dx and the probability to find x in the interval [x1,x2] is given by

T2

Pz <x<ag) = / dazf(x) . (A.33)

1

The p.d.f. is normalised in the following way

/OO dzf(x) =1 (A.34)

— 00
what means that the probability of obtaining any value of x from the range of all the possible outcomes

is equal to 1. It must satisfy

f(=00) = f(o00) =0. (A.35)

In the case of discrete outcomes, instead of p.d.f., one speaks about the probability distribution. This
distribution assigns probabilities p(z;) to every possible outcome x; from the set of all available outcomes
i=1,2,..., N, where N can be infinite. The normalization condition in the discrete case is analogous to

the condition for continuous outcomes

Z plz)=1. (A.36)
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Knowing a p.d.f., one can calculate the probability to obtain a smaller or equal than ¢t € [—o0, 00]

Pla<t)= F(t) = [ dzf(z) . (A.37)

F(t) is called a cumulative or integral distribution or just distribution function. If eq. (A.37) is taken as

a definition of the cumulative distribution, it can be used to define the p.d.f.

f) = D

(A.38)

For discrete distributions the probability to observe values x less or equal to t is given by cumulative

distribution defined as

F(t)=> p(i). (A.39)

x; <t

One of the very widely used quantities is the average value defined as

1 N
T= > i (A.40)
=1

Now, let us assume we have a quantity w(x) which depends on a random variable z, we know the
probability density f(z) and we want to calculate the expected value of the quantity u. The ezpected or

expectation value E(u(z)) is defined in the following way
E(u(z)) = / dz f(z)u(x) (A.41)
for a continuous distribution and

E(u(z)) = pla)u(:) (A.42)
i=1

for a discrete case.

The expected value of a certain variable x is called mean value and is defined

E(x) = / def(x)r = (z) = p (A.43)
for a continuous distribution and
E(x) =Y plai)z; = (z) = p (A.44)
i=1

for a discrete case.

It is important to notice that in general
(u(@)) # u((z)) . (A.45)
The spread of the distribution is measured by the variance defined in the following way
var(z) = o* = E((z — p)?) (A.46)

which is the mean quadratic deviation of the random variable from its mean value. The quantity o is

called standard deviation.
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From eq. (A.41) we can calculate the expected value of a quantity u(x) knowing the distribution f(z).
Sometimes one wants not only to calculate the expected value but also the distribution of u: g(w). This
can be done using variable transformation.

If u(z) is a growing function (it can be uniquely inverted) then using the relation that the probability

of finding « in the interval 7 < = < 9 is equal to the probability to find w in the range u(z1) < u < u(xs)

we obtain
P(zy <z <x9)=P(u(r1) <u<ulzm)) = / dz' f(x / du'g(u (A.47)
x1
which can be rewritten in the following way
dx
= _— A.4
9(w) = f@)| (A.48)

where the absolute value was taken to obtain positive g(u).

In case of functions which are not monotonic (e.g. u(z) = x?) one has to sum contributions from
different branches.

Another frequently encountered problem is, how to obtain random numbers distributed according to
a given distribution g(u) when random numbers x are distributed according to another distribution f(z).
Very often one has uniformly distributed numbers and from that one wants to obtain random numbers
distributed according to another distribution. To solve the problem, a transformation u(z) connecting
distributions f(z) and g(u) has to be found. Using the relation that the probability to find o’ < x is
equal to the probability to find u’ < u(x)

| asen= [ " gl (4.49)

— 00 — 00
which reads

Fz) = G(u(z)) , (A.50)

one obtains a formula to calculate u distributed according to g(u)

u(z) = G7H(F(x)) (A.51)

L must exist and be

where G~! is the inverse of G. Of course, to solve the problem analytically, G~
analytically calculable and f and g must be integrable analytically. Very often it is not the case, but the
problem can be solved using a Monte Carlo method, which is described in Sec. (A.3.5).

