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Abstract

In high energy hadron-hadron collisons (like for example at LHC) Drell Yan
processes are important. For a precise determination of the inclusive cross
section higher order calculations must be taken into account. In the region
of phase space near threshold (where soft gluon emission dominates) large
double logarithmic corrections become important. Thus it is necessary to
perform a resummation to all orders in perturbation theory. In this thesis
we analyze the energy fraction in Drell Yan processes. For that we apply
a new parton shower formalism that was originally developed in [1]. It will
be shown that the result is equivalent (under certain conditions) to a result
given in [2] where the distribution of the energy fraction has been derived by
standard resummation techniques. The goal is to confirm the reliability of
this new formalism. Further also a comparison with the Monte Carlo event
generator PYTHIA will be done.

We further investigate a jet algorithm that should detect multi parton in-
teractions. It will be shown that this algorithm works for an idealised case
but that it cannot detect multi parton interaction in a realistic scenario.



Zusammenfassung

In hochenergetischen Hadron-Hadron Kollisionen (wie z.B. am LHC) sind
Drell Yan Prozesse wichtig. Fiir eine prazise Bestimmung des inklusiven
Wirkungsquerschnittes miissen Rechnungen hoherer Ordnung berticksichtigt
werden. In der Region nahe an der Grenze des Phasenraumes (wo weiche
Gluonenemission dominiert) werden grofie doppelte Logarithmen wichtig.
Es ist daher notwendig, eine Resummation in allen Ordnungen der Stérungs-
theorie durchzufithren. In dieser Arbeit analysieren wir den Energieanteil
in Drell Yan Prozessen. Dafiir wenden wir einen neuen Partonschauerfor-
malismus an, der urpriinglich in [1] entwickelt wurde. Es wird gezeigt, dass
das Resultat unter bestimmten Bedingungen dquivalent zu einem anderen
Resultat von [2] ist, wo die Verteilung des Energieanteils mit Standard-
resummationtechniken hergeleitet wurde. Das Ziel ist, die Zuverldssigkeit
des neuen Formalismus zu bestatigen. Desweiteren wird auch ein Vergleich
mit dem Monte Carlo Generator PYTHIA gemacht werden.

Wir untersuchen desweiteren einen Jetalgorithmus, der Multipartonwech-
selwirkungen ausfindig machen soll. Es wird gezeigt werden, dass dieser
Algorithmus fiir ein idealisiertes Szenario funktioniert, aber dass er Mul-
tipartonwechselwirkungen nicht in einem realistischen Szenario bestimmen
kann.
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Chapter 1

Introduction

The general picture

For the investigation of the strong interaction, collider experiments are in-
despensable. There are several types of possible collisions: electron-positron,
electron-proton, positron-proton, protron-antiproton and proton-proton. For
the analysis of the strong interaction the most simple choice are electron-
positron collisions!: the incoming electron and the incoming positron radi-
ate before they form a v or a Z° boson several photons. These radiation
processes are well understood inside the frame of QED and can be treated
pertubatively. We can call the formation of the « or the Z° boson the
"hard” subprocess as it happens on higher energy scales than the processes
before and afterwards. After the formation of the virtual v or Z° boson it
must decay into a fermion-antifermion pair. It can be a lepton-antilepton
pair (for example e~ e, u~u™, vev, etc.) or a quark-antiquark pair. Only
the latter case is interesting for the study of the strong interaction. The
outcoming quarks undergo subsequent radiation of gluons as the incoming
lepton-pair has undergone subsequent radiation of photons?. The outgoing
gluons themselves can undergo further branchings: splitting into a gluon
pair (in contrast to photons which cannot radiate photons by themselves)
or splitting into a quark-antiquark pair. Those branchings can be treated
inside the frame of perturbation theory and the branching can undergo fur-
ther iterations until the nonperturbative domain has been reached. In the

1As we must deal here with the strong interaction in the final state only. In the
other cases also the inital state must be taken into account for the analysis of the strong
interaction.

2Though the outgoing quarks can also radiate photons those processes play no siginif-
icant role in comparison to the radiation of gluons.



nonperturbative domain the outgoing partons must form hadrons due to
confinement. This process is called hadronization. An important point that
must be kept in mind in this context are the factorization theorems. They
state that the cross section for the process eet — Z°/y — hadrons can
be factored into a part & that can be calculated with perturbative methods
and a nonperturbative part that stands for hadronization. The perturba-
tive cross section & is always defined on parton level and is suited for the
description of parton branching we have talked above. Physically the factor-
ization theorems stand for the fact that perturbative and non-perturbative
processes happen on different time scales: the time scale for perturbative
processes is magnitudes lower than the one of non-pertubative processes.
Therefore they can be treated seperately.

There are also factorization theorems in the case of deep inelastic scattering
(DIS) (electron-proton or positron-proton collision) both for the incoming
proton and for the outgoing hadrons. In that case the cross section fac-
tors into a non-perturbative part that stands for the incoming proton, a
perturbative part & that describes the quark that is struck by the virtual
photon and its parton branching before and after the hard interaction and a
non-perturbative part that stands for hadronization in the final state. The
incoming proton is described by parton density functions (PDFs) which de-
scribe the momentum distributions of the incoming partons.

Similar is the situation in the case of hadron-hadron collisions. We have
those processes at Tevatron (proton-antiproton) and at LHC (proton-proton).
In the perturbative regime the incoming partons of the two hadrons can un-
dergo parton branching (splitting of a gluon into a quark-antiquark pair or
a gluon pair, radiation of a gluon from a quark or antiquark). This is in
correspondence to the case of photon radiation in the case of a ete™ collision
we have already mentioned above with the difference that gluons themselves
can radiate further gluons. Afterwards they can undergo a hard interaction.
The partons that come out of the hard interaction are themselves subject to
further branching. An important point that must be kept in mind is that it
is only meaningful to speak of parton branchings with respect to a resolution
scale. As it is well known we encounter divergences in the case of soft and
collinear branchings. This has to do with the fact that for example a quark
that has emitted a soft or a collinear gluon® is completely undistinguishable
from a quark that has emitted no gluon at all. The same applies to the case
of a gluon which undergoes a soft or a collinear branching. By introduc-

3We have the problem of collinear gluons emitted by a quark only for the case that the
quark’s mass can be neglected.



ing a resolution scale we can distinguish between resolvable branchings and
nonresolvable branchings. Thus it is possible for a quark that comes into a
hard interaction to loose energy without emitting any resolved gluons*. The
lower the resolution scale (for example for the case of an incoming quark) is
set the more we see emitted gluons which are almost soft or collinear with
respect to the resolution scale. This number goes to infinity when the reso-
lution scale goes to zero. This is the physical meaning of the collinear and
soft divergency.

In the case of proton-proton or antiproton-proton collisions further pro-
cesses exist besides the one hard interaction. These additional processes are
called the underlying event. First it is possible that besides the one hard in-
teraction there are softer interactions that can be dealt within perturbative
QCD. This is called multi parton interaction. The incoming and outcoming
partons from these further interactions must also undergo parton branching.

Then it should be noted that besides the partons that came out of par-
ton branching or directly from the hard interactions we have also remnants
from the incoming hadrons. This is called the beam remmnant. The beam
remnant must also be taken into account for the formation of hadrons in the
final state.

Monte Carlo event generators

After the description of the general physical picture of hadron-hadron col-
lisions in a qualitative manner, the next question that arises is: how do we
model this quantitatively? In practice a computer simulation is used which
reproduces the probability distributions we expect from theory. Such a pro-
gram is called a Monte Carlo event generator (MC).

The first step for such a program is to simulate the incoming particles. In
the case of LHC and Tevatron they are hadrons. As already mentioned due
to factorization theorems the incoming hadrons can be described by PDF's
if there is a hard interaction for the incoming partons. For the case of two
incoming hadrons (where two incoming partons undergo a hard interaction)

4This will become important in chapter (4).



we can write the cross section as®

o(P1, ) = Z/dﬂﬁldwz filwi, 12) fi(wa, 1) 635 (p1, pa, s (1?), Q% /1®) -
i

’ (1.1)
Here is p the factorization scale which separates the long- and the short-
distance physics while @) characterizes the scale of the hard process. We note
here that the scale y should be of the order of the hard scale (). The object
0;; is the cross section of two incoming partons ¢ and j which participate
in the hard interaction. This entity can be calculated inside the frame of
perturbative QCD. This is possible because the coupling at high energies
(which is equivalent to short distances) is small. This implies that it does
not depend on the details of the hadronic wave function or the flavors of
the incoming hadrons. It only depends on the momenta and flavors of the
incoming partons which come out of the hadrons. The functions fi(x, u?)
are the well known parton density functions evaluated at factorization scale
. It should be noted that eq.(1.1) does not apply to the majority of events
in hadron-hadron collisions. Most collsions only yield soft particles in the fi-
nal state. Nevertheless it is essential for the analysis of those type of events
where we do have a hard interaction as this is important for the under-
standing of perturbative QCD. The momenta of the two incoming partons
are given by p; = z1P; and x92 P> where P; and P, are the momenta of the
two incoming hadrons while x; and x5 are the momentum fractions of the
partons. The parton density functions stand for the non-perturbative part
of the process or to be more precise their dependence on the momentum
fractions x cannot be derived inside the frame of perturbative QCD. What
however can be treated inside perturbation theory is their dependence on
the scale u. This leads to a set of evolution equations which are known as
the DGLAP equations. The DGLAP equations effectively sum up leading
powers of [aglog@]™ which come from multigluon emission in a region of
phase space where the gluons have strongly-ordered transverse momenta®.
The DGLAP equations are based on the assumption that log ) is much big-
ger than log (%)
Though DGLAP is the usual approach for dealing with the scale dependency
of the parton density functions it is important to mention that for example
at HERA Q? is not so large at very small z. Here the application of DGLAP
is not appropriate. The alternative is to sum up all terms proportional to
ag log (%) while retaining the full @Q? dependence and not just the leading

®See for that eq.(7.1) in [3].
5See for that chapter (4) of [3].



log Q? terms. This leads to the BFKL" evolution equations where integra-
tion is performed for the full kr space of the gluons and not just for the
strongly ordered part. It ought to be mentioned that for BFKL another
factorization is used than the one given in eq.(1.1).

A third set of evolution equations are the CCFM equations (see for that [7],
[8], [9] and [10].). They have the advantage that in contrast to BFKL they
are better suited for implementation into a Monte Carlo event generator
(see for that [11] and [12]). They are an approach to cover both the infrared
regions and the collinear regions by treating color coherence effects; in the
limit of asymptotic energies they are almost equivalent to the BFKL and
DGLAP equations.

For hadron-hadron collisions where we have at least one hard interaction,
the next step inside a Monte Carlo event generator is to simulate the parton
branching mentioned above. The first choice for those kind of processes are
matrix elements as they are inside the frame of perturbative QCD. Here
the exact kinematics, full interference and helicity structure are taken into
account. Unfortunately the application of matrix elements becomes more
and more complicated® in higher orders especially for loop graphs. Thus
the parton shower approach is introduced where certain approximations for
the parton splitting in the soft and collinear limit are made in order to deal
with the parton branching we have discussed above. There the process of
parton splitting is modeled like a process in classical statistical mechanics®.
An explicit expression of a matrix element is only used in MC event gener-
ators for the hard scattering while the parton shower appproach is applied
for branchings that occur before (initial state splitting) and after the hard
scattering (final state splitting).

In the generator we have a bunch of partons which come out from the
hard interaction and the parton branching. Inside a physical detector we
see however not partons but hadrons. The transition is beyond the scope
of perturbative QCD and cannot be treated up to now from first principles.
Thus we need inside the event generator a phenemenological algorithm which
conducts the transition from partons. Such a kind of algorithm is called a
hadronization model.

"See for that section (4.6.4) and section (4.6.5) in [3]; the original set up of the BFKL
equations was done in [4-6].

8See for that chapter (2) in [13].

“For a more detailed description of this see the next chapter and section (2.2)
in chapter (2).



There are nowadays two ways to simulate hadronization in a Monte Carlo
event generator: string fragmentation and cluster fragmentation. Further
many variants and hybrids exist, too!?. String fragmentation is used in the
JETSET hadronization scheme which is applied in PYTHIA and ARTADNE
(see for that [13], [14,15] and [16]) . An example for the use of cluster
fragmentation is HERWIG (see for that [17,18]).

We note here that the decay of unstable hadrons after their formation
plays also a role.
In a hadron-hadron collision the incoming partons (which first can radiate
and then undergo the hard process) take only a part of the momenta of the
incoming hadrons. Thus the beam remnant must be taken into account in
the simulation in order to treat the whole physical process properly.
What will be discussed in more detail in this thesis is the possibility of
multi parton interaction. It is possible that a parton from one hadron scat-
ters with several partons from the other or that several parton pairs from
the two hadrons take part in several distinct hard interactions. It is pre-
sumed due to combinatorial reasons that the latter is favored; this is taken
into account in an event generator like PYTHIAM.

Jets

A point that will be important in this thesis is the subject of jets. We have
an algorithm that combines several outgoing hadrons which we call jets.
There are several types of jet algorithms like kp (see [19]), SiScone (see [20])
or anti-kp (see [21]).

The underlying reasoning behind those algorithms is this: the outgoing par-
tons after the hard scattering (they are considered inside the frame of per-
turbative QCD) are colored objects; the outgoing hadrons which are directly
observed in the detector are color free'?. We have already mentioned that
this problem is handled by hadronization models which are phenomenologi-
cal and not based on first principles. It is on the other hand helpful to treat
this problem from the other side in a jet algorithm where the final state
hadrons are attributed to distinct jets. The idea behind this is that the out-
going partons are the origin of those jets and that fragmentation does not
change the momentum distribution much. An important application for jet
algorithms are events of the type eTe™ — hadrons. On parton level we have

19Gee section (2.4) in [13].
HSee section (2.3) in [13].
123ee also chapter (5).



ete™ — g7 and eTe™ — qgg where g is supposed to be a hard gluon. The
seperation into 2 jet and 3 jet events gives us insight how often a hard gluon
is emitted. By this method it is possible to determine the strong coupling
constant ag. We note that also 4 jet events and events with an even higher
jet multiplicity are observed. However they are rather suppressed.

Another example where the application of jet algorithms becomes important
is given by the analysis of hadron-hadron collision where we have in the final
state three jets. Under the prerequisite that these jets are well seperated
in phase space it is possible by using a jet algorithm to compare the three
jet cross section with perturbative QCD. The result is a big success for the
theory!3.

This success of perturbative QCD and jet algorithms triggered the hope by
introducing a new kind of jet algorithm we could distinguish multi-parton
interactions from the major hard interaction. In chapter (5) we will discuss
this in more detail.

This thesis is orgainized as follows

1. In chapter (2) we summarise the application both for PS and MPI
inside Monte Carlo event generators.

2. In chapter (3) we introduce an analytical parton shower formalism.
This is a summary of [1] where this formalism was devoloped for the
first time. Its advantage lies in the fact that it takes also interference
effects into account. We present this formalism as its results will play
a role in chapter (4).

3. In chapter (4) we apply the formalism presented in chapter (3) to the
case of Drell Yan processes. This will be compared afterwards with
the resummation in perturbative QCD. By that the energy fraction
in Drell Yan processes was derived inside the frame of conventional
methods. This was done in [2] and [24]. In section (4.4) the results
will be compared with the energy fraction inside a conventional parton
shower generated by PYTHIA.

4. In chapter (5) we discuss an algorithm that is supposed to distinguish
between the hard interaction and multi parton interaction.