At the end of this section let us discuss the generalization of the issues mentioned above to the case
of probability density of two variables. If a measurement is characterized by two quantities, the result of
it are two random numbers z, y. After performing the measurements n times, one obtains a set of n pairs
of outcomes (x1,41), ..., (Tn, yn) which can be then shown on a two dimensional histogram. Similarly, as
in the case of one variable, in the limit of infinitely many measurements and infinitely small bin width,
the (normalized) histogram corresponds to the joint p.d.f. f(z,y) . The joint probability to obtain x in
the range [z, 2 + dz] and y in the range [y, y + dy] is given by f(z,y)dazdy and the probability to find
in the range 1 <z < x5 and y in the range y; <y < ys is given by

x2

P((x1<z<z)N(y1 <y<ya)) = / dz ” dyf(z,y) . (A.52)

1 Y1

The normalization condition is - -
/ dx/ dyf(z,y) =1 (A.53)

which means that the probability to find z and y having any of the possible values is equal to 1. Sometimes

one knows f(z,y) and one would like to know the probability density of x, regardless of the value of
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y. This is done by projecting the normalized two-dimensional histogram onto an z axis. In the limit of
infinitely many entries and infinitely small bin width it corresponds to the marginal p.d.f.
o0
@ = [ durew. (A54)
— o0
Analogously, f,(y) is defined as an integral over z, a projection onto y axis.
Also a cumulative distribution can be defined in the two-dimensional case as a probability to find z’

smaller or equal then x and 3’ smaller or equal than y

z y
P <a)nt <) =Fw) = [ & [ ayfey) (A.55)
and it can be used to define the p.d.f.
fay) = 2F (A50)
SV = Bzdy :

The conditional probability density which gives the probability density of obtaining x knowing the

value of y, is given by

flz,y)  flz,y)

fa(2ly) = 7= = : (A.57)
’ Joedzf(zy)  fu(y)
An analogous relation can be written for f,(y|x). From that a relation
f(@y) = fo(ely) fy(y) = fy(yl2) fol2) (A.58)
is obtained which is another formulation of Bayes’ theorem.
For the two dimensional p.d.f., one can calculate the expected value of =
o0 (o)
Bw == [ [ dudyaf@y). (A.59)
— 00 — 00
the variance o e
7 =B(a - = [ [ dedylo - pan) (A.60)
and o e
72y =Bl —m)y—m) = [ [ dedylo - u)ly - ) (0. (A.61)
The factor o2, is the covariance and is used to expressed the correlation between variables through a
correlation coefficient
_ (A.62)
Pay = oy .

If the correlation coefficient is different from zero, the variables x, y are correlated. However, a correlation
factor equal to zero does not mean that the variables xz,y are independent.

Variables x and y are independent if the joint probability density factorizes into

f(a,y) = fe(2) fy(y) - (A.63)

It means that the probability density of x does not depend on the value of y and vice versa so the

conditional probability densities are equal to the marginal probability densities f,(z|y) = f.(x) and

Fy(yle) = fy ().
All the topics discussed in this section can be easily generalised to the case of many variables. Details

can be found in literature.

A.3.3 Summary of the properties of the most common distributions

In this section some of the most common distributions are listed and their properties are given.
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Uniform distribution A uniform distribution is the simplest distribution, which often serves as a base
for generating random variables following another distribution. The probability density for a continuous

uniform random number = € [Zyin, Tmaz] 1S given by

L , T S [xminyxmaa:] 9

f(z) = { Fre (A.64)
0 otherwise .

It means that obtaining any value of x in the range [Z,min, Tmaz] 1S equally probable. The mean value

of x is given by
Tmin + Tmaz

E(z) = 5

(A.65)

and the variance is )
o2 = (Fmes — Tmin)” I;"“'”) . (A.66)

An important feature of uniform distribution is that from a random number u following any distri-
bution g(u) a random number z following uniform distribution f(x) = 1 (where for simplicity z,,;, =

0, Zmaz = 1) can be easily obtained. It can be shown using the relation eq. (A.49) that in this case
x=G(u). (A.67)

The problem can be also reversed. Having a uniformly distributed random number x in the range

(0,1), one can easily obtain a random number u following another distribution g(u) using again eq. (A.49)
u(z) = G (z) (A.68)

if only G~! can be found.

1/x distribution A 1/ distribution is defined in the following way

f(z) = S T € [Tmins Tmaz) - (A.69)

T n Zmaez o0

Tmin

If one has a random number u generated according to uniform distribution g(u) = 1, u € (0, 1), one can

obtain random variables following a 1/x distribution using eq. (A.49)

1 ® 1
YTy / dx'; =u (A.70)

and from that

T = Toim (“”m> . (A.71)

Tmin
Linear distribution A linear distribution is defined in the following way
f(z) =2z,2€][0,1]. (A.72)

If one has a random number u generated according to uniform distribution g(u) = 1, one can obtain

random variables following linear distribiution using eq. (A.49)
/ da'22’ = 2* = u (A.73)
0

and from that

r=+u. (A.74)