5. In chapter (6) we summarize the results of this thesis.

13See section (7.7) in [3]; further [22] and [23]



Chapter 2

Monte Carlo event
generators

2.1 Why do we need Monte Carlo generators?

We want to compare predictions from a theory like QCD with experimental
measurements. In contrast to QED, however, it is not possible just to cal-
culate the matrix element of a particular process and then derive the cross
section which can be compared to data. The first complication arises with
the break down of perturbation theory at low momentum transfer. With
our present tools we are not able to deal with nonperturbative physics from
first principles. We must therefore use phenomenological models like for
example hadronization models for dealing with the final state!. But even
inside the frame of perturbative QCD it is not meaningful to just calculate
the matrix element: although it is true that the matrix element approach
is preferable - since exact kinematics, the full interference and the helicity
structure are treated - the calculation of matrix elements for higher orders
becomes increasingly difficult especially for loop graphs. Until recently only
for special cases diagrams have been computed for more than one loop and
in many cases no loops at all have been treated. Now it is possible to apply
automated NLO calls like aMC@NLO or Blackhat (see [25]).

In order to deal with this problem the parton shower approach is used. This
can be done in numerical computer programs like Monte Carlo event gener-
ators (see this chapter) or in an analytical formalism (see for that chapter
(3)). The basic idea of a parton shower is to have an iterative algorithm of
branchings ¢ — bc. In a QCD shower the type of branchings we have are

!See for a discussion of it for example section (5.6) of [3].
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q— q9, ¢ — 49, g — gg and g — qq. (It is in principle also possible to
include QED type processes ¢ — ¢7, v — Il etc.) In contrast to the matrix
element approach the number of the outgoing partons is not fixed anymore?.
The probability of a branching is derived from the soft and collinear limit
where we have a pole. The kinematics, the interference and helicity struc-
ture is simplified in contrast to the matrix element approach. In contrast to
a matrix element loop graphs are not considered. Non-resolvable branchings
and virtual corrections are taken into account by the fact that the probabil-
ity of non-emission can be simply derived from the probability of emission?.
Thus the matrix element approach and the parton shower approach should
be viewed as complementary in many aspects (see section (2.2) of [13]). In
the following section we introduce the parton shower approach for Monte
Carlo event generators. For a full description of hadron-hadron collisions
Monte Carlo event generators are indispensible. The aim is to have a com-
puter program that simulates events as detailed as possible as they would
be seen in reality by a perfect detector. It is however not feasible to per-
form this in one single step. Instead the process is 'factored’ into several
parts where each can be treated by a computer program in a proper way.
In practice this means that the algorithm starts with the hard interaction,
then parton shower or bremsstrahlung is generated and as a final step we
have hadronization.

Those ’events’ which are generated with the computer program are sup-
posed to have the same average behaviour and the same fluctuations as real
data. The fluctuations in data have their origin in quantum effects. These
fluctuations are simulated in an algorithm by Monte Carlo techniques where
all relevant variables are selected according to the probability distributions
which lead to the desired (quasi-)randomness. Unfortunatley we must antic-
ipate some loss of information as Monte Carlo algorithms work with prob-
abilities and not with amplitudes which are the basis for quantum physics.
This problem is not too severe, since only rarely we must deal with inter-
ference phenomena that cannot be treated inside the frame of probabilistic
language.

We summarize the main applications for Monte Carlo event generators in
particle physics:

e Monte Carlo event generators show us for every model (for example
the Standard model) how events are supposed to look like and at what

2While in the matrix element approach for any configuration of the final state partons
a transitional amplitiude is calculated.
30ne or the other of the two processes must happen.
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rates. These results can later be compared to data.

e Monte Carlo event generators are useful for the planning of new detec-
tors so that detector performance can be optimized. The simulation
of the detector is done with programs like GEANT (see [26] and [27]).

e Monte Carlo event generators are also useful for work on analysis
strategies on real data in order to enhance the signal-to-background
conditions.

e A Monte Carlo generator can be also used as a tool in order to estimate
detector acceptance corrections which can be applied to data in order
to obtain the 'real’ physical signal.

For a full description of hadron-hadron collisions a Monte Carlo algo-
rithm needs necessarily the following ingredients:

e matrix elements, lorentzinvariant phase space
e parton density functions

e parton showers

e beam remnants

e multi parton interactions

2.2 Parton showers

We start the discussion with a concrete example namely e*e™ annihilation
to hadrons®. The leading order process is ete™ — ¢g. We denote its cross
section by o4g.
The next step is to consider the next-to-leading order process, the radiation
of a gluon ete™ — ggg. We parametrize the three-parton phase space by 0
(which is the opening angle between the quark and the gluon) and the energy
fraction of the gluon with respect to the beam energy which we denote by
z. With the matrix element we obtain

doggg as 2 14 (1-2)?

~

— I x5 04qCr 5~ —
dcosfdz 9= 9 sin? g z ’

“We follow here the description of [28] page 22-28.

(2.1)
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where we have Cp = J\;CN_ which can be considered as the color charge
squared of a quark. According to eq.(2.1) the cross section for ¢gg is pro-
portional to the cross section for gg. Thus we may consider the rest of the
equation as the probability of gluon emission, differential in the kinematics
of the gluon.

We must note there are divergencies:

1. 8 — 0 corresponds to the case where the gluon becomes collinear with
the quark.

2. 0 — m corresponds to the case where the gluon becomes back-to-
back with the quark which implies that it becomes collinear with the
antiquark.

3. z — 0 means that the gluon energy becomes zero. This is the soft
case.

We focus now on the two collinear cases. We can seperate the two collinear
regions

2 1 n 1 N 1 N 1
sin2 1—cosf 1+cost9~1—cos€ 1—cosf

(2.2)

So we can write the cross section as a sum of these two processes. 6 is here
the angle between the gluon and the antiquark. Thus we may write

ag d6?
doggg = 04g Z CF2 02 —dz

partons

2
1+0-2)" (2.3)
z
Here is # now the opening angle between the parton and the gluon that
has been emitted by the former. A series expansion of the trigonometric
functions was used for this expression so we come to the 9%~ expression for
the # — 0 limit in eq.(2.3). We note that the form of this equatlon does not
change when we substitute 0 by any other variable that is proportional to
6 like the virtuality ¢ = z(1 — 2)0?E? or the gluon’s transverse momentum
with respect to the parent’s quark direction. Because of k:L = 22(1-2)%0°E?
we can write for 8 — 0

de? B dq¢? B dk?

02 ¢ kK
We note that any of these forms gives the same result in the collinear limit
but differs in the region away from it which means different finite terms are
included in addition to the divergent piece.

(2.4)
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It is possible to generalize eq.(2.3). We can write for a hard process where
a parton of flavor ¢ together with a parton j (which has momentum fraction
z) is produced

ag d6?

dom~ay > o gz 42Pi(2,6)d¢ . (2.5)

partons,t

Pji(z,¢) are the splitting functions. They are a set of flavor dependent
functions. The angle ¢ (the azimuth of j around the axis of 7) indicates that
they are also spin dependent. The spin-averaged functions are given by

Pyy(z) = Cp 11tzj7 Pyq(2) = CFLZ_Z){ (2.6)
4 4 .
Puole) = Ca= g 2l py(e) = Tl + (1= 27)

Ca = N, can be considered as the color charge squared of a gluon. Tg is
a further factor that is by convention set to % Another choice would make
a different definition of ag necessary. The splitting functions Pyq, Pyq, Pyg
and Py, are related to the splitting-processes ¢ — qg, ¢ — gq, g — gg and
g — qq.

These results are valid for the collinear limit where they do not depend on
the precise definition of z. This variable can be the energy fraction or the
light-cone momentum fraction (or something similar) of parton j with re-
spect to parton 1.

The next step is to treat the divergencies in the splitting functions. For the
moment we focus on the collinear divergencies. The soft case will be con-
sidered later. The collinear divergency means that we cannot distinguish
between non-emission and a collinear pair of partons. This corresponds to
a process that has no physical effect and is unmeasurable.

In order to get meaningful results we require that we take only resolvable
branchings into account. For the resolution scale there are several possible
choices. One choice is the relative transverse momentum between two par-
tons above a cutoff scale Q.

Let us consider some ordering variable ¢ (for example the virtuality). The
total probability of a branching of a parton of type i between ¢® and ¢%+ dg?
is given by

ag dg? 1-Q3/q?

dp; = dzPj; . (2.7)

2
2 ¢° JqQy/q?
We want to find out the probability that no branchings above a virtuality ¢?
happen given that its maximum possible value is Q2. We call this function

14



Ai(Q?,¢?). If we change the quantity ¢* by a small value the non branching
probability A; will change by the branching probability dP;. The change
dA; itself is proportional to the non emission probability A;. Thus we have

dA(Q?, ¢?)
dq?

dP;

= Ai(Q% q2)d7q2 (2.8)

The solution of this equation is given by

Q% k2 as 1-Q3/k?
Ai(Q% ) :eXP{ —/2 5 /Q%2 dszi(z)} . (29
q 0

Of special interest is the total probability to produce no resolvable branching

at all:
Q* dk? g 1@/
N(Q% ¢ = / S/ dzP;;
@d=eal - [ e [ R

Nexp{ Cr —10g2 go}

This is the Sudakov factor. It is the basic building block to be implemented
into a Monte Carlo simulation program.

Previously we considered the collinear case. We also know that there is a
soft divergency. Due to destructive interference it is possible to include soft
gluon effects into a collinear parton shower algorithm if out of all possible
evolution scales, the opening angle is used. This leads to angular-ordered
(or coherence-improved) parton showers like for example in HERWIG® (for
the description of HERWIG see [29]). Angular ordering is also used in the
generators CASCADE (see [30]), PYTHIA (see [13] and [31]) and ARIADNE
(see [16]).

(2.10)

2.2.1 Implementation into a Monte Carlo event generator

We introduce here the most simple way to simulate parton branching in a
Monte Carlo event generator®. We do not take into account more compli-
cated effects like different possible branchings and QCD coherence effects.
For the purpose of convenience we write t := ¢?. First we consider the case
of spacelike branching. In this case t evolves towards the hard scale Q2.
Let us start with ¢ as a starting value for the virtuality. Then we want to

®See for that section (4.3) of [28].
5The description follows mainly section (5.3) and (5.4) of [3].
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generate with the correct probability distribution to. We already know that
the probabilty to evolve from ¢; to to without resolvable branching is given
by A(t2)/A(t1). We generate to by solving the equation

Al(t2)
A(t1)

-R. (2.11)

R is here a random number with a uniform distribution in the interval [0, 1].
For the case that t5 exceeds Q? we have no further branching. Else further
branching is possible. Then we must consider” the proper distribution of z.
The distribution is supposed to be proportional to («g/27)P(z) where P(z)
is the corresponding splitting function. The value of z can be generated by
solving the following equation

x2/x1 1—e
/ dz 7]3 =R / dzf (2) . (2.12)

R’ is here a further random number in the interval [0, 1] while € is the infra-
red cut-off for resolvable branching. The azimuthal angles of the emission
are in the simplest case generated uniformly in the range [0, 27].

Now we focus on the timelike case. Here ¢ evolves downwards to the cut-
off scale ty5. Now the probability for evolution from t; to to is given by
A(t1)/A(t2). Thus we substitute for the timelike case eq.(2.11) by

=R. (2.13)

We remark that because of A(tp) = 1 there is no solution for to > t¢ if
we have R < A(t1). If timelike branching does happen the procedure for
generating z is the same as in the spacelike case.

The whole procedure continues until no branchings occur. Then the cascade
stops. This depends on the cut-off scale tg. After parton branching ceases
the outgoing partons are transformed into hadrons. This is called hadroniza-
tion. There are several hadronization models available for a Monte Carlo
event generator.

We have now dealt with forward parton evolution. Here a parton with
timelike momentum produces new partons so that they evolve towards lower
virtual mass-squared. In spacelike cascades it is however more convenient
to consider backward evolution. If we applied forward evolution for initial

"If the incoming particles are hadrons we have z = 2 /z;.
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state radiation we would have no guarantee that a hard subprocess can be
generated. Instead in many cases we would have no hard process at all.
This would make the whole algorithm inefficient. Instead we start with the
hard subprocess and evolve the parton shower back. This is called backward
evolution. However we cannot just use the forward algorithm and run it
in the reverse. If for example the incoming particles are hadrons eq.(2.12)
could produce an incoming parton with z; > 1. Again in many cases we
would obtain useless results that must be rejected so that we would have
low efficiency either.

The solution to this problem is given by a modified form factor which also
incorporates the parton density functions f(z,t). It is given by

[z, t1)A(ta)
f(ZC, tQ)A(tl) )

It is the probability for backward evolution from (t2,z) to (t1,x) without
branching. Thus the Sudakov factor A(¢;) is substituted by A(¢;)/f(z,t;).
The algorithm yields ¢; by solving the equation

H(tl,tg;ﬂj‘) = (214)

H(tl,tg;x) =R (2.15)

where R is again a random number uniformly distributed in the interval
[0,1]. The next step is to generate 1. With z = x9/x1 the probability
distribution for x7 is supposed to be proportional to

ags P(z)
2w

f(z2/2,t1) (2.16)

with P(z) as the corresponding splitting function. The extra factor f(z1,t1)
will be divided out in the next backward step in t. With the above expression
z is generated with a similar procedure as in forward evolution (see for that
eq.(2.12)). As an alternative it is possible to write for IT

L Lat [dzag .  flz/z,1)
II(t1, to; ) —exp{ —/tl - Z%P(z)f(x,t)} . (2.17)

It should be noted here that the ratio of parton distributions in eq.(2.14)
leads to a suppresion of branching at large x as f(x,t) is a decreasing func-
tion of ¢ there. On the other side it enhances branching at low x because
f(z,t) is increasing with decreasing x. The physical meaning of this is that
partons at high z are less likely to have undergone branching (which always
reduces x) what means that it is very likely for the parton to have come
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directly from one of the two hadrons.

Corresponding to that we have in the distribution of z a suppression of
branchings in regions where the parton density f(z2/z,t1) is low. This fac-
tor guarantees that the value of x1 = x5/2 is always less than unity.

2.3 Multi parton interaction

Besides the hard interaction and the parton showering (which are dealt with
perturbative methods) there are further processes in hadron-hadron colli-
sions. Due to the composite nature of hadrons (they can be considered as
"bunches’ of partons) even within perturbative QCD we expect that most in-
elastic hadron-hadron collisions contain several calculable interactions. Such
interactions, even if they are soft compared to the hardest interaction, can
cause non-trivial changes in the color topology of the system which could
lead to drastic changes of the particle multiplicity of the final state.

These further interactions (which are part of the so called 'underlying event’)
were not considered to be interesting in the past because perturbative QCD
emissions play a more important role in the production of multijets than
seperate multiple interactions. The underlying event was dismissed as a
mess of soft QCD emissions that cannot be treated inside the frame of per-
turbative physics but must be parametrized. Those parametrizations were
successful in describing the average underlying activity. They fail however
for the treatment of correlations and fluctuations. This affects the descrip-
tion of jet pedestals, jet profiles and random shifts in jet energies. Thus
those models are not trustworthy beyond the fit region despite the fact that
they can describe a few distributions well.

In order to deal with this it is postulated that all particle production in
inelastic hadronic collisions has its origin in the multiple-interactions mech-
anism. This does not exclude the possibility that nonperturbative effects
and other phenomena will play a role in the transition from perturbative
physics to visible hadrons. But we start in the frame of perturbative physics.
This implies that a typical Tevatron hadron-hadron collision has about 2-6
interactions while at the LHC one expects® about 4-10.

8The material for this section has been taken out from [32] (page 1 to 8) and [13] (page
329-334 and 342-344).

18



2.3.1 Basics of multi parton interaction

The following follows closely the description of [28,32]. Information from [13]
on multi parton interaction has been included, too.

The cross section for QCD hard 2 — 2 processes can be written as a function
of the pi as

dO'mt Z/dxl/dZC?/dtfl xla fj($2>Q2)do-Zl;kl5<pi t:)
.5,k

(2.18)
with § = x1x9s. As each interaction gives rise to two jets, the jet cross
section oje is twice as large. We will now always refer to the interaction
cross section and not the jet cross section. As the hard scale we take the
transverse momentum p ;| thus Q? = pi. We must note however that some
objections could be made against the use of the above equation for small
values of p| . For small p| values the low x region yields major contribution
to the integrals. The theoretical understanding of parton distributions in
this region however is difficult (BFKL, CCFM, Regge-limit behaviour, dense-
packing problems etc.). In the low = region there are measurements of
parton density functions from HERA ( [33,34] and [35]). We must therefore
face the problem that different sets of parton density functions could give
different results for the phenomenolgy of interest. A further problem could
be higher order corrections to the jet rates, K factors, beyond what is given
by parton shower corrections. The following processes contribute to the
QCD 2 — 2 cross section: qq' — qq’, qq — 4@, qq — gg, qg¢ — qg,
gg — gg and gg — qq. The cross section itself is dominated by t-channel
exchange processes.

For the |t| < & case where we have p? = fii/3 ~ |{| the following relation
holds q doe d 45
Cint T1 dx2 2 2, 40
~ 77F x1,p1)F (2, p7) 7 (2.19)
dp? // + dp?
with )
do 8
¢ = msipﬁ (2.20)
dpJ_ 9pJ_
and
2 2 _ 2 9 2
q

We remark here that in this region the only difference between quark and
gluon interactions are the color factors.
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Note that for constant ag the integrated cross section above some p|min
becomes divergent in the limit p;, — 0:

V52 4o 1
Oint (pJ_min) = dpy x 2 . (222)
d
PLlmin pJ— pJ_l'l’lln

We have here neglected the z integrals. That the integral for p, — 0
becomes divergent should not surprise us because this is already the well
known collinear divergency. But the integrated cross section can exceed the
total cross section pp/pp ( in the parametrization of [36]) when p, reaches
the order of a few GeV. As this is well above Aqcp this problem cannot
be dismissed as the result of nonperturbative effects. In order to solve the
problem we must consider the following:

1. We must take into account that the interaction cross section is an
inclusive number. Events with two interactions contribute twice to
Oint but only once to oyot. The same applies for higher multiplicities.
Thus (n)(P1min) = Oint (PLmin)/0tot can be identified with the average
number of interactions above p|nmin per event. This quantity can be
well above unity.

2. The effects of energy-momentum conservation have not been included
in our derivation. The problem is that the number of interactions in-
creases faster than the average of § decreases if p| i becomes smaller
and smaller. Thus the total amount of partonic energy would become
infinite. One way to solve this problem is by introducing multi-parton
correlated parton distributions inside a hadron. This is not part of the
standard perturbative QCD formalism and it is not implemented into
eq. (2.22). Those functions reduce the (n)(p min) number but not
strong enough to describe measurements. It leads to a picture where
too little of the incoming energy remains in the small-angle beam-jet
region.

3. In order to tame the rise of (n)(pimin) it is important to take into
account that hadrons are color singlet objects. A gluon with a p)
has a correspondingly large wavelength and cannot anymore resolve
individual color charges. Thus the effective coupling decreases. We
note here that perturbative QCD deals with partons that are assumed
to be free and not with partons inside of hadrons. Thus it cannot deal
with this kind of nonperturbative screening effect. In the simplest
model a sharp cut-off at some scale p| iy is introduced, while a more
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smooth dampening is assumed for a complex scenario.
A naive estimate for an effective lower cut-off would be

i 02GeV-fm

RPN ~ 0. ~ A . 2.2
Tp 0.7 fm 0.3 GeV QCD (2.23)

Plmin =
The proton radius 7, itself must be replaced by the typical color screen-

ing distance which is not known from first principles but is assumed.
In PYTHIA the default value for such a cut-off is given by?”

0.08
s
In addition to the coupling also the pQCD ME diverges for small p, ,
2
such that we obtain ~ g—f. Instead of just introducing a step function
€

a smooth transition is obtained by multiplying a% / p‘i with

oGl +r)  pl
odp) i, +ph)?

(2.25)

with p| g as a free parameter that must be tuned to data. Empirically
we have pimin = P1min- Both entities are of order 2 GeV.

Simple model for multi parton interactions (”Old” model)

We follow here the description of the ”old” model given in section (11.2.2)
of [13]. The ”old” and the "new” model (the "new” model will be discussed
in the next section) are brought up here as they will be used for our jet
studies in chapter (5).

Since elastic or diffractive physics are not considered, the partonic cross
section Tint (P Lmin, S) O Oint(PLo,s) builds the onq nondiffractive one. The
average number of interactions per event is then given by (n) = oini/ong.
First let us assume that all hadron collisions are equivalent, that means
without impact parameter dependence, and that the parton-parton inter-
actions take place completely independent from each other. This implies
that the number of interactions per event is then distributed according to a
Poisson distribution with mean (n), P, = (n)" exp(—(n))/n!.

A naive approach would be to choose the actual number of interactions per
event n according to the Poissonian and then to pick the np | values indepen-
dently according to eq.(2.18). The problem with this kind of approach how-
ever is that it does not take into account correlations like energy-momentum

?See section (11.2.1) of [13].
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conservation.

It is convenient to impose an ordering. As an ordering variable we can
choose p, or x; = 2p | /Ec.y. The scatterings are then arranged in a falling
sequence of the p| values. In this picture the ’first’ scattering is the hardest
one while the subsequent ones (the ’second’ one, the 'third’ one, etc.) are
successively softer. This kind of ordering however must not be confused with
a time-ordering. In a simplified picture where the incoming hadrons are due
to Lorentz contraction like flat pancakes, the different interactions have the
tendency to be causally separated. Averaging over all configurations of soft
partons yields the standard QCD phenomenology of a hard scattering to-
gether with parton density functions.

For the use in a Monte Carlo event generator let us consider the following
function

1 do

T (2.26)

flzy) =
do/dz, is here corresponding to eq.(2.18). The function f(x,) can be
considered as the probability for a parton-parton interaction at x, for the
case that the collision of the two hadrons is nondiffractive and inelastic.
The probability distribution for the hardest interaction is

renen{ - [ e (227)

with z 1 being the x, of the hardest interaction. This is the probability
to have a scattering at x; multiplied by the probability that no scattering
above x| 1 has occurred. This corresponds to the Sudakov form factor which
we have used for parton showers in Monte Carlo generators. The probability
to have an ith scattering at a z; < ;1,1 -+ < x11 < 1 sequence is given
by

res i ( f(xi)dmg)i_l e { - [ 1 CALYN PREEY

We see that according to this expression the total probability that a scat-
tering happens at x; (independently whether it is the first, the second and
so on) is given by f(z1;).

The ordinary parton distributions are used for the hard scattering. This

scattering takes energy from the system away. Thus for the subsequent
scatterings we must also take into account the energies and flavors of the
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preceeding interactions. In practice the parton distributions are not evalu-
ated at z; (the = value for the i-th scattering) but at a rescaled value

T

/

x; - Z;;ll . :
This modification prevents that more energy is taken by the individual scat-
terings than available from the incoming hadrons.
Some events do not include scatterings above x| i, at all. Here we reach
the domain of nonperturbative physics which is not treated here.
For a hard interaction the situation can become quite complex especially
when we have to deal with several hard scatterings and as the number of
possible color configurations increases. What makes the situation even worse
is that we must extend the standard string fragmentation description in or-
der to deal with events where we have two or more valence quarks being
kicked out of an incoming hadron by seperate interactions.
Some simplifications are necessary. For the first interaction (the hardest one)
full freedom for the choice of flavor and color topology is assumed while for
the subsequent interactions we have only three possibilities in the model:

(2.29)

e Processes of the type gg — gg where the two gluons are in a color-
singlet state. A double string is stretched between the two gluons that
are decoupled from the rest of the system.

e Processes of the type gg — gg where each of the two gluons are con-
nected to one of the strings already present. There are several possibil-
ities for connecting the colors of the gluons. The one which minimizes
the total increase in string length is chosen. This is in contrast to the
previous situation where we have a maximization (within reason) of
the string length.

e Processes of the type gg — qq where the final pair is required to be
in a color-singlet state. Thus a single string is stretched between the
outgoing q and q.

Originally it was presumed that the probabilities of the three possibilities
are equal. Comparison with measurements however suggests that the mini-
mal string length topology dominates.

Initial- or final state showers can change the nature of a gg—gg or qq scat-
tering as it could turn into a qg-process. Thus radiation is only included for
the hardest interaction. The treatment of beam remnants is a bit modified
if we have multiple interactions. After the generation of the hard scatter-
ing (together with its associated initial- nad final state radiation) additional
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multiple interactions are generated. Only then are beam remnants attached
to the initiator partons of the hardest interaction. For the treatment of
beam remnants see section (11.1) of [13].

Complex model for multiparton interactions (”new” model)

In the ”old” model we considered initial and final state radiation only for the
hardest interaction. The reason for this was the inability to treat junction
string topologies. Thus a simplification was needed. It can be argued that
the subsequent interactions have the tendency to be soft with rather low
transverse momentum near p|qmin or p o and are therefore not associated
with additional hard interaction. However it still remains a simplification.

The "new” model (see for that section (11.4) of [13]) uses transverse mo-
mentum ordered showers. The transverse momentum p | is therefore the
evolution variable both for multiple interactions and for parton showers al-
though the definition of it is slightly different in the two cases.

Regarding the parton showers it should be possible to apply final state radi-
ation only after the simulation of initial state radiation (ISR) and multiple
interactions. This is supposed to be a good approximation because FSR
does not change the total energy of the system. Instead it only redistributes
the energy among more partons. In contrast to that a further ISR or a
further interaction takes energy from the beam particles.

It is required that multi parton interactions are ordered according to a se-
quence of falling p; values. The ISR emissions are incorporated into the
p1 sequence. This means that a hard interaction is generated before an
ISR emission of the hardest interaction. This can be done as p; is now the
common evolution variable.

We note here that the choice of p; as an evolution variable is a generaliza-
tion of backward evolution: we consider a configuration at a given p, and
then deal with the kind of configuration with lower p, it could have come.
A further point is that the new model does not have the limitations regarding
string configuration as the old model.
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Chapter 3

Parton shower formalism

3.1 Introduction

In this chapter we present a new analytical formalism developed in [1] that
describes parton showers. This formalism will be the basis for the calculation
in chapter (4) where the distribution of the energy fraction! 7 in Drell Yan
processes is derived. The exact definition of this observable can be found in
the beginning of chapter (4).

Parton showers are usually dealt within a Monte Carlo event generator. The
basic principles how a parton shower is generated inside a Monte Carlo event
generator can be found in section (2.2.1): thus in a conventional Monte Carlo
generator the physical events are modeled as processes in classical statistical
mechanics. Here we have a set of partons that have been produced in the
hard scattering. Then it is possible for each parton to split into two partons
with a probability determined from theory. This process continues until a
complete ”parton shower” has been formed.

The splitting probability becomes biggest if the two daughter partons are
collinear or soft (p = 0) or both. In this case they must be also almost
massless.

In the soft and in the collinear case the amplitude for m+1 partons factorizes
into a splitting function and the matrix element for m partons.

Usually also the following approximations are used:

1. It is possible that a soft gluon can be emitted from one hard parton
or from another. These two diagrams interfere. This interference is
approximated with the ”"angular ordering” approximation.

'For its definition see eq.(4.32).
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2. Colors are simplified. This approximation is valid if 1/N? — 0. Here,
however, N, = 3 is the number of colors.

3. The angular distribution of the daughter partons after splitting is de-
pendent on the mother parton spin and also on the interference be-
tween different mother parton spins. This is usually neglected.

The purpose of the parton shower formalism formulated in [1] was to con-
struct a parton shower formalism where these approximations are not made.
This leads to a formulation where quantum statistical states instead of clas-
sical statistical states are used. With the application of the soft/collinear
approximation the treatment becomes rather simple. The formulation works
with a density operator in color ® spin space.

In the next sections we give an overview of the formalism and its construc-
tion. The details are given in [1]. For the momentum mapping? we apply
the formalism of [37]. The rest of this chapter is organised as follows:

1. In section (3.2) we introduce the concept of parton density states.
These span a vector space in parallel to ordinary quantum states.
Formally they have the same structure as density operators known
from statistical physics.

2. In section (3.3) we introduce the concept of shower evolution. This is in
direct analogy to shower evolution in a Monte Carlo event generator
(see chapter (2) and section (2.2)). Thus we compile an evolution
equation for the density state p. This is dependent on the shower time
t (that must not be confused with real physical time but is a running
parameter which will be later connected to kinematical parameters).

3. In section (3.4) we introduce the concept of parton mapping.

4. In section (3.5) we deal with parton splitting on the level of quantum
amplitudes. There we show for one example how the splitting ampli-
tudes are derived®. In section (3.5.3) these results are used to derive
the splitting operator. With that we are in a position to construct the
evolution equation that will be used in chapter (4).

2What momentum mapping is and what is its purpose see section (3.4).
3For further derivations see [1].
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3.2 The parton shower formalism

We describe a parton shower formalism following the description of [1]. We
start with a proper notation. This notation will be used for the description
of a quantum state with two initial state partons and m final state partons.
All partons shall have an index. The indices ”a” and ”b” denote initial
state partons, 1,...,m denote final state partons. For each parton we have
a momentum p, a spin index s and a color index c¢. Further each parton
has a flavor f € {g,u,i,d,d,...}. The quantum numbers of such a state are

described by

{p7 f7 S, C}m = {77(17 Q, Sa; Cas b, b> Sby Cb5 P15 f17 8$1,€C15 -+ Pm; fﬂ% Sm Cm} .
(3.1)
The momentum fractions of the incoming partons are 7, and 7,. We assume
the incoming hadrons are massless. Thus we may write

P4 =0
2pa-pp=s.

We assume the initial state partons to be on-shell. They have no transverse
momentum. In [1] their momenta are written as

2
m
Pa = NaPA + n(ﬁa)pB P
2“ (3.3)
B m*(fp)
Db = MPB + DA,
MyS

where the masses of the partons were taken into account. In our notation
the flavor of parton ”a” is simply a, and the flavor of parton ”b” is simply
b. This notation will also be used for the parton distribution functions:
faya(Mas p2) and Joy (1, p2). For the flavors of antiquarks we write —u =

U, —u=1u,—g =g. In [37] it was assumed that all partons are massless:

Pa = NaPA ,
P = TvDPB -

(3.4)

As we shall use the results of [37] in chapter (4) (where we will derive the
energy fraction* in Drell Yan processes with the formalism discussed here)

4The definition of the energy fraction is found there.
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we will from now on assume that all partons are massless.
For a matrix element we can write

M({p, fFH)sese em - (3.5)
M is here supposed to be a function of the parton momenta {p, f},, the
colors ¢, ¢p, €1 .. ., ¢ and the parton spins sq, Sp, S1, - - -, Sm.-
M can be seen as a vector in color-spin space
(M ({p; f}m)) - (3.6)

In the color-spin space we can define a scalar product
(M'|M) . (3.7)

This is given by multiplying an element M of |M ({p, f}.,)) with M"™ and
then summing over the spins and colors.