114



A.3. Introduction to probability theory and Monte Carlo techniques

Exponential distribution An exponential distribution is defined as
f(z) =~vexp(—yx),z € [0,00] . (A.75)

Using eq. (A.49) one obtains a recipe to obtain numbers x following exponential distribution f(x) using

random numbers u following uniform distribution g(u) =1

1
x(u) = -3 In(1 —w). (A.76)

Power-law distribution A power-law distribution is defined by
fx)=(n+1)z", z€[0,1], n>—-1. (A.77)

Using eq. (A.49) one obtain numbers z following power-law distribution f(x) using random numbers u

following uniform distribution g(u) = 1 from the formula

z(u) = un+t . (A.78)

Normal distribution A normal (Gauss) distribution of a variable x € [—o0, 0] is defined in the

following way

N(z;p,0%) = L eXp(—W) (A.79)

2mo? 202

where z and 02 are at the same time the parameters of the distribution and its mean value and variance
respectively.
An important feature (called stability) of the normal distribution is the fact that the sum of normally

distributed random numbers is again distributed according to normal distribution with p =3, y; and

o? :Ziaf.

Binomial distribution Let us imagine an experiment which has only two possible outcomes: success

or failure. A binomial distribution describes the probability to have n successes in N trials

p(n,N,p) = i )!p"(l—p)N_" (A.80)

nl(N —n

where p is the probability of success in a single trial. The generalization of the binomial distribution for

the case where more than two outcomes is possible, is called multinomial distribution.

Poisson distribution In the limit of very large number of trials N and very small probability of a
success p, the expected value of the number of successes Np is a fixed value A. In this limit, the binomial
distribution eq. (A.80) leads to a Poisson distribution defined as

n

f(n,A) = e (A.81)
n!
where X is the parameter of this distribution and at the same time its mean value and variance

E(n)=X o*=\. (A.82)
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A.34 Law of large numbers and the central limit theorem

There are two very important laws in probability theory, all data analysis and Monte Carlo methods

are based on.

Let us generate n randomly distributed numbers z; following uniform distribution in an interval from
a to b. Let us then calculate for each of the generated x; the value of quantity «w which depends on z;:

u(x;). The average of u(z;) converge to the expectation value of © when n — oo

n b
%Zu(mi) -3 i - / u(z)de . (A.83)

This is the content of the law of large numbers [243], proven by Jakob Bernoulli in 1713. The quantity

on the left hand side is called consistent estimator of the integral on the right hand side.

Another essential law of statistics is the central limit theorem which is closely related to the normal
distribution. It tells us how the estimator of the integral from eq. (A.83) is distributed for large but finite
n. Let us generate n times radnom variables x; which follow the same distribution, the exact form of
which does not matter. The distributions of these variables have expectation values e; and variances v;.
The central limit theorem tells us that the sum of these variables S = )", x; follows a Gauss distribution
with the expectation value E'= ), e; and the variance V =", v; [243].

A.3.5 Basics of the Monte Carlo techniques

The Monte Carlo method is the computational algorithm which makes use of a sequence of random
numbers to calculate the probabilities, generate variables according to a given distribution, to find the
expected values or values of the integrals. Based on the law of large numbers and the central limit the-
orem it can be used to solve any problem which has a probabilistic nature or which is too difficult and
too complex to be solved analytically, especially multidimensional problems. Nowadays, the Monte Carlo

method is widely used not only in physics but also in engineering, medical imaging or economy.

The basic idea is the following: one generates a set of random numbers r;, for example according to a
uniform distribution g(r), and uses them to generate random numbers z; following another distribution
f(x) which can be treated as the simulated outcomes of an experiment. Having generated z; one can
estimate for example the expected value of f(x) or calculate the probability that 2 will have a value in
a given range. One can also calculate the integral of f(z) over x. In this section a short summary of the
basic methods used in Monte Carlo algorithms are discussed, more details can be found in the literature
(e.g. [241-243)]).