We can view an observable F' as a set of functions F({p, f}») which act
as linear operators on the color-spin space. For the cross section of an

observable F' we can write
1 fa/A(Ma, 1%) fo/5 (b, 1%)
o)=Y o [lalo. £1 £ o/ 5 M
— m! dnc(a)ne(b)2namupa - PB (3.8)

(M ({p, f}m)[F(p, 1) IMEp, f1m)) -

The integration over momenta is defined as

@, Fola(o 1) = T i%%m@—wm»
i=1 " f (2m)

1 1 m
x za:/o dnagb:/o dny(27)*0 <pa +pp— ;pi)G(m?{ < 1ames)g({p; 1) -

(3.9)

Here g({p, f}m) is an arbitrary test function.

faja and fy/p are the parton distribution functions, ne(a) stands for the
number of colors a parton of flavor a can have, N. = 3 for quarks and
N, = 8 for gluons. By the factor 4n.(a)n.(b) the sum over spins and colors
for initial state partons is changed into an average over spins and colors. mys
stands here for the mass® of the heaviest quark involved in the interaction.

®In [1] it was assumed that quarks have masses.
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As we make here the simplification only to deal with massless partons we
can remove the 6 function inside the phase space element. We note that the
distribution d4 is defined by

04 (p%) = 0(E > 0)5(p°) , (3.10)

so that the energy is only positively defined.

We give for every final state parton a label i € {1,...,m}. We denote the
label of momentum, flavor, spin and color of particle i by {p;, fi, i, ¢;}. Now
we introduce the density operator in color ® spin space as

JalAas 13) for5 (M6, 13-
4nc<a)nc<b)277anpr ‘DB

p({p, [}m) = IM{p, f}m)) (M({p, f}m)| - (3.11)

With that we can write for the cross section
1
o)=Y [l T lolp ) P B} - (312

The density operator p can be written in color ® spin space as

p({p, Frm) = DY Hsictm)o({p, £r8', s, chm) (s, Bl - (3.13)

s,c sl

The function p({p, f, s', ¢, s, c}m) depends on the momenta and flavors of the
m partons {p, f},, and on the labels {s, ¢}, for the "ket” quantum state and
the labels {s, ¢}, for the conjugate ”bra” state. The state labels are written
as {p, f,s',c,s,c}m. We can therefore view the entities p({p, f, s, , s, c}m)
as matrix elements of the density operator. We choose an orthonormal basis
for the spin space

{5 bml{s}m) = 512 . (3.14)
However we do not assume that the basic color states are orthogonal for
reasons that shall become later clear®. ({c},,|{c}n) is only approximately
one. {({c'}m|{c}m) in general is not zero for {c}n, # {}m-
We can expand a vector [¢)) by

¥) = Y Hehmbaehm) - (3.15)

{ctm

And now we define a dual basis by
p{M{ehm) = 3f) . (3.16)

5See for that section (3.5.2).
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Thus we can obtain the expansion coefficients a({c},,) by

p{{ctmlY) = al{chm) - (3.17)

With a dual basis we can also formulate a completeness relation

1= Hehm) pifetml (3.18)
{chm

and

1= Hehm)p ({ehml - (3.19)
{chm

Please note the difference between eq.(3.18) and eq.(3.19): in eq.(3.18) the
bravector has the label D while in eq.(3.19) the ketvector has the label
D. These two completeness relations are a convenient tool for dealing with
linear operators.

Let us call such a linear operator O. Consider the expansion coefficients
a'({c'}m) of the state |¢') = O|y). They are given by

d({¢}m) = Y o{bms {chm)a({chn) . (3.20)
{c}m

where o({c'}m, {c}m) are the matrix elements of O with respect to the basis
[{c}m). With the help of the dual basis p{{c'},,| we may write

o({c}ms {ctm) = D{ Iml|O{ctm) - (3.21)

Statistical states

The density operators p form a vector space just as the quantum states |)).
We call a statistical state |p). We can also define a dual space where we
have basis vectors ({p, f,s’,, s, c}m|. With that we may write

p({p, £.5', ¢ s.ctm) = ({p, £,y s, chmlp) - (3.22)

There is further a completeness relation

1 = Z % /[d{p7 f7 8/7 Cl? 87 C}m:”{p, f’ 8/7 C,? 87 C}m)({p, f? 8/7 Cl? S) c}m| .
(3.23)
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The integration measure [d{p, f, s, , s, c}m] is a generalization of the inte-
gration measure given in eq.(3.9)

Jutw i sl = [ ¥ X 1{ X}

sa,sg,ca,cg Sbvsgzcbvc;, i=1 si,s;,ci, fL
(3.24)
The inner product of basic states is given by

({p. £, s, ctmlp, [,3,8,5,8)m) =
5m,ﬁ15({p7 f? 8/7 Clu S, C}ma {ﬁa f7 §/7 6/7 '§7 6}m) .

The function ¢ is an extension of the ordinary §-function and defined in the
following way:

(3.25)

i dp7f78,76/7876m5 p?f?‘SI?c/?S?Cm;ﬁ7f7§/7él7§7ém
m!
x h({p, f,8',¢ s, ctm) = h(B, f,5,E,5,Em)

with h as an ordinary test function.
Let us consider a covector (F'| which corresponds to an observable F' so that
the following relation holds

(F{p, f, 5",y s,¢tm) = ({8, Yl F({p, Frm) {5, c}m) - (3.27)
With that we obtain

(3.26)

o[F] = (Flp) - (3.28)

Here we used the completeness relation (3.23), the formula for the cross
section given in eq.(3.12), eq.(3.22) and eq.(3.13).
If F' is an operator proportional to the unit operator we may write

(Flo)=)_ % /[d{p, £ s, chml F({p, f1m) {8 m {8 }m) ({Fml{c}m)

x p({p, f,5', ¢ 8,¢km) -
(3.29)

3.3 Parton evolution

In the previous sections we have introduced the concept of a density state
operator p. It is supposed to describe a parton shower’. From now on we

"For what a parton shower is see also chapter (1), section (3.1) and section (2.2).
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call p a parton shower state. This parton shower state evolves with the par-
ton shower time ¢. Please note that ¢ is not a physical time, it is a running
parameter on which p is dependent. In section (3.5.4) it will be discussed
how ¢ is connected to the kinematical parameters of the system, for example
virtuality®. Then increasing ¢ can mean decreasing virtuality. We start with
the value t = 0. Here we have no parton shower at all what means that we
start with the hard interaction. Then ¢ increases towards a final value t; at
which the application of shower evolution is no longer meaningful. Please
note that also initial state evolution can only occur for ¢ > 0. Thus we have
here again the backward evolution principle we discussed in section (2.2.1).

In this context it is important to consider the issue of a resolution scale.
As already mentioned in chapter (1) a parton shower is only well defined
with respect to a resolution scale: else it is not meaningful to distinguish
between resolvable and nonresolvable branching. This is however essential
for the definition of the two splitting operators H and V which are later
given in eq.(3.35) and eq.(3.36) and will be defined there.
Let us call the scale of the hard interaction Q3. Then the resolution scale u?
must be always smaller or equal to Qg. Interactions whose scales are bigger
than p? are resolvable. They are included in the |M)(M| part of the density
operator p. Interactions whose scales are smaller than pu? (nonresolvable
branchings) are either included into the parton density functions® (if they
are initial state) or are simply integrated out if they belong to the final state.
In order to guarantee that the parton density functions in eq.(3.11) include
all branchings below the resolution scale y? we demand u% = 1? where u%
is the factorization scale of the parton density functions.
The resolution scale p? starts from the scale of the hard interaction Q3 and
becomes lower down to a cut-off value'®. The lower p? is set the more parton
branching we see. This is in the reverse order of the shower ¢ which starts
from the hard interaction at value 0 and increases to some cut-off value t;.
It is therefore meaningful to assume the following relation

p?=Qiet. (3.30)

Further also the issue of infrared safety of an observable F' ought to be
mentioned. A physical observable can be represented by a set of functions

8 Another possibility would be transverse momentum.

9That is the functions given in eq.(3.11).

107t is not meaningful to go down directly to zero as we would see then an infinite
number of partons.
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F({p, f}m) which are invariant under label interchange. Strictly speaking it
is called infrared safe if F'({p, f}m+1) — F({p, f}m) for the case that parton
m + 1 becomes soft or collinear with parton [. This definition refers to any
scale.

A broader notion of infrared safety can be given by considering infrared
safety with reference to a scale p?. This means that

holds'! for |2pm41 - 1| < u?. So (F|p) does not change for p? — p? + 6’
which is equal or larger than u?. (F|p) can however in this case change for
scales which are smaller than 2.

Now we formulate the axioms for shower evolution. In the next sections
we will relate the operators which appear in the evolution equation to the
Feynman rules at tree level QCD. For the evolution equation we assume a
linear operator U so'? that we have

p(6) = UL E)|p(t) (3.32)
In order to have consistency we demand
Uit,t)y=1. (3.33)

Further we must require that the U operators fullfill the group compository
rule

U(ts, to)U(ta,t1) = U(ts,t1) . (3.34)
We demand p

U, t) = [HEt) = VOUE,TL) . (3.35)

The operator H(t) describes real splitting (the number of partons and their
momenta are changed) while V(t) describes virtual splitting (virtual graphs
and unresolved graphs). It does not change the spin, number and momenta
of the partons but it can change their colors. Thus the evolution equation
can be also written as

L 10(0)) = (H() — V]lp(t) (3.36)

"Up to now there is no exact condition formulated how precise the approximation has
to be.
12Note that this formalism is not intended for dealing with saturation effects.
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In lowest order, H(t) describes the change from a state with m partons to a
state with m + 1 partons. H(¢) is specified by its matrix elements

({ﬁ: fa §/7 él: §, é}m’ ’H(t”{pv f: 8/7 CI? S, C}m) . (337)

In the following sections we will derive these matrix elements from the Feyn-
man rules at tree level QCD.

We can construct the virtual splitting operator V(t) from the real splitting
operator H. Here we must take into account that the showering itself is
independent from the hard process. This means that the total cross sec-
tion is not changed during shower evolution. We note here however that
this statement is only true for processes like e™ 4+ e~ — hadrons. For the
case of hadron-hadron collisions the total cross section does not have a well
defined perturbative expansion. If ]p(())) is however "hard” in the sense
that ({p, f,s,¢,s, c}m|p(0)) # 0 holds only for configurations with a large
transverse momentum we can postulate that the contribution from | p(t)) to
the total cross section does not change.

The observable that measures everything (that is the total cross section) is

E({p, flm)=1. (3.38)

The density state that corrsponds to Fy({p, f}m) should be (1]|. This means
that we have

Ttotal = (1]p) - (3.39)
At this point it is important to note that the unit vector (1| satisfies the
following condition

(IH{p, £, 8',¢ s 8,¢hm) = {5y stm) { Fml{ctm) (3.40)

which we obtain from equation (3.27). As shower evolution does not change
the total cross section, the following relation holds

(U, B)lp) = (1) - (3.41)
Thus we obtain:
g tetat =0 (3.42)
= (HH(E) = V(©)|p(t)) -
So the following relation holds
0= (1[H() = V()] , (3.43)

which results in:

AVOUp, £.5' ¢, s, ckm) = UHE D, f,5', )5, ¢hm) - (3.44)
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3.4 Momentum and flavor mapping

For the description of collision processes the first choice are matrix elements.
In contrast to the incoming and outcoming partons the partons in the inter-
mediate state are described by propagators and are therefore not on mass
shell. In a matrix element the in- and outcoming partons are well defined.
In contrast to that, the parton shower approach is an iterative process. It
is a priori not clear when to stop. For simplicity we want to keep therefore
the partons on mass shell. In order to preserve momentum conservation
we need therefore a momentum mapping {p},, < {P}m+1 where the mo-
menta of all or at least some of the partons before and after the splitting
are related to each other. There are different possible ways to define a mo-
mentum mapping. One of them is the method of Catani and Seymour [38].
It is an example of local mapping where only three partons are involved:
(p1,pk) < (D1, Pm+1,Px). Parton k is thereby a spectator parton which is
color connected to parton . The momenta of the other partons remain un-
changed!3.

On the other hand in the case of a global mapping the momenta of all par-
tons are changed. This was the case in [1] and [37]. As we will use in chapter
(4) the results of [37] we introduce the momentum mapping that was pre-
sented there. First of all we consider initial state splitting. Consider parton
a with momentum p, that splits in backward evolution into parton m + 1
with momentum p,,+1 and a parton with momentum p,. The momentum
of parton b remains unchanged. Then we define the following momentum

mapping with splitting variables (y, z, ¢)*
1—-2 Y
5 | k
Pmt1 . ( +y)pa+z1+ypb+ 1
14y (3.45)
Pa = Pa
z
Db = Db -

Here is k) a space-like vector which is the part of p,,+1 that is orthogonal
to both p, and py.
According to eq.(3.45) we have

_ Qﬁm—l-l . ﬁa

3.46
2pa - Py ( )

13Please note that there is an exception to this rule in the case of inital state splitting.
14Regarding initial state splitting: in [37] in section (4.4) the momentum mapping was
only defined by the momenta themselves and not by splitting variables.
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and A
Pm+1 Db
Pa " Db B
The fraction variable z is in the range 0 < z < 1. For the momentum
fractions of the two partons we have

1—=2. (3.47)

. 1+y
'la PR (3.48)
o =1 -

As we discussed in the previous section the density state p of the system is
dependent on the shower time t. We choose as in [37] the following relation

Q2
t=1 — . 4
o8 <2ﬁm+1 : ﬁa (3 9)

Here can be, for example, 1/Q? the mass of the Z-boson in a Drell Yan
process. Both ¢ and y can be seen as virtuality variables. We have the
following relation

= Q2 e_t

2pa " Db '
As the emitted parton m + 1 is supposed to be lightlike we can derive the
following relation for

y (3.50)

0=p21
= (1—2)y2pa-pp — K1 (3.51)
=(1-2)Q% -k .

So we get
kK2 = (1-2)Q% . (3.52)

We note here that in the case that we have y # 0 the momentum differ-
ence pPg — Pm+1 is not exactly p,. We therefore must face the problem of
momentum conservation. The problem is solved by taking some momentum
from the final state partons at the time of the splitting. This means that
each parton j with momentum p;,j € {1,2,...,m} has after the splitting a
new momentum p;. This also applies to the Z-boson as an example. The
momenta p; after splitting are related to the ones before the splitting by a
Lorentz transformation p; = Ap;. Hence the following relation holds

Da + Pb — Pm+1 = A(pa + pb) - (3.53)
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There are different choices for a Lorentz transformation possible.
It must be mentioned that in contrast to the p; we have

ﬁa #Apa b
Py # Apy

Further we remark that in the case of final state splitting the daughter par-
tons are also put on mass shell. In [1] it was chosen to let the momenta of
the inital state partons unchanged while the momenta of the spectator final
state partons are changed by a Lorentz transfortmation, too.

(3.54)

The next point we must face is flavor mapping. First of all we consider
final state splitting. The parton that splits is denoted as parton [. Thus we
write

fj = fj ) J g—f {l7m+ 1} . (355)
The flavor of the two partons [ and m+1 is given by the value of the variable
G =( fl, fm+1). The different possible values that (; can take, span a set
®( f;) which is dependent on the mother parton’s flavor. For parton [ being a
quark or an antiquark the only possible way of splitting is the radiation of a
gluon. As we have freedom to assign labels we choose to label the remaining
quark or antiquark after the splitting as parton [ and the emitted gluon as
parton m + 1. Then the set ®;(f;) can have only one element

o(fy) ={(fe)}, fH#se. (3.56)

A bit different is the case when parton [ is a gluon. Then (; is a pair of
gluons or a quark-antiquark pair (¢, q) of any flavor

®i(g) = {(g. ), (u, 1), (d,d),... } . (3.57)

For g — ¢ + ¢ we have again the freedom to assign labels. We call the
daughter quark parton [ and the daughter antiquark parton m + 1.

We have now discussed the flavor mapping in final state splitting. Let us
turn to initial state splitting. The flavors of the two incoming partons which
are involved in the hard interactions are before and after the splitting called
fa, fa, fv and fb. With the exception of those partons that have the label

P

a” or m + 1 the flavors are not changed

fi=Ff, Jj¢{am+1}. (3.58)

We call the splitting variable (¢ = ( fas fm+1). The set of the splitting vari-
ables is named ®,(f,). It is dependent on the flavor of the mother parton.
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The set has only two elements for parton ”a” being a quark or an antiquark

Pa(fa) = {(far0): (& fa)} s faF g (3.59)

We have these two possibilities because both the gluon or the quark/antiquark
can go into the hard interaction. The parton that does not participate in

the hard interaction and therefore goes directly to the final state partons is

called m 4+ 1. For the case that parton ”a” is a gluon, (f can be a pair of

gluons or a quark-antiquark of any flavor (g, q) or (g, q) (as far as momentum

conservation allows it)

(I)a<g) = {(g7 g)7 (u7 ﬁ)’ <ﬁ7 u)’ (d7 a)’ (a7 d)’ et } ° (360)

We have here several possibilities as a gluon, a u-quark or a d-quark etc.
can participate in the hard interaction. Again the parton that goes directly
to the final state is labeled m + 1. The mapping of momenta and flavors is
symbolically written as

(B, Frme1 = Ri({p, FIm: {Co. D). (3.61)

We mention here that the transformation has an inverse. For a more detailed
discussion see [1] and [37].

3.5 Splitting for the statistical states

Here it is our goal to derive an expression for the operator H. According
to equation (3.43) we can then derive an expression for the virtual splitting
operator V. In order to derive an expression for H we use the Feynman
rules for the corresponding matrix element. Before we consider the den-
sity state operator p we must investigate the quantum scattering amplitude
|M({p, f})). It belongs to color ® spin space. Thus we can write it as

IM({p, f3m)) = Y Hetm) D Hstm)M{p, f5,chm) - (3.62)
{c}m {s}m

Please note that the color vectors are not orthogonal to each other in contrast
to the spin vectors. Here the following relation holds

<{Sl}m’{3}m> = 5m’,m5{s/}m,{8}m . (3.63)

Let us consider now the QCD scattering amplitude | M ({p, f}m11)). Further
the splitting operators tlT (which acts on the color part) and VlT (which acts
on the spin part) are introduced. Thus the following relation holds

\My({B, Fymar)) = 1 (fr = fi + Fne )V By P IM({p, F1m)) - (3.64)
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For the case that two partons (we call them [ and m+1) are almost collinear
we may write

IM({p, fYme1)) ~ [MP, Frmar)) - (3.65)

If P41 becomes soft we have

M ({5, fYme1)) ~ D IMi({5, Frmen)) - (3.66)
l

The definition of [M;({p, f}m+1)) in eq.(3.64) has the feature that eq.(3.66)
and eq.(3.65) become exact in the soft and collinear limit respectively.

3.5.1 Splitting on the spin level

The spin dependent splitting operator VZT({]ﬁ, f }m+1) can be characterized
by its matrix elements

{8 etV {B, Frmr) [{shm) - (3.67)

As we have chosen an orthonormal basis for the spin states we can write the
operator VlJr in the following way

{8 m VI (4B, Flma)[{}m) = < 11 5§j,sj>vl({ﬁ, Frmet, me, 80 80) -
je{l,m+1}

(3.68)
The factor Hj¢{l,m+l} 03;,s; is on the right side of the equation as the whole
expression must be diagonal in the spectator spins. By this equation we
define the splitting functions v; ({p, f}m+1, Sm+1, 81, 81). The various splitting
functions are derived in [1].
As an example we show here in detail the derivation for one splitting (initial
state ¢ — ¢ + ¢ splitting, quark scatters). For the other amplitudes see
section (6) of [1].
For the kinematics of the whole process we write

(3.69)

§5=38, ,e4= 6M(ﬁm+1, Smi1; Q)

where pp,4+1 stands for the momentum of the emitted gluon. It must be
noted that ¢ is defined to be orthogonal to Q = p, + Pp = pa + Pb-
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According to the Feynman rules for QCD we have for a quark-gluon vertex
(see for that page 10 of [3]):

—ig(tM e (v*);i - (3.70)

The factor g stands here for the strong coupling constant (in analogy to the
fine structure constant a in QED) while (t4) is the color matrix. Thus we
have for the amplitude |M ({p, f}m+1)) the following expression
P-m -

The factor —i has been absorbed into H that stands here for the hard
interaction we are not interested in at the moment. The entity U(p, §) stands
for the incoming initial state quark while ¢* stands for the outcoming real
gluon that is emitted in the process. Further, P is given by

P=PA". (3.72)

We see here also the propagator for the off-shell quark (the quark after the
emission of the gluon). Its momentum is given by

P=p—q. (3.73)

We want to make an approximation of M for the soft and the collinear case;
our goal is to derive the scalar expression v given in eq.(3.68).
For that we insert into M a ”one” factor

P —m) + G +m)p P +m

M=H
2p-n P2 —m

5(9t¢)U (B, 3) - (3.74)

We assume n to be the lightlike vector pp. In order to see that the in-
fh(p —m) + (p + m)gh
2p-n
following relation is valid for general 4 vectors A and B (see eq. (A.19a)

of [39])
AB=24-B—BA. (3.75)
Let us focus on the first term in M

pp—m) P+m

2p-n P?2—m

serted factor is truly equal to one we remind that the

Mys=H 2 (gtc¢*>U(ﬁ7 ‘%) : (376)

With!®
p=P+(p+q—p) (3.77)

15See eq.(3.73).
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and
(P —m)(P+m)=P>—m’ (3.78)

we can write for Mg

M= H ! (04U 5.9

wp +d—0 P +m

2p-n P2 —m?2

(3.79)
+H

(gt¢)U (5, 5) -

We remind here that the 4-momentum of the emitted gluon is given by gq.
As the first term is independent from g we have no divergency both for the
soft and collinear limit of g.

In the soft limit we see that the expression (p+ g — p) is proportional to one
power of ¢. Also the denominator P? — m? = —2p - ¢ is proportional to one
power of q. So the expression Mg as a whole remains finite in the soft limit.
For the treatment of the collinear limit we resolve the entity ¢ into two parts

qg=qL+q) - (3.80)
Here is g, a spacelike vector; it is non-zero and fulfills
qr-p=0. (3.81)

In the collinear limit the denominator of the second term of M,s has two
powers of ¢; . The numerator (p + ¢ — 3})) contributes with one power of ¢q
while the other numerator » + m also with one. Thus both cancel each
other and M, remains finite both in the soft and in the collinear limit.
Thus the divergent part of M remains

(p +m)t P +m

2p-n P2 —m?

Msing =H (gtc¢*)U(ﬁa ‘§) . (382)

According to eq.(A.22) of [40] we have

p+m=> Ulps)U(ps) . (3.83)

The factor U(p, s) can be viewed as a real incoming quark that comes into
the hard process. Thus we consider it to be meaningful to absorb this factor
into the hard scattering amplitude H. We define therefore as a splitting
function

Vira, O (b~ g+ mn U G.5)

Vo = —
-2 -m2t 2p-n

(3.84)
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We note here that by definition the color matrix t¢ acts only on the color part
of |M). For the splitting function v, only the spin part of |M) is relevant
(see for that eq.(3.68)). For the treatment of the other splittings see section
6 of [1].

3.5.2 Splitting on the color level

In the previous section we discussed the splitting operators on spin level.
Now we want to say something about splitting on color level. In eq. (3.64)
the splitting operators both on color and on spin level have been introduced.
As an example we could write for the emission of a gluon by a parton:

1)y =t (fi — fi + 9)) . (3.85)

The question is: how can this be properly described?
For that we write the quantum amplitude in a vector expansion

M{p, frdos = 3 Hetmde @ 3 Hskm)s MUp, f.5.¢}m) - (3.86)
{c}m {s}m

[{c}m) is here a vector in color space while |{s},) is a vector in spin space.
With that |M({p, f}m))c,s is a vector in the combined color-spin space.
Eq.(3.86) can be written in a component notation. The spin is denoted
by the index A; which takes the values :I:% for quarks and the values +1
for gluons. For color the indices are denoted by a; which takes the values
1,...,3 for quarks and the values 1,...,8 for gluons. Regarding color, an
initial state quark corresponds to a final state antiquark and an initial state
antiquark corresponds to a final state quark. Hence in this section ”¢” and
”quark” can mean both a final state quark or an initial state antiquark and

q” respectively "antiquark” a final state antiquark or an initial state quark.
Now M can be expanded in the following way

M({pa f}m)i::ii”ill’7"""’j\’?n = Z \y({c}m)aa,ab,ah.“,am
{c}m

X Z {S}m )\a,)\b,>\1, HA M({p7 f,S,C}m) .
{s}m

(3.87)

The ¥({c},,) form here a basis in the space of color singlets with color labels
{¢}m-. In addition the Z({s},,) form a basis in the space of spins with spin
labels {s}m,.
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We assume that the spin labels A stand for parton helicities. They are
already properly normalized. Therefore we have

E({S}m)kakb,)\h...,)\m = 5>\a5>\b5>\1 .. .5>\"‘ . (3.88)

Sa ~Sp ~S1 Sm

We already mentioned in section (3.2) the situation for color is a bit more
complicated. As the amplitude |M({p, f}m)) is supposed to be a physical
state it must be invariant under gauge transformations. Thus a basis in the
color space must be introduced where each basis vector is a color singlet. For
that the concept of color strings is introduced (see for that [41-44]). Here
a color basis vector |{c},,) is considered to be a color string configuration
{c}. Such a configuration is considered to be a set of one or more strings S.
There are two types of strings: open strings and closed strings.

An open string S = [l1,[2,...,l,—1,1,] is respresented by a set of parton
indices where [ is the label of a quark, lo,...,l,_1 are the labels of gluons
and [, is a label for an antiquark.

A closed string S = (Iy, 12, ..., l,—1,1,) is represented by at least two parton
indices where all the partons are gluons. Sets which are related by cyclic
permutation are treated as the same.

Now we focus on the basis states. We write ¥({c},,) as

U({chp) m = @S (Sy){sder | w(Sk)tahx (3.89)
The set of color indices in string k is given by
{a}p =A{ay, - a,} - (3.90)
We define for an open string
U(S)lah = n(9) 12 [tozg0s | gon1], (3.91)

Here t* are the SU(3) generator matrices. The normalization factor is

n(S) = N.COxE 2 . (3.92)
So that we have
(519) => [w(s)pr=1. (3.93)
{a}
For a closed string we define
U(S)lot = n(9)12x[targez | 4on] (3.94)
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Where we have
n(S) =Cp . (3.95)

So we obtain

(a2 -1 n—1
(S]8) = {Za}: WS a2 =1— <2NCCF> , (3.96)

which becomes one for a large number of colors.

With the definition of color strings we can now construct basis states for
color singlet states. They are defined as a product of string states. They
have a normalization factor n({c},,)~"/? with

n({c}tm) =n(S1)n(Sz2)...n(Sk) . (3.97)

For the normalization of the states we have

({chml{ctm) = T T(SklS) - (3.98)

k

These factors are given by eq.(3.93) and eq.(3.96). We have therefore
({ctm|{c}m) = 1 for the large N, limit.

The set of basis vectors |{c},,) is not orthonormal but for the large limit we
have

{}ml{ckm) = O(/NZ)  {}m # {chm - (3.99)

Now splitting on color level can be described. For that we go back to
eq.(3.85). In component notation it can be written as

ap,ap

qﬁaavab7a1,---,az7---7am7am+1 - Z T(fl)“mjrlwaavabmv---@lv---vam (3.100)
aj

where the T'(f;)?"! stand for a representation of the SU(3) group. For the

a,a;
case that we have f; = g it is given by

T(g)pe = ifoac - (3.101)

The fpqe are the structure constants of the SU(3) group. They are defined
by the commutator relation'®

[t9,8°] = i fapet® . (3.102)

'We remind that we have the summation convention there; see further section (15.2)
and section (15.4) of [40].

44



The application of the splitting operator T' to one basis state [{c},,) leads
to

ST 1% =3 iz, a0t = 1 gEmg@ - (3.103)
a;

ap

which can be written as

n({¢stm 1/2 n({c-}m 12 A
o= grol(edn) = |"Uekm) | e,y - (2t | Py

(3.104)
with )
n({ctm)
Eq. (3.104) can be also written as an operator equation
ti(g — g+ 9) = V/Cral (1) = \/Cral (1) . (3.106)

For a precise definition of the splitting operators a see section (7.2) of [1].
If f; is a quark we have
T(q)i; = 3 (3.107)

and if f; is an antiquark the following relation holds
T(9)3; = —t% - (3.108)

By that also the splitting operators TlJr for other processes (like for example
q — ¢+ g) can be derived. For a more detailed discussion see section (7.3)
of [1].

3.5.3 Splitting for the density operator

In the previous sections we have dealt with parton splitting on the level of the
quantum states |M). Now we want to consider how a splitting is described
on the level of the density states. In eq.(3.64) the splitting operators t;r and
VlT have been introduced which act on the quantum aplitude |M).
Now we need an operator S that acts on the density state p so that the
following relation holds

7) = Slo) . (3.109)

Here |p) stands for the density state before the splitting while |p) stands for
the density state after the splitting. Before a splitting we can describe a
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state with m partons in the final state and two partons in the initial state
by
{p. f,8's¢ s, ¢mlp) - (3.110)

After a splitting we have m + 1 partons in the final state that is described
by R

(. £,8,¢,5,¢tmaalp) - (3.111)
Parton 4 can split in |M({p, f}) while parton j can split in (M ({p, f}m)|-
The simplest possibility is ¢ = j. It is the only one that is incorporated into
Monte Carlo event generators as they simulate only probability distributions
(in collinear approximation) and not amplitudes. Thus they do not simulate
interference effects.
We cannot ignore, however, the case where we have i # j for the following
reason: it is possible that we obtain after splitting the same flavors and
momenta {p, f }my1. An integration over {p}m41 would yield a logarithmic
divergency. Please note that this is not only true for the collinear case
but in general. An example for that would be parton i in |M({p, f}m))
emitting a gluon m + 1 while parton j emits a gluon in (M ({p, f}m)|- An
interference graph for this does not contain a collinear divergence from p,,+1
being collinear with respect to p; or p;. We obtain a soft divergence when
DPm+1 goes to zero. Thus we must take the case ¢ # j into account. Now the
question arises which momentum mapping ought to be used for ¢ # j:

{0, Fme1 = Ril{p, Yo {Gor G1) - (3.112)

There are different options: mapping with [ = ¢ or with [ = j. In [1] it was
chosen to average the two possibilities in an equal manner:

ﬁ({ﬁa fm+1} Zpl {p7 f}erl)
+ Z (AP} (B, Frmin) + A5t ({Bms 1) ({6, Flmn) |

lséj
= 2 {pll ({p, f}m+1)
. ROV ROV
3 Ap({Bhn) [pl(;({p, Frmsn) + 2005, f}mﬂ} } .
k£l
(3.113)
The sum runs over the set {a,b,1,...,m}. The A;; are here weight factors.