A commonly encountered problem is how to generate a variable z following a distribution f(z) which

can be written as a sum of two (or more) terms

f(@) = fi(x) + fa(z) (A.84)

where fi(x), fa(z) > 0 Vz. Let us assume
P1 = / f1 (l’)d(b 5

P, = /OO fa(x)dx ,
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P+P = 1. (A.85)

The probability to obtain « smaller than r generated according to fi(x) and fo(x) is given respectively
by

Fi(r) = /_T dxfi(z),
F(r) = _T dz f(z) (A.86)

where f/(z) = @ One can imagine a line segment (see fig. A.3) of the length P = P; + P, divided into
two pieces with length P; and P,. One can now generate random numbers 71,72 € [0, 1] from a uniform

distribution and check if r; is bigger or smaller than P;. Then one can generate x according to
T = Ffl(rg) for r < Py (A.87)

or

x=Fy'(ry) for r > P . (A.88)

Figure A.3: Line segment of the lenght P; + P, = 1 and a random number r € [0, 1] compared with the
lenght of a segment. Here r > P; so the random number x should be generated according to fa (see
eq. (A.84)-(A.88)).

In most of the cases the analytical inverse of the distribution function does not exist and the desired
distribution cannot be generated directly. To solve this, so called rejection sampling illustrated in fig. A.4

is applied.

Let us imagine a function f(z) in a given range [Tymin, Tmaz| (in fig. A4 2 € [0,10]) according to
which one wants to generate a random number. This function has values between 0 and f,,,4. (zero chosen
for simplicity). One can draw this function and a step function ¢(z) = finaz© (T — Timin)O(Tmaz — )
in the same range of . Now one can generate pairs of uniformly distributed random numbers (rq,73),
r1 € [Tmin, Tmaz] and o € [0, finae]. This pairs of random numbers are compared with f(x). If they
lie below the curve f(x) they are kept, otherwise they are rejected. The density of values r;, which are
left, follow the distribution f(z). This method is easy but it can be very ineffective - one generates a
lot of pairs of random numbers which are rejected. The efficiency, the ratio of the number of accepted
points and all generated points, is given by the ratio of the areas below the curves f(z) and g(z) for
X € [Tmin, Tmaz]. Moreover, for functions which extend to infinity it is not possible to use this method
at all.
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0.30
0.25
0204, — (%)
0.15 ; ':\'. g(X)

0100~

0.05f% .

Figure A.4: Illustration of the simple rejection method to generate variables following f(z). All the orange
and blue points are generated uniformly in an area x € [0,10] and y € [0, finaz|. Points lying above the
curve f(x) (in orange) are rejected, points lying below the curve f(z) (in blue) are kept and the density
of the kept x follows f(x).

An improved version of the rejection sampling is importance sampling. One needs to find a function
g(x), which approximates f(z) well and fulfils the following requirements: g(x) > f(x) for all x and is

invertible. One generates x according to the properly normalized ¢'(z) = %

oo

using a uniformly

distributed random number r; € [0, 1]

x(r1)
= / deg'(x) = G(x(r1))

— 00

x(r) = G (r) (A.89)

and another random number 7o € [0, 1] according to uniform distribution. If rog(z) > f(z) this x is
rejected, otherwise it is kept and its density follows f(x). When g(z) is not very different from f(z) this

method of generation can be very efficient. It can be also used for distributions which extend to infinity.

Another approach to the problem of generating variables according to some distribution is to consider
weighted events.
To obtain a distribution f(z) in a range x € [a, b] one needs to generate n uniformly distributed random
numbers r;, ¢ = 0,...,n, in a range [a, b], calculate the quantity one is interested in, using r; instead of

x;, and multiply every event calculated with r; with weight w = f(r;).

One can also combine the importance sampling method with the weighted events method. In the
importance sampling method given above, instead of generating the second random number ro and
comparing rog(x) with f(z) one can compute the quantity of interests with z;, where z; was generated

according to g(z), and multiply every event with a weight

wi = f(z:)/(g(z:)) - (A.90)

This will give the proper distribution of z; according to f(x;). Here g(x) does not need to be larger than

f(x), it is enough when it is similar.

Up to now this chapter focused on the problem of generating variables according to a given distri-

bution or on generating the distributions itself. However, the Monte Carlo method can be used also to
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solve integrals. These two issues are very similar.

Lets assume one wants to solve an integral

/M dz f(x) (A.91)

1

using the Monte Carlo methods.