In [1] 4 = % was taken but also other choices are possible. A;; stands
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here for momentum mapping R; while A;; stands for momentum mapping
Ry with | = j. If we have ¢ = j we take the mapping with [ = ¢ = j. Then
the different contributions to p({p, fms1}) need to be considered. We have
for the case i = j according to eq.(3.64)

o (s fnn}) =t (fr = fr + Fe )V (B, Flns) (s £3)
xVilp, fyme)ti(fr — i+ fmy1)  (3.114)
S ({fmi1) -

Here is S;({fm+1) a normalisation factor

1/27le{la"wm}af:l:fmfl:g
1, le{l,...,m},ﬁ;«ég,f;mﬂ:g
¢ Oa le{l)"wm}afl:g’ferl?ég

S ({Fhme) = 1=87 L (3115
W= 0 Efmh Aze b G
Oa le{la"wm}afl:q»fm+1:q

1 [ €{a,b}

In the first case the normalisation factor is 1/2. The reason for this is
because this stands for the process g — g+ g. The splitting probability is
symmetric under interchange of the labels [ and m + 1 so that integration
over p; and p,,+1 would count the same physical configuration twice. The
factor 1/2 compensates this. For the case that we have fl =g and me =q
or fm+1 = @ the counting factor must be zero, so that then the emitted gluon
should be counted as parton m + 1. Similar to that the factor is zero for
fl = qand fm+1 = ¢ so that for g — ¢+ ¢ the final daughter antiquark ought
to be parton m + 1. By that the flavor mapping is enforced as discussed in
section (3.4).

For the case i # j we have

P by Foner) =t (i = Ji - ) VI (0, P, 1)
< VD, fYme 1)t (f; — fi + fnar) -

Here we have used the simpler splitting operator V°f. We mention here
that both VJ’SO& and V}SO& are equal to zero when parton m + 1 is not a

(3.116)

gluon.!” So ﬁg)({ﬁ, fm+1) vanishes for i # j except for the case that parton
m + 1 is a gluon.
So we can write now

55) =8D1p) - (3.117)

'"For a treatment of the soft splitting function see section (6.6) of [1].
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\ ﬁg-)) stands for the statistical state after splitting while |p) stands for the

statistical state before splitting. Sf;)
We can write this as

VA 1
({p7f7Slaclasac}m-‘rl‘si(]l‘)‘p) = Tn'/[d{pa f7 8/70/7870}771]

X({ﬁ’ f’ §/7 é,? §7 é}m+1|S’L(jl)|{p7 f7 8/7 C/7 87 C}m)
X({pv f7 3/7 Cla S, C}m‘p) .

We can write the splitting operator in the following form

({p. f.5'. ¢, 5.t |SY P, £.5'. ¢ 5. hm) =
({&, & mi1|G @, 3 { Fhma) s )
x ({8, 8}m1 W (4, 55 {f: Plm+1)|{s's s}m) (3.119)
x({D, fIm+1[Pil{p, f}m)
ne(a)ne(b)nany fa/A (e M%‘)fl}/B(ﬁb? 17
ne(@)ne(b)atiy fasa(as 1) fors (s uF)
The single factors are given by a color part
(&, eYma11G (0, 35 { Frmi) e, ehm) =

pl{&mrilti(fi = fi + fnrt) {rm) L Ymlts (5 = Fi + s ) { Fme1)D
(3.120)

is the splitting operator.

(3.118)

x(m+1)

and a spin part ({8, 8}t W LS, Dyma1)|{s', 8}m). For i = j and under
the exclusion of the process g — g + g this can be written as

( ‘§/7 §}m+1‘w(l7 l; {fAJa}m-H)HS/’ S}Tn)

= Si({Frma) {8 mar V) ({1, Flma ) {8 ({8l Vi(Bs Frma1)HE b)) -
(3.121)

For i = j the splitting operator W can be written as'®

({3, 8 i WAL LA S DY ma) s s}m) =
= Sz({f}m+1){<{§}m+1lVlT({ﬁ, Flme0) s }m) (" Y ViBs Frms1) {8 )

O (L = ot = 9)({F St L I {ﬁ}m+1>\{s',s}m>} ,
(3.122)

8For the proper definition of W see eq.(8.13)-(8.16) in [1].
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while for ¢ # j the splitting operator W can be written as

({8, 8bmaa Wi, 55 D)1 shm) = ({8hma ViV (B, Flmsa) [{5}m)
< ({s b VR (1B, FYmr1) {8 Fmga)
(3.123)

where the simpler soft splitting operators V*°* are used which are mentioned
on page (47).

The matrix element ({p, f}m1|Pi{p, f}m) is the next factor which must
be discussed. It has a delta function which ensures the correct momentum

mapping
e [ V)05 Pl [P, 1) 0. ) = B )+ (3124)

with h being a test function. The flavors and momenta are given by

{0, Y AG G} = QP Frmsr) - (3.125)

The flavor and momentum mapping has been explained in section (3.4).
Alternatively we can write for P;

(m1+1)! / (4P, [y ]9 (D, F s 1) 1By Yt | PP, F1m)
! R (3.126)
=2 Y [ A6 € T {phn )5 Ys)

1
me ¢ee®(f1)

with ¢ being a test function and

B, f Y = R{dps 4G &3 (3.127)

being the inverse of (J;. For the derivation of the counting factor ﬁ see
Appendix B of [1].
We can now derive the splitting operator S. For the density operator we

have
1p) =Slp) , (3.128)

with

S=> 8. (3.129)
l

The terms &; are here given by

SY+ 3" Au { 048t } (3.130)

k£l
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The Aj;, are operators where each basis vector |{p, f, s, , s, c¢}m+1) is multi-
plied by the function Ay ({p}m+1). The sum runs over the set {a, b, 1,...,m}.
We mention here that a simplification is possible.

We remind, since the quantum amplitudes must be color singlets, we have'?

ZZT(fl)gzzlgllwaa,ab7a17--~7dl,-~~7am =0, (3'131)
I

which can be also written as

S H(fi— fi+g)w)=0. (3.132)
l

Thus we can write for the gluon emission operators G(I,k; {f}mi1) for
fm+1 =8

S GGk mi) =0, > Gk {flmi) =0, (3.133)
k k
which leads to the following useful relation

. 1 . 1 .
Gl {Ftmin) = =5 > Gk {Fmin) = 5 DGl {fhmin) - (3.134)
k£l k£l
Now we can write down the splitting operator in an explicit manner. We
get for the case f11=¢

({ﬁ7 fv é,u é/7 §7 é}m+1 ‘Sl‘{p7 f7 5/7 C,, S, C}m)
ne(@)ne(b) nay Ja/a(as 13) fy (b, 1)

= (m + 1) ({ﬁa f}erl‘Pl‘{pa f}m) nc(&)nc(i)) ﬁaﬁb fa/A(T]a, /,L%v)fb/B(nb, M%)

C Y {({af,e}m+1|g<z,k;{f}mH)\{c’,c}m)

ke{ab,1,...,m}
k£l

% [An{Bhns)) (18 8 maa V(LI L, Bhns) £, 5hn)
- %({éla ‘§}m+1 }W(lv l; {fa ﬁ}erl)’{S,a S}m)]
+ ({éla é}m+1 ‘g(k7 l5 {f}m+1)|{c,a C}m)
X [Alk({ﬁ}erl) ({§,7 '§}m+1 |W(k7> l; {f»ﬁ}erl)’{s/v S}m)

S S VL ) (5}
(3.135)

19Gee for that eq.(7.27) and eq.(7.28) of [1].
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If fne1 # g that means {f;, fms1} = {q, 7} we have

({5, £.8.,¢,5, S mrrlSl{p. f.5', ¢y s,chm) = (m+ (B, [l [PU{p, 1
. e(@)ne(b)naty Fasaas 130) £ (s 15

ne(@)ne(0) iy fasa(Mas 13) foy (s 13

x({&, etmr1lG(11; {f}m+1)|{0/a Chm

X ({8, 8 mrt WA GAF, BYms1)I{S, hm) -
(3.136)

 —~— —

3.5.4 The real splitting operator H(t)

Our goal is now to set up the evolution equation given in eq.(3.36). The
splitting operator S gives the total probability that a real splitting occurs. In
eq.(3.36) the operator H(t) is supposed to be proportional to the probability
that a branching occurs between ¢ and ¢ + dt. It is therefore a probability
density that a splitting happens. Thus it is presumed that the following
relation holds

/ T AH = S . (3.137)
0

The simplest way to get the real splitting operator H(t) is just to insert into
S a delta function which defines the shower time ¢. The choice taken in [1]
was

Q3 >
-1 |
o <|(ﬁl + (=1)%atouep,, 1)2 — m2(f))] (3.138)

where Q2 is taken to be the hardness scale of the initial hard scattering
which starts the parton shower. Remember from section (3.4) that [ is the
index of the parton that splits while a and b are the indices of the initial
state partons. There are several other possibilities to introduce the shower
time. Another choice would be to relate the shower time ¢ to the transverse
momentum as it is done in the Catani-Seymour dipole shower?’

t = log <li222> (3.139)
1

with @) as the hardness scale of the scattering. For our purposes the following
definition is used (as it was used in [37] and the results of [37] will be applied

208ee for that eq.(13.7) of [37].
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in the next chapter?!
Q2
2Dm+1 * Pa
For the general case we can introduce a function e(p) which depends on the

kinematical momenta of the splitted partons and which defines the shower
time. So we define for the real splitting operator

({ﬁv f’ éla 8, é}m+1‘H(t)’({p7 I cla S, c}m) =
Z {ﬁa fv é,agvé}m+l|8l|({pv f’ C/,S,C}m)) (3141)

le{a,b,...,m}
x0(t —e(p))

With eq.(3.44) it is possible to derive the non splitting operator V(t).
With eq.(3.36) together with eq.(3.135), eq.(3.136), eq.(3.44) and eq.(3.137)
we have now the evolution equation; it was used in [37].

We note that further simplifications are possible. In [45] the evolution was
averaged over spins as it is common in Monte Carlo event generators (while
soft gluon interference effects remained in [45] in contrast to Monte Carlo
event generators). Further the leading color limit was taken.

It is maybe interesting to note that the splitting operator H(¢) has the
following structure

(I‘H(t)‘{p, f,8,¢,s, C}m> =2 <{3/}m}{3}m> <{Cl}m‘h(tv {p, f}m>}{c}m> .
(3.142)
Thus the splitting operator H(t) is diagonal in spin but not in color. The full
expression for the function A is given in section (12) of [1] and in Appendix??
A of [37]. In Appendix A of [37] h respective H(t) has been further simplified.
This result will be used in the next chapter.

#1See for that eq.(3.3) of [37].
*2Please note that in [37] an error has been corrected.
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Chapter 4

Parton shower formalism and
the energy fraction in Drell
Yan processes

In chapter (3) an analytical formalism for parton showers which takes in-
terference effects into account has been summarized. This formalism was
developed in [1]. In [37] this formalism (together with some simplifications)
was used in order to calculate the distribution of the transverse momentum
k. of the Z° boson in Drell Yan processes. It turned out that the result was
equivalent to the one given in [46] where the &k, distribution was derived by
standard resummation techniques.

Our goal in this chapter is now to do the same for the energy fraction! in
Drell Yan processes. In [2] this problem was already handled, where resum-
mation techniques were used while in [24] the same was considered for a MC
generator with color coherence. Here it is our goal to derive the distribution
of the energy fraction in Drell Yan with the formalism of [1] together with
simplifications given in [37]. We will show that the result is equivalent to
the one given in [2] and [24] under certain conditions.

4.1 Review from the literature

In a Drell Yan (DY) process we have two incoming partons (which come out
from two incoming hadrons) which form a Z° boson that then decays into
a lepton-antilepton pair. According to the mass factorization theorem the

'For its definition see eq.(4.32).
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partonic DY cross section can be written (see for that [47], [48] and [49]) as

CLU:Q2

TdT

do
dQ?
oo stands here for the Born cross section. @Q* is the four momentum of the
lepton pair. The variable 7 = ?/s is the (partonic) energy fraction with s
as the center of mass energy of the two partons before any parton showering
takes place while Q? stands for the center of mass energy after the parton
shower?. The variable Q(Q) is a kinemetical cut in order to avoid the collinear
divergency. Thus only partons with ki > Q% are taken as real emission
while the others are considered as unresolved.

The function W can be derived inside the frame of perturbative QCD. This
was done for the soft limit in [2] and [24]. In [2] resummation techniques were
used for the derivation of W. As it is easier to compare the cross sections
of DY and deep inelastic scattering (DIS) in Mellin space the following
transformation was used

= UOW (Ta Q2a Q(2)) ’ (4]‘)

1
Wi (Q% Q2) = / VW (1 0%, Q2) (4.2)
0

In [2] it was shown that this function takes the following form in the soft
limit?
Cp 1 CNfl 1 (1-¢)2Q? dki

In [24] it was shown that a Monte Carlo event generator which takes into
account color coherence can reproduce the result of eq.(4.3).

The question that arises whether the parton shower formalism of [1] can
reproduce the expression of eq.(4.3). Our goal in this chapter is to handle
this issue. For that we make use of some approximations derived in [37]
(see section (4.1.4)). Please note that the energy fraction 7 as a purely
partonic variable cannot be easily measured. The reason why we consider
this variable is that we want to check whether the formalism of [1] can
reproduce the results of [2] and [24]. By this we can check the quality of
this parton shower formalism.

2See for that also section (4.1.2).
3We have decided to write instead of z ¢ as later in this chapter another variable z will
be used.
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4.1.1 The differential cross section do/dr and the partonic
statistical state

The entity we are interested in is the differential cross section with respect
to the energy fraction 7. As 7 is a purely partonic variable it makes sense
to consider a statistical state |ppers) which is defined purely on parton level
what means that it is free from PDFs.

The introduction of such a kind of states was already done in [37]. We give
here a summary of the consideration there.

It should be reminded that the statistical state |p(t)) contains a factor?
which gives the parton-parton luminosity

Fasa(as 03) foy 8 (06, 13)
4ne(a)ne(b)2nampa - P

(4.4)

The functions f,/4 and f,/p are parton distribution functions, n.(a) and
n.(b) denote the number of colors carried by the partons a and b (3 for
quarks and 8 for gluons). Let us introduce an alternative statistical state
vector |ppert(t)) where this non-pertubative factor is removed

({p. f.5',c,s,chmlp(t)) =

a a5 et ’ 2! I d 45
! /A4§7»77c(a?nf(b))2£2/773;1(72b . CjBe ) ({p7 f,s,c,s, C}m|ppert (t)) .

Thus this density operator ppert operates only on parton level. For the scale
pr inside the PDFs p2 = Q%e~! was presumed. @2 is here the scale of the
hard scattering. In our case it is the center of mass energy after the parton
shower. For the exact definition of the shower time ¢ see eq.(4.26). We can
write for |ppert (%))

(1)) = F ()] ppert (1)) , (4.6)
where the operator F(t) is defined as

. _ Jaya (10, Q*e™") foy5(ms, Q%e™")
.7:(75)|{p,f,s,c,s,c}m) - 4nc(a)nc(b)277anpr'pB

|{p7 f7 8/7 Cl? 87 C}m) .

(4.7)
Now we want to write down an evolution equation for |ppert(t)). It should
have the same structure as the evolution equation (3.36) that is for the
hadronic statistical state; thus we write

%Ippert(t)) = [HP8(t) = VP (1) ppere (1)) (4.8)

4See for that eq.(3.8), eq.(3.11) and eq.(3.22).
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where the objects HP'*(¢) and VP (¢) are supposed to be splitting operators
which operate only on parton level which are derived now. If we consider
eq.(4.6) and eq.(3.36) we obtain

5O 1o 0) + F0) G e () = [HCO) = VOLF Ol g () . (49

which leads us to

%lppert(t)) =F (&) [H(E) = VOIF (1) ppert (1))

= (0| 57O I8 Y
Thus we can write for the partonic splitting operators
MO (1) = F(O) T HOF()
VP () = F(t) V() F(t) + F(t) [jtf(t)] (4.11)

—V(t) + F 1) [jt}"(t)] ,

where we used the fact that V(¢) and F(t) commute with each other because
V(t) as the virtual splitting operator does not change flavors and momenta.
For the real splitting operator the following relation holds®

(b, . 8.8, bma[HO){p, £, 5. 5, cm) =
n ( Ynamy a4 (e, Q2™ fy (i, Q%)
n (5)77a77b faja (a, Q%e™) fo (1, Q*e™")
{5, .82 .5, mar [H* () {p. f.8'. ¢ 15, chm) -

Now we are prepared to define do/dr inside the frame of the parton
shower formalism®. For that we note that the total cross section on parton

(4.12)

D,
ne(a
ne(a
X (

>The variables fj, and 7, stand for the momentum fraction after the splitting in back-
ward evolution. See for that section (4.1.2).