One method to solve this integral uses the law of large numbers: if we generate N random numbers
Zi € [Tmin, Tmaz] from a uniform distribution, calculate f(z;) for every z; and average them what we

obtain will be the expected value of f(x) so

Tmax 1 _
E(f@) = [ daglo)f@) = 3 s =7 (A.92)
Tmin i=1
where g(z) = m is a uniform distribution of x so
Tmaz x T o
/ dzf(z) ~ W Zf(xl) =1. (A.93)
Tmin i=1
The uncertainty of this estimate of the integral is given by
1 N
2 o+ N2
67 = o @) = (A.94)

Another option to estimate the integral eq. (A.91) is to use also the definition of the expected value
but this time together with importance sampling and a normalized function g(z) which approximates
f(z). The integral eq. (A.91) can be rewritten

I= /x"””” dzf(z) = /””"””” dx;cggg(x) _ /xmf dzh(z)g(z) = E(h(z)) (A.95)

where h(z) = f(x)/g(z) and z is generated according to g(z). Using the law of large numbers one

min min

can generate N times x; according to g(z), for every x; calculate h(x;), average them and obtain the

approximation of E(h(x))

1 Y flx)
I~ ; oo (A.96)

The uncertainty of this method can be obtained from a variance o2 (J; Ef; )

Now, let us have a look at the example with simple rejection method described above, where in
fig. A.4 the function f(x) and a step function g(x) were shown. The purpose of the method was to
obtain from uniformly distributed pairs of random numbers (from which the points lying below f(z)
were accepted and others were rejected) the random variables x with density f(z). These points can be
also used to estimate the area below the function f(z) so the integral ff:iz dz f(z). To obtain the value
of this integral one can multiply the area under the function g(x) by the fraction of accepted (N,) and

generated (N,) points

Tmax N, Tmax
/ def(z)~1="2 dzg(z) . (A.97)
T Ng

Tmin

§I 6N,  |1—N,/N,
TN N (A.98)
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the more points are generated the more accurate the estimation is.

The accuracy of the simple rejection method can be improved by using function g(z) which is a
better approximation of f(x) than the step function, as described in the importance sampling method.
The integral can be then estimated by the same equation as eq.(A.97) but g(z) being a function, which
approximates f(z).

One can also notice, that in eq. (A.97) the ratio of accepted and generated events can be rewritten

using the ratio of area below f(x) and g(x):

No ol d2f (@) (@maw = Tmin) /N 5, F(@:) _ 5 f(:) (A.99)

Ny fwm“ dzg(z) B (Tmaz — Tmin)/N Zig(xi) B Zig(xi)

Tmin

where x; were generated according to a uniform random number in range [Zmin, Tmax]-

A4 Parton branching method from scratch

In this section the parton branching method is described step by step. The generation of every variable
(u? and z) using the Monte Carlo techniques (all discussed generally in Sec. (A.3)) with the discussion

of the weights is presented here.

This section is divided into 5 subsections. The first subsection describes the method of the scale
generation used in the evolution program. The next three subsections correspond to the left, middle and
right hand side of fig. A.5 where 0- branching, 1- branching and 2- branching cases are shown respectively.
We discuss these cases at LO. The notation agrees with the notation on a corresponding piece of fig. A.5.

In the last subsection the 1-branching event at NLO is discussed.

a, x 0 a, x n a, X v
ec— K
b, X,

I

X=X, Lo b, x,=x, i, C, X,=X, é i,

Figure A.5: Evolution by iteration.

A41 Details on the scale generation

In the practical implementation of the PB method into a numerical program, the integrals over the
splitting functions over z and p, which are the parts of the Sudakov form factors, are calculated once for
different scales and partons, at the beginning, and tabulated in the Sudakov tables. The calculation of
these integrals is very time consuming therefore it is of advantage to perform the calculation only once

and then use the Sudakov tables for all other events.

Let us write an equality

2
125} du2 ZM
A3, u3) = exp (— / . e / dz zP;%(u?,z)) =
3 a
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:exp< /ML dy® Z/ dz zPE (42, 2) /M1 dy? Z/ dz zPR (u? z)) (A.100)

where the notation for p?, 3 agrees with fig. A.5 and p?2 is any scale. Without loss of generality we can

choose p2 = pg. From eq. (A.100) the following relation holds
#0 d I d
In Ay (p3, p3) / el Z/ dz zPR (12, 2) / el Z/ dz zPR (% 2) =
Mz d M Nl d M
:/ %Z/ dz zPﬁ(;ﬂ,z)f/ LQZ/ dz PR (1%, 2) . (A.101)
u K . YO 2 H . YO0

S1

The scale at which the branching happens, should be calculated by solving the equation

In
R= d (—Ap(p?, 13)) (A.102)
In p3
what gives
Aol 13) =1— R (A.103)

where the fact that Ay(u3, u3) = 1 was used. 1 — R is also a uniformly distributed random number so

this equation can be just written as
Aoy, 13) = R. (A.104)

From eq. (A.104) we obtain
InR =In(Ay(pf,pu3)) =s2 —s1 . (A.105)

In the evolution program, the scale ;3 is known from the previous branching. The term sy, corres-
ponding to 2, is calculated from the Sudakov table using interpolation methods. We generate R and
calculate s;. Using interpolation methods we obtain from the Sudakov tables the value of % which cor-
responds to s1. The scale u? is generated exactly according to eq. (A.102) so there is no weight associated

with this step.

The number of grid points in the Sudakov table has a huge effect on the accuracy of the method. The
bigger the size is, the better agreement between the PB method and QCDNUM |[62] is found. In fig. A.6
the results for the collinear PDFs for down quark at 10 and 1000 GeV? and gluon at 100 and 10000 GeV?
for 3 different sizes of the Sudakov table are shown for 10'° events. For the size 65536 of the Sudakov
table for a comparison we show also the result obtained with 2 x 10!° events. With all these sizes of the
Sudakov table the obtained results agree well with QCDNUM, however one can see the improvement
when the Sudakov table is larger. On the other hand, increasing the size of the grid increases also the
CPU time.

A.4.2 0O-branching event

At the beginning, let us have a look at an example of an event with no branching. The evolution

starts from a parton a at a scale ug and z.

1. x has to be generated according to some starting distribution

falw, 15) (A.106)

where the functional form of a starting distribution is a needed input to this method. Any para-

metrization can be used.
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Figure A.6: The comparison of different sizes of Sudakov table.

2. Next, the scale u? at which the branching should happen has to be generated using a uniformly

distributed random number R; € [0, 1]

In p3
Ry :/ d(—Ap(p?, 1)) - (A.107)
In p2
Notice, the integral
/ d (=D, ) =1 (A.108)
lnug

is properly normalized.
The solution of eq. (A.107) is discussed in Appendix (A.4.1). Let us assume that the generated
scale was above p2. It means there was no branching between scale p3 and p? and information

about an event with a parton a at a scale u? and 2 can be put to the histogram for f;(x, u?) vs x.

From events of this type we include following piece of the evolution equation:

Fala, 1) Ao (12, 1) (A.109)

A.4.3 1-branching event

Now, let us analyse an event, which will be 1-branching event.
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1. The evolution starts with a parton b and one needs to generate the initial momentum fraction x;

from the starting distribution
Folar, 1d) - (A.110)

2. Now one needs to generate the scale ;? at which the first branching happens. It is done according
to the integral
In p3
R, = / d (—=Ap(p, 13)) (A.111)
In p2
using a uniformly distributed random number R; € [0, 1]. Let’s assume that the generated scale

py < pt

3. Now the splitting variable z; has to be generated. The splitting functions are complicated and the
generation is not performed exactly according to the splitting function but according to some easier

function and a special weight w, must be applied.

It was discussed in Sec. (2.2.5) that at LO there are always only two possibilities to consider: a
quark can split only to the same kind of quark or a gluon and a gluon can split only to a gluon or
a quark. The splitting function Pqg is the same for every quark flavour ¢; so it is enough first to
decide if to continue the evolution as a "gluon" or "quark" using 2n;Pgg’ and later, if quark was
chosen, to decide which kind of quark. In other words, the question to answer is if b splits into a
parton b (PF) or different a parton a (P%). At NLO the quark sector becomes more complicated,

because the quark can split into a quark or antiquark of the same or different flavour.

At LO, the splitting functions have a probabilistic interpretation. The probability density accord-
ing to which we want to generate the splitting variable consists of two parts, like discussed in
Appendix (A.3.5), in eq. (A.84).

One can draw a line segment, like in fig. A.3, where

P = Jo " dzzPji(z, 1)
Zc:a,b OZM dZZPc}E(Z’ ILL%) ’

Jo " dzzPi(z 1)

P2 = . ZM R 2N
Zc:a,b 0 dzZPcb(Za /ul)
P = P+P=1 (A.112)

and solve the problem with the method from eq. (A.84) - (A.88). A uniformly distributed random
number Ry € [0,1] is generated and compared with P;. If

Ry < P (A.113)

z1 should be generated according to properly normalized 2P£(z, u?)

_ Jo dzzPl(z,u1)

Ry = == ; Al114
L dzzR G ) R

where R3 € [0,1] is a uniformly distributed random number. Otherwise, if
Ry > Py (A.115)
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then z; should be generated according to properly normalized zPﬁ;(z, u?)

o dz2Pgi (2 p7)

JiTdzPR(pd)

R3 = (A.116)
There is one more difficulty included at this stage. The splitting functions in eq. (A.114) and
eq. (A.116) are complicated and it is not possible to find analytically the inverse of these functions.