5We note that in the soft limit do/dr is approximately equal to the left side of eq.(4.1)
as then 7 is close to 1.
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level for producing a Z° boson can be written” as
9 :(1|ppert(t)) =
1
Z % /[d{p7 fa 5,7 Cla S, C}m]
m
X (H{p’ f7 S,’ Cla S, C}m) ({p7 f’ 5/7 C,a S, C}m|ppert (t)) = (413)

52 L [0, bl (5 kb ()

X ({pa fa Sla Cl: S, C}m‘ppert(t)) .

Here eq.(3.40) and the completeness relation given in eq.(3.23) has been
used. Thus we define the differential cross section as

do
dr
S o [ 15,5, el (b5 hn (bl )

2
X 5(1,&6[)756(7761 - ﬁa)d(nb - ﬁb)(S(T - Q(g) ({pa f7 Sla C/, S, c}m|Ppert(t)) .

(4.14)

We have decided to keep track of the momentum fractions 7, and 7, as we
will compare our result in section (4.4) with PYTHIA which only yields
results on hadron level.

The differential cross section can be also written as

;Lj = (T}Ppert (t))

8

3 (4.15)
= (HQ(T? ﬁavﬁbva‘a b))’ppert(t)) )
where the measurement? operator Q is defined as
Q(Ta Nas M @, i))‘{p, 1 5,7 Cla S, C}m) =
2 (4.16)

5a,&5b,55(77a - ﬁa)d(nb - ﬁb)5<7_ - Qs> ‘{pv fa 5,7 Cla S, C}m) .

"See for that also eq.(2.4) of [37].

8This corresponds to eq.(4.1)-(4.3) in [37].

9Strictly speaking it is not a measurement function as the variable 7 cannot be mea-
sured.
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On hadron level we write the cross section as

dahadron fa/A Na, @*¢™") foyp(m, Q%e™")
dna
Z/ ! / Ane(a)ne(b)2nampa - pB (4.17)

X (”Q T, ﬁtu ﬁb? &7 5))’Ppert(t)) .

The energy fraction 7 is in contrast to the transverse momentum an inclusive
variable. As discussed in the beginning of this chapter we consider it in
order to check whether the formalism of [1] can reproduce the results of [2]
and [24]. This is in contrast to the reasoning given in [37] for the transverse
momentum of the Z% boson. We cannot therefore simply define doyadron/dT
by

(11Q(7)|ppert (1)) (4.18)

with a hypothetical Q(7) given as

2
T)}{p, f,s.c, s,c}m) = 5(7 — Q) |{p, f,s,c,s c}m) . (4.19)

As discussed in the previous section we must consider the cross section in
Mellin space. For the Mellin transform of do/dr we write

1
oN :/ dTTN_ld—U . (4.20)
0 dr

Further the Mellin transform of Q(7,7a, 7, @, b)|{p, f, s, ¢, s, c}tm) is given
by

Q(N7 ﬁtb ﬁb? d) B)‘{pa f7 8,7 C/> S, C}m) =
N ) ) o (4.21)
<8> 5a,&5b,56(77a - 77a)5(77b - nb)’{p7 fv s,C,S, C}m) .
We can therefore write

ON = (HQ(N’ ﬁaaf/ba &a [;)Hpv f’ 5/7 C,a S, C}m) . (422)

On hadron level we can write this as

fa/A Na, @%€™Y) foyp(my, Q%)
er d a
(1|Q( ’Pp t Z/ 77/ 4”0 ) c(b)277a77pr'pB

X (L Q(N; as M, @, b) | ppert (t)) -
(4.23)
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Figure 4.1: Schematic diagram for initial state splitting. This figure was
taken from [37].

4.1.2 Kinematics of initial state splitting and definition of
the energy fraction

Now we give a review of the kinematics given in [37] for parton splitting in
Drell Yan processes!’. We do this as we will need this in section (4.1.7) for
the derivation of the differential cross section of the energy fraction!®.

In [37] the kinematics of the Drell Yan process is given in backward evolution

ale

1—-2 Y
H S | ki,
Pm+1 > ( +y)pa+21+ypb+ 1
. 14y (4.24)
Pa = DPa
z
Do = Db -

Here we require that z must be in the range 0 < z < 1, and k, is spacelike
and orthogonal both to p, and py. Backward evolution™ means that the
shower starts with the hard subprocess and the soft emissions in the initial

10A summary of this momentum mapping can be also found in section (3.4).
"For its definition see eq.(4.32).

128ee for this also fig.(4.1).

13See for that also section (2.2.1).
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state are generated after the hard process in shower time. It is presumed
that the momenta of the partons are lightlike. With eq.(4.24) we obtain:

_ 2ﬁm+1 'ﬁa

4.25
2pa - Py ( )

As in [37] we will also use a shower time based on the virtuality
Q° >
& <2pm+1 “Pa (4.26)

Between y and t we have the following relation

Q*
= e " . 4.27
Y 2pa - Db ( )
And for the variable z we have
Pmtl ' Pb _q . (4.28)
Pa - Pb

For the momentum fractions of the partons we may write

1+ 1 2
et ]

Na TNa = —
z z

(4.29)
="
where we have so = 2p4 - pp and 2p, - pp = NaMpS0-
14

Finally we denote the azimuthal angle of k&, with respect to the z axis™* as
¢. As all partons are lightlike we may write

0=p21
=(1—2)y2pa-ps — k1 (4.30)
=(1-2)Q% " — k%,

which leads us to
k2 = (1-2)Q% . (4.31)

In section (4.1) we have already introduced the energy fraction in Drell
Yan processes
Q2

S

(4.32)

T

4 The 7 axis is considered to be in the direction of the beam.
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We remind here that Q2 is the center of mass energy of the two quarks at the
interaction point (this means after all the soft gluon emission has occurred)
where the Z boson is formed.

In fig.(4.1) we see the illustration of one single splitting:

Q= (pa +p)* = 2pa Db - (4.33)

On the other hand s is defined as the center of mass energy of the two
quarks before any soft gluon emission has occurred. For the case of one
single splitting, illustrated in fig.(4.1), it is given as

s = (Pa + Pb)* = 2Pa - P - (4.34)

In section (4.1.4) we must also deal with the rapidity of the emitted gluon.
In general it is given by

1 E+pr
= 1 4.
r 2Og<E—pL>’ (4.35)

with E as the energy of the gluon and pj, as its longitudinal momentum. In
the rest frame of the Z° boson this can be written as

= Lo <(1—Z)(1+y)2> , (4.36)

2 22y

4.1.3 Strategy

In section (4.1.1) we have defined by eq.(4.15) the differential cross section
for the energy fraction in Mellin space. We can now set up the evolution
equation as

d
%(HQ(Na naa nba a? b)|ppert(t)) =

(LIQ(N 710, my, a, ) [HP (£) — VP (1)] | ppert (1))

(4.37)

where we used the evolution equation (4.8) for |ppert(t)). Our goal is now
to approximate this evolution equation in order to get an expression of the
following form

d

@(HQ(N; Nas My @, b) | ppert (t)) = =K (t, N)(1|Q(N; 1a;s M, @, b)|ppert () -

(4.38)
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With such a kind of expression it is possible to write down the solution of
eq.(4.37) as

(1|Q(N7 77a7 77b7 CL, b)|ppert(tf)) ~

" 4.39
exp<_/0 dtK(t,N))(1|Q(N§naanbaa7b)|ppert(0))' (39

t¢ is here the time when the shower stops!®. Then we can compare this with
the result for the partonic cross section given in [2] where In Wy (Q?; Q%) has
been calculated. In order to get an expression like the one given in eq.(4.39)
we will use two approximations derived in [37] in section (4.1.7). These will
be given in the next section.

4.1.4 Approximations

Here we summarize the equations that will be later used in section (4.1.7).
The operators V' (t; z, ¢, f') and Hy(t; 2, ¢, f') will be defined on page 66.
The first one is eq.(8.12) of [37]
(1|V(}1)ert(t; 2, ¢7 f,)|{pa f7 S,a Cla S, C}m) ~
1 _
(@) fiay s'y/a (#% Q% t) 1
nc(a—i_f/)fa/A (nan2€_t) 1+y

_ aS(ILLZR) (Z) f(a-i—f/)/A (Tla/z’Q2€_t) _s 20@ .
P N O B ]

X (]“{p? f’ 8/70/7870}771) 9

(1’2ngrt(t; z? ¢7 f/)‘{p7 f’ 8’7 cl? 87 c}m)

(4.40)

with C, given as

_ CF7 a#g
Ca—{CA’ e (4.41)

For the derivation of eq.(8.12) in [37] eq.(8.5) and eq.(4.15)'¢ of [37] has been
used where 7, & 1,/z was taken. Instead of this it appears to us better to

51n section (4.4.1) we will call it also t. for reasons that will become clear there.
'S which corresponds to eq.(4.12).
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retain 7, = HTyna and thus we obtain using eq.(4.12)

1+y 2 —t
1 (@) fiarpya (=71, Q%
(1|Ha(t;za¢7 f,)|{p7 fa Slvclas7c}m) = 1+y n (((IL :_ff?l/)Af(/A fn Q2€_t) )

X (1|Zngrt(t; z’ ¢? f/)‘{p7 f? 8,7 Cl? 87 C}m) .

(4.42)

That is the reason why we have in eq.(4.63) the additional factor ﬁ in

front of (1|zHE™ (t; 2, ¢, f){p, f,5', ¢, 5, C}m).
The second one is eq.(7.13) of [37]:

(U=HE (2,0, f1){p, £, ¢ 5, chm) =

as(u%) .
5fl79 I Cal_Z+y(1’{p7f,57C,S,C}m).

(4.43)

For the derivation of eq.(7.13) of [37] it was presumed that the following
relation holds
eX > e (4.44)

Here r stands for the rapdity of the emitted gluon while r; stands for the
rapidity of the previously emitted gluon in the rest frame of the Z° boson.
The consideration of [37] was conducted however in b space!”. As we work
here in Mellin space we must check whether this approximation is also valid
in our case. We rewrite eq.(4.36) as

2 2
rzélog[tkj‘ (1+y) ] . (4.45)

etoL X T IS
Q* 2%y
As we will discuss in section (4.1.6) y must be in the soft limit close to zero.

Further z must be close to 1 so we have for the rapiditiy of the emitted
gluon

1 o kﬁ_ 2pa - Dy
Uy log [e 2 Q° ) (4.46)
where eq. (4.27) has been used. We can therefore write
1 k] 1 2pa - Dy

"h is the Fourier transform of k| .
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By the same reasoning we have for the previously emitted gluon

Lo (KLY L, (20
Tk%tk—l—zlog( o +2log< o ) . (4.48)

Because of eq.(4.27) we conclude that emissions with large ¢ are favored.
This implies that we can presume for soft emissions

et > 2t (4.49)

And this implies that also for our case eq.(4.44) holds. Thus we can also
apply eq.(4.43).

4.1.5 Final state splitting

In section (4.1.2) we have introduced momentum mapping for initial state
splitting. Now we are forced to consider also final state splitting. Though
in Drell Yan the outgoing leptons do not participate in the parton shower it
is still possible that outgoing gluons from the incoming quarks can undergo
further branching. Thus we can still have final state splitting. In [1] a
mapping was chosen where the momenta of the final state splitting were
taken to remain unchanged: p, = pa, Pp» = Pp-

In order to preserve both momentum conservation and keeping all partons
on shell it was chosen to change all the momenta of the final state spectator
partons by a Lorentz transformation

Py =ApY . AL m+ 1} (4.50)

As the momenta of the initial state remain unchanged we conclude that final
state splitting has no effect on the energy fraction at all. Thus we can for
our purposes completely ignore final state splitting.

4.1.6 Initial state splitting
A little more complicated is the case for initial state splitting. For that we

must first of all consider the effect of initial state splitting on Q% and s and
2

by that on the energy fraction 7 = Q—
s

The center of mass energy after soft gluon emission: Q2

Here we want to obtain the relation between @2 and QQ. Q? is defined as
the center of mass energy at the interaction point this means where the Z°
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boson is formed:
Q% =2pa-py - (4.51)

If we look at fig.(4.1) we see that the parton momenta at the interaction
point are not changed by parton splitting due to backward evolution. Thus
we have

Q% =2p - pp = Q. (4.52)
The center of mass energy before soft gluon emission: s

With s being the center of mass energy of the two incoming partons before
any splitting, we have at the beginning of the parton evolution

S =2pg-Dpp - (4.53)

This means that we have for the energy fraction at the beginning of the
evolution

2
S (4.54)
s
After the splitting we have
5 =2pq Db - (4.55)
This is according to eq.(4.24)
i _olty
s=2—"p,p,
4.
14y (4.56)
Tz

With that we obtain for the energy fraction

z
T .
1+y

(4.57)

7=

In the high N limit which corresponds to soft gluon emission both 7 and 7
are close!® to 1. Thus y must be close to 0 and z close to 1.

8Gee for that eq.(4.2).
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The evolution equation

Now we want to consider the evolution equation for the energy fraction
distribution. For that let us return to equation (4.37). The operators Q
and VP'' commute with each other. The reason for this lies in the fact that
the non-splitting operator VP does not change the momenta and flavors
of a partonic basis state |{p, f,s’,,s,c}n). Further it does not add a new
parton. We can therefore write

d
%(1’Q(N7 Nas My, A, b)’ppert@)) :(1‘Q(N; N, M, @, b)Hpert(t)

— VP ) Q(N; Dy 16y @, b) | ppert (1)) -
(4.58)

In order to proceed further we take the decompostion of HP®'(¢) and VPt (t)
given in eq.(6.2) and eq.(6.3) of [37]

HPY (t) = Hps(t / /_Tr d¢ZHPQ“ t: 2,6, f)

l

¢ er /
—i—/o dz/ﬂ%;?ti’ t(t;z,gzﬁ,f),

(4.59)

VPt (t) = Vpg (t / /_ ) a vaert (t;2, 6, f)

I

d¢ er /
—i—/o dz/_ﬂ%zvg’ “(t; 2,0, f) .

!

The entities Hrs and Vpg stand for final state splitting. As we are dealing
with initial splitting they both commute with QO and yield therefore no
contribution to the evolution. f’ stands for the flavor of the emitted parton.
For the commutator relation between Q(N;7q, 7y, a,b) and HE™ (¢; z, ¢, f')
we must consider eq.(4.21) and eq.(4.29). The operator Q before splitting

N-1 N-1
yields a factor () while after splitting a factor <A2> .
s §
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Thus we may write!?
QN s 1y My, @, LYHET(t; 2, 6, f')

N—-1
z S ert /g, ! _* —f! =
<S> P (t,z,¢>,f)Q<N,yna,nb,a f,b>— (4.60)

l+y 1+
< z )Nngrt(t;za¢7f,)Q<N; Z’r’avnlhaf/vb) .
1+y 1+y

The additional factor 1 j_ comes from a delta distribution given in eq.(4.21).