Instead, the importance sampling method connected with weighted events method, both described
in Appendix (A.3.5), has to be used.

1 1

We choose a normalized function g(z) = 1= =1
-z [oMdag

and we solve, instead of eq. (A.114) or

eq. (A.116), equation
Rs = / g(2)dz (A.117)
0
for 2.
A cut off value on the lower limit of the integral is introduced

R3 = /z1 g(z)dz (A.118)

Zmin

because of the issue described in Sec. (2.2), after eq. (2.28).

From eq.(A.118) we have
1— 2 1— 2
Rsln (WL) =In (“) (A.119)

1—zp 1—2
and from that we calculate z;

=1 (1= zmin) (M‘”)RS . (A.120)

1- Zmin

Now, the weight to compensate for generating z; according to eq. (A.118) instead of eq. (A.114)
or eq. (A.116) has to be calculated like in eq. (A.90)

2P8 (21, p3) 1
Jo M dzzPh(z,u3) 9(21)

(A.121)

W, =

where x = a or x = b.

Having generated z1, x can be calculated applying the momentum conservation condition expressed
by the delta function 6(z1z1 — x)
T = z111. (A.122)

. Now a scale of the next branching can be generated and let us assume it is higher than the max-

imum evolution scale ;2 and the evolution is stopped.

A histogram is filled with z and weight w. for the scale 2 and parton a (fu(z, u2)).
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The procedure is repeated many times (~ 10° or more) and one has many 1-branching events gener-
ated. There are different options possible: the evolution starts from parton a which splits into parton a
or b, or the evolution starts from parton b which splits into a parton a or b. Of course x1, u?, 21,z and w,
can have different values in every event. In such procedure, a histogram for every parton species fz(x, ©?)
vs x is built.

The contribution to the histogram jZ(x, u?) vs x from the 1-branching events come from the following
term of evolution equation

[}

2 A (
dlnp # / dz / dwlzP (12, 2)x foln, )0 (2121 — 2) A (i, i) . (A.123)
1 0

2
0

A44 2-branching event
Now let us have a look at a 2-branching event.

1. The evolution starts from a parton ¢ and one generates the initial momentum fraction zo from the
starting distribution distribution
felwa, 13) - (A.124)

2. Now one needs to generate the scale p3 at which the branching can happen. It is done according

to the Sudakov form factor using a uniformly distributed Ry € [0, 1]

Ry :/Mzd(—Ac(/jz,,ug)) . (A.125)

2
0
Let us assume that the generated scale u3 < u?.

3. Now a decision about the branching has to be taken: if ¢ splits into parton ¢ or different parton b.

The decision is taken according to the ratio

S dzzPR (2, 43)

P = Z 5
' > i b,c M dZZP (Z,u?)
P, — fOZM dzszc(z, u?)
Zd:b,c OZM dZZPdPé(Z7 M%) ’
P = P+P=1. (A.126)

A uniformly distributed random number Ry in an interval (0, 1) is generated and compared with
Py.
Let us assume that Ry > P; so the parton c splits into a parton b and splitting variable zo should

be generated according to

Ry— Jo? dzzPf (2, 13)
ZM

fo dzZPlfz‘(z,M%)

using the method described in the previous subsection and the weight w,s coming from the zo

(A.127)

generation has to be calculated.

4. Now the next scale u; of the next branching is generated

Ry = /Ml d (—Ap(p2, 12)) (A.128)

2

and let us assume that p? < p2.
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5. A decision about the next branching has to be taken: if parton b splits into parton a or b according

to

Jo ' dzz P (2, p1})
D= abfo dzzPg(z, 1)’
S dzzPh (2, ud)
D= abfo dzzPji(z,117)’
P=P +P=1, (A.129)

P =

P, =

using uniformly distributed Rj5 € [0, 1].

Let us assume that Rs > P; so parton b splits into parton a. Now z; can be generated according

to this splitting function
z
o dzzPgi(z pF)

N j;)ZM dzzPE(z, 4?)

using the method described above and the weight w,; coming from this generation has to be

Rg

(A.130)

computed.

6. If now a new scale i generated is bigger than the evolution scale, the evolution is stopped after two
branchings. The information about the parton a at scale u? and x = z; 2922 with weights coming

from two z generations w,jw,s is put to the histogram fa(x, u?) vs .

There are many possibilities how to obtain at the end of the evolution the parton a in the 2-branching
event: the evolution can start from another parton (not ¢) or it can start from the same parton ¢ but
then split into another parton than the parton b. By repeating the procedure many times all the possible
options are taken into account with the proper proportions.

The contribution to the histogram f;(x, p?) vs & coming from the 2-branching events comes from the

following term of the evolution equation

Z/ﬂ d/il GEZQ)/dxl/ dzy PR (13, 1)

75 du? A 2
Z/ L; b H; /d / ngPbC(;Q7 29) X1 fe (xg,u2) 0 (zo0me — 1) | (2121 — ) . (A.131)
— Juz M3 Ap(p3)

Now we are ready to combine all the pieces from Appendix (A.4.2)-(A.4.4) together and to answer
the question what is the probability of finding a parton a at a scale yu? at a given z. In the histogram
fa(x, u?) vs x for a parton a at scale u? there are events coming from 0-branching events, 1-branching

events, 2-branching events etc. They all sum up to give the solution of the evolution eq. (6.3)

Falw.p®) = Falw, wd) Aa(p?, pid)
M2 Aa ,
¥ / dlnufwf dzl/ da:lzp (12, 20) o1, 12)8 (211 — 2) A0 (12, 12)
u a(pi, p
dlu‘l a(,uz) /
i Z/u 12 A, (u2) dz dz1 Pl (pF, 21)
#? d 2 A 2 ZM
X Z/ %Ab(ué) /d@/ dzo P (13, 22) @1 fe (w2, 113) 0 (2200 — 21) | 6(2101 — )
o Jud M2 b(13) o1
+ o (A.132)
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A.4.5 1- branching event for quark at NLO

In Appendix. A.4.3 the parton branching method for the 1-branching event at LO was discussed
in detail. Here the structure of the solution at NLO is described. The integrals of the NLO splitting
functions over z are positive so despite the fact that the splitting functions can be negative and they
do not have a proper probabilistic interpretation, we use the same method to generate the variables, as
at LO. The main difference between LO and NLO enters at the moment of z; generation (of course in
the 1% generation also the NLO splitting functions are used, but the structure of the solution stays the
same).

At NLO, the structure of a decision for gluon splitting stays the same as at LO, but the quark sector
becomes more complicated. Quark can split into a quark of the same flavour PF

33’

flavour PRq , quark or antiquark of different flavour P;;'q (2(ny — 1) options) or into a gluon Pg}g.

The decision about the branching can be taken according to the method from Appendix (A.3.5),

antiquark of the same

eq. (A.84)-(A.88). First the line segment representing all the options is divided into 4 pieces corresponding

to quark going to any quark or antiquark and quark going to gluon

b e
fZM dz 2Pt (2, pu3)

S dzzPE, (13, 2)

)

Po= fZM dz thOt(z,,u ) ’
P — fOM dzzzQ(nf 1) qzq]( 2 Z)7
Jo M dz 2Pyoy(z, p7)
Py = f:M dZPR (ﬂp il )
fo Mdz thot(z,,ul)
P = P+P+Pi+P=1 (A.133)

where 2Proy(2,pu3) = 2 | Py (13, 2) + Pfy (43, 2) + 2(ny — P (43, 2) + Pgg (1, 2)|.
The decision is made in more steps, using more uniformly distributed random numbers in the interval
(0,1).

= R 2
fo 1 dzquj 4 (z,17)

z .
fo M dZZP(qu (Z7M%)

e If Ry < P, then z; has to be generated according to R3 = Otherwise,

foZI dzzP;jq] (Zvlh)

fon dzzPR /(z, 2)°

e if Ry < P + P, then z; has to be generated according to Rz = Otherwise,

Jot dzzPy (z.1)
—IOZM dzquI“:qu (z,12)"
step the decision if the evolution continues as a quark or antiquark and about the flavour has to

e if Ry < P| + P, + P;3 then z; has to be generated according to R3 = . In the next

taken.

St dz=P (o)

o if Ry > P; + P» + Ps then z; has to be generated according to R3 = =5—————3-
fo dZZquj (z,17)

The NLO splitting functions are even more complicated than at LO so the inverse of them can not
be found analytically and, similarly as at LO , z; variable is generated according to an easier function
g(z) and later the weight is applied to correct for that (as described in eq. (A.118) - (A.121)).

Plots showing the integrals of the NLO splitting functions over z used in the above ratios (and also

for gluon) are showed in Sec. (6.6).
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