Regarding the expression a— f’ we note that it stands for the flavor of parton
a before the splitting a = a — f’. For the flavor mapping we write u — g = u
or g —u =u etc.

Thus we can write the evolution equation as

d
%(HQ(N, Tas b, Q, b)|pper(t)) =

! " do : "N
/O dZ /ﬂ%;(llca<taz7¢af 7N7na7nb7a7 b)|ppert(t)) (461)

1 T d¢
+ /0 dz lﬂ % Z(l‘ICb(t, 2, ¢7 f/; N7 Nalb, O, b)‘ppert(t)) :
f
The operator K, is here given by

(1|Ka(t; Z, ¢’ f,; N; Na> b, @, b)’ppert(t)) =

N
<1‘ [ngft(t; 2,0, f) <1 i y) Q(NV; ﬁna,nb,a - 10 (4.62)

. Vls)ert (t; z, (z)’ f’)Q(N, Nas Ty, Q, b):|

poes(8))
The expression for Iy is corresponding to that of K.

4.1.7 Evolution up to the shower final time ¢

In this section we are interested in the evolution of the energy fraction
distribution up to a shower final time t;. What will be the proper value of
t¢ will be discussed in section (4.4.1) and (4.4.2). It is our goal to achieve a

19We remind here that Q% = Q2 holds.
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factorization as it is written in eq.(4.38) and eq.(4.39). First of all we focus
on the second term in &, (see for that eq.(4.62)). Using eq.(4.40)?° leads to

(1|V};ert(t§ Z, Qb, f/)Q(N, Tlas v, A, b)|ppert(t)) ~

Z% /[d{p, f,8,¢, s, ctml

1+y 2 —t
nc(a)f(a+f')/A (T%,Q e ) 1 o , .
{ nc(a—kf/)fa/A(na,QQe*t) 1+y (1|2H5 t(t;27¢7f)’{p,f78,C,S,C}m)

_ aS(M%) P /(2) f(a-i—f/)/A (?’]a/Z,Q2€_t) i 5 , 20{1 _
P N S AN e ) R ] Ut

X (1‘{177 fa Sl? C/, S, C}m)} ({p7 f7 8/7 C,a S, C}m’Q<N7 Na> Mo, A, b)’ppert(t)) .

(4.63)

Here we made use of the completeness relation given by eq.(3.23).
By using the completeness relation again eq.(4.63) can be rewritten as

(L[VE (5 2, 6, 1) QN Nas Mo, @, b) | ppert (£)) =
1 el e gy (T, Q%)
L+y  nela+ f)fara (na, Q%)
x (HET (2,6, 1) QN a8 ) pers (1))
)
- (1, e e WD) [ -a])
X (1| Q(N;1a, M, @, b)| ppers (1)) -

(4.64)

We remind that in [2] and [24] the case of soft gluon emission was considered.
Thus it seems important to us to consider the case of soft gluon emission

for the evolution of the energy fraction as well. According to eq.(4.28) the
following relation holds

Pmt1- Dy
Da * Db
The situation where p,,,+1 becomes small compared to p, therefore corre-
sponds to

1—2. (4.65)

(1-2)<1. (4.66)
2Owhich corresponds to eq.(8.12) of [37]
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Then we have according to eq.(4.43)!

(U=HE™ (12,65 f ){p, f,5', ¢y 5, chn) &

) 4.67
5. Ozs(,uR)C 2 (1{p, f,s',c, s, c}m) o
Yy

Foa o 71— 24

As we deal only with gluon emission (which is further only soft) we obtain
the following approximation for I,

(1K a(t; 2,0, f's N Tlay b, @, b) | ppert (£)) &

2
2
5 aS(MR)Ca
oo on 1—2z+y

ZN-1 1 nc(a)f(a+f’)/A (#nav Q2€_t>
A+yN I+y  nela+f)fosa (e, Q%)
as(uk) Farsyya (/2 Q%) 2Ca _
"o (P“’“” O fa i @eny T
X (HQ(N, Ta, Ty, A, b)’ppert(t)) .

(4.68)

So we have the desired factorization formulation??. Let us take now a look
at eq.(4.61). The integration over ¢ is simple as we have no ¢ dependent
term; so this yields only a trivial factor.

According to eq.(4.61), eq.(4.38) and eq.(4.39) we must perform for K, an
integration over the shower time ¢ and an integration over the variable z.
Let us substitute ¢ by ki. Then we define the following entity

1 (1-2)Q? 2 2
5::/ dz/ ki, slm) 2
0 (

102t K 2 1—z+y
1+ - 4.69
N1 1 "e(@)fiass)a (Ty”m Q% t) (469

(L4+y)N - I+y nf:(a'i‘f,)fa/A (14, Q%)

S stands here for the first term in K, integrated over ¢, z and t.
We can perform a further approximation. According to section (4.1.6) y

*'which corresponds to eq.(7.13) of [37]
*23ee for that eq.(4.62) and eq.(4.61).
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must be close to 0 while z must be close to 1. Further gluon emission does
not change the flavor of a quark. Thus we can set

1+ _
1 nc(a)f(a+f/)/A (72« yna,QQG t)
1+y RC(a+fl)fa/A(77an2€_t)

We must be however careful as f,,4 is in some areas of 7, a steeply falling
function. By using a Taylor expansion around 7, for f,/4 we can write

~1. (4.70)

fa/A (Hnm Qze_t> ~ fa/A (nm Q2€_t)

4.71
<1 +vy > afzz/A (77a, Q2€_t) ( )
+ — 11 .
z OnNg
Thus eq.(4.70) holds for

9 as
<1+y 1> fora (10, Q%) (4.72)

Z ona

But as f,/4 is in some areas of 7, a steeply falling function this presupposes

1
that ty is extremely close to 1. Thus the approximation given in eq.(4.70)

z
must be considered with caution.

So we have
2
S~ /dz/ dict o, s () 2
(1-2)Q2e 't kl 2 1 —z+y
X|———1] .
<(1+y)N >

For the second term in K, we consider now the following expression

te 1
B:=Y [ at [ da:°
f/ 0 0

fa ! a ZaQQe_t
x| P 1(2) (+f)/,4(77/ — )—6/ 720& — Ya .
vt O @ty [T

(4.73)

(4.74)
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We can make now use of the DGLAP equations in order to solve this integral.
They are given by?

d _ ! as(pk)
Gl @) == | 3

1 _ 2C, _
x {Zpa,a+f’(z)f(a+f’)/A (a/2, Q%) = b1 [1 — ’Ya] fasa (2, Q% t)}

+0(a?) .

(4.75)
So this leads to
te 1 ag ,LL2 1 B
B:Z/ dt/ dz 2( R){Pa,a+f’(z)f(a+f’)/A (na/z,Q2e t)
f/ 0 0 s z
2C, 1
5 “ vl fs » 2,-t } _
a2 = o @) f
o (d 1 (4.76)
— dt| — . 0 2 —t ) _
/o <dtf/A (10 Q%) Jayja (a, Q%)

ts d
- [t (@) =

{0 [fua (100 Q%)) = In [fua (@) }

We take this together with the result of eq.(4.73).
This yields?*

173 1 , B
|t [ e S 2 5N Dl s (8) =
0 0 ;
f
1 1-2)Q? 2 2 N-1
</ " /( )Q dk* CaaS(MR) 2 ( z B 1) (4.77)
0 (1-2)Q2%e™ 't ki 2r 1—-z+y (1 + y)N

I [ foa(1a, @*™™)
- 1[H[;:j/A(na,QQ)] ]>mQ(N;”a’”b7avb)’/)pert(tf))-

By taking a look at eq.(4.39) and eq.(4.61) we get?>

(1 Q(N;Ma; 0, @, b)‘Ppert(tf» = (1 Q(N; 04, mp, a, b)’ppert(o))

(4.78)
xWn. ps

#See for that eq.(8.9) of [37].

Z4Where the variable ¢ as integration over it % only yields a trivial one factor.
Z5Where we used j, & 1, which is valid for the soft case.
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with
2)Q? 2 2
anNps—/ dz/ a0 (i) 2
lez—tt kL 2 1—-z2z+y
fa/A(na7Q2€7tf)
X 7]\[ —1)—1In 5
(1+y) faya(na, Q?)

The second term in In Wiy, ps contains no dependence on N. Thus we can
neglect it with respect to the first term in the high N limit:

hinlon )]
ln{ faya(a, Q2) =0 (4.80)

(4.79)
] fbe—a.

We obtain therefore

(1-2)Q? 2 2 9
In Wy ps = 2/ dz/ CaaS (NR)
1-2)Q2e kJ_ 2 1—-z+y

X <ZN1 1>
(1+y)N '
The factor 2 comes from quark b.
On hadron level the solution can be written as

fa/A May Q%) foy (mp, Q%)
(1|Q ‘p tf Z/ dna/ 4nc ) c(b)277a77pr *PB

(4.81)

X(1|Q(N; Na, My @, b) | ppert (te)) -
(4.82)

4.2 Comparison with published results

The next step is to compare the result we have derived with that of [2]
and [24]. In [2] resummation techniques have been used in order to obtain
the differential cross section of the energy fraction in Drell Yan processes.
In [24] it was shown that the same result can be obtained inside the frame
of a Monte Carlo event generator with angular ordering. The result is given
by26

¢N-1_q (1- C)QQdk2

2
= Jy e Log(k?) . (4.83)

IHWN res — 2CF/ d¢=———
0

#63ee eq.(2.14) of [2] and eq.(36) of [24]. The variable z of [2] and [24] has been relabeled
into ¢ as the z used here is another variable. See for that also eq.(4.91). Please note that
as(u%) is indirectly dependent on k3 via the scale u%.
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Here we have
1-(=wy/E . (4.84)

Here is E is the energy of the two partons in the center of mass frame before
the shower takes place
m=pn=E, (4.85)

and wy is the energy of the emitted gluon. Now it is our goal to see whether
the same result can be obtained inside the frame of the parton shower for-
malism. In order to understand the relation between the two expressions we
must find a relation between the two splitting variables: z and {. The z is
defined by the momentum mapping given in eq.(4.24). We remind that for
z we have .

Pt Db (4.86)

DPa " Pb

By application of eq.(4.24) we may write

by = (EaOaOa _E)

. 1-2 Y
Pmt1 = (ankj_a — A+ yE -z yE) (4.87)

1
ﬁa: +y(E7O7OaE)
z

With that we can derive a relation between z and (. So we have

1-=2 Y
Dmtt - Db = 4 F2(1 — E?’|—2(1 — 4.88
b m={B20 -0+ B[R o L sy
and - 1+
Pa - Py = 73’(122 +E?) = 27%12 . (4.89)
This leads to
1—-=2 Y
R 1-— — (1 —
pm+1'pb_( )+ 2 (1+y) Tty ]
- = g =1-—=z. (4.90)
Pa * Pb 9 )

z

From this relation follows

1+y 1—2z
2 1—2)=1- — (1 -
. (1-2) ¢+ . (1+vy) zl+y
14y
= 1—2)=1—-(— 4.91
(=) =1-C—a (4.91)
14y
¢ =2 -
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The last line is the exact relation between ¢ and z. Obviously both entities
are not identical.

We derive now an expression for ¢ in the semi-inclusive limit. Here z is close
to 1 (see for that section (4.1.6)) so that we can write

z=1—a, (4.92)

where o must be treated as a small number. As we mentioned in section
(4.1.6) also y must be small compared to 1 for soft gluon emission. So we
can make the following approximation

(rl-(1+y)(l+a)a—(1-a)y(l-y)
~l-(1+a+ya—y(l-y) (4.93)

rl-a—y=2—y.

Now we focus on the expression

CN—l -1
— 4.94
= (4.94)
which we find in eq.(4.83). We have
1—-(~1—2+y. (4.95)

So the denominator is the same as the corresponding expression 1 — z + y
we find in eq.(4.81). Then let us investigate the numerator. We have (for a
sufficiently small ¥ so that terms which are of order N2y? or smaller can be
neglected)

N-1

ArgF S 0= = - -g)* @)

SO

(L—a) =y =l —y—a)¥ = (2 =y

(4.97)
— C-Nfl )

As we deal with incoming quarks which emit soft gluons we have according
to eq.(4.41) C, = Cp.

Up to now we have no fixed value for ;. We?” can identify the lower inte-
gration boundary (1 — 2)Q%e~" in eq.(4.81) with Q2 in eq.(4.83).

*"The proper value of ¢; will be later discussed in section (4.4.1) and (4.4.2).
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A bit more tricky is the case of the upper integration boundary. We must
compare the expression

(1—-z+9)*Q° (4.98)
with
(1—2)Q%. (4.99)
Obviously the two expressions are not identical. In order to proceed further
we note that the following manipulation is possible

(1-¢)?Q? de Q? dk2
/ fastd) = [ 95has ()0 (¢ < (1-02Q?) . (4100
Q2 k7 Q2 ki

Now we can switch the 6 function to the ¢ integration inside In Wy 5. The
result is

Cr (9 dKk>
anN,res :2;/2 72lOéS (ki)
@ L (4.101)
1-y/k% /Q2 CN—l 1
X / d(>———
0 1-¢

According to the same reasoning we may write

Cr (< dK?
In Wi ps —9 k—;as (ki)
Tl KL (4.102)

1-k7 /Q? 1 SN-1
X dz -1 .
/0 1—Z+y<(1+y)N >

We see that for the k? integration the boundaries of the two expressions are

now identical. (However for the z and the { integration the upper boundary

is not identical anymore). As y is small we must compare the two relations?®

2<1— k1 /Q2+y~1—/ki/Q? (4.103)

2<1-k1/Q*. (4.104)

Later in section (4.4.2) we will see that (in the large N limit) for In Wy
those 2’s that fullfill eq.(4.143)

with

z>1—e 7% /N (4.105)

Zhecause of z ~ ¢ +y. See for that eq.(4.93).
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can be neglected. When k2 is sufficiently small we have
1-K/Q?>1—-¢5/N
and (4.106)

1-4/kK2/Q?2>1—¢"8/N .

Now in the kf_ integration the small ki is strongly favored because of the

2
factor kI_Q. So the two results are approximately equal if % <e E/N.

We can compute the difference between In Wy s and In Wy ps. Let
us first of all focus on the case where ag is constant. We take further the

approximation that y is small compared to 1 — z and can be treated inside
N-1

(1z+7)N as zero. This is justified for the high ¢ limit (see for that eq.(4.27)).
Y

In that case we may write

1 2 N-1
Qs (1-2)Q°] = -1
In WN’pS = 27[_ CF/O dzln |: Q% 1> (4,107)
and
1 N—1 22
_ 9% ¢ -1 [(1-9)FQ
In WN, res = 2 . CFA dC 1 _C In |: Q% (4108)

As ¢ has now just the role of an integral parameter we can relabel it into z.
Thus we can write for the difference

ag Lo N-1_1
In Wy, res — In Wy ps = 2C’F/ dz——In(1—2) . (4.109)
T 0 z

What does this result?” actually mean? It is written in terms of In(1 — 2).
This implies that our parton shower algorithm (which uses virtual order-
ing) does not resum completely terms of In(1 — z) as standard resummation
techniques. According to [24] a Monte Carlo algorithm that uses angular or-
dering can also reproduce In Wiy yes given in eq.(4.83). The difference comes
from different upper boundaries for the ki integration (which corresponds
to t = 0). They are the result of two different ordering variables: in our for-
malism virtuality is taken as an ordering variable; in [24] effectively angular
ordering is used. As the upper boundary of the integration is (1 — 2)2Q? this
corresponds effectively to transverse momentum ordering. Now the ordering

29This integral can be analytically calculated. The result can be found in the appendix.
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variable is not just for the parton shower relevant but also for the pdf. The
usual MS scheme actually presupposes a kﬁ_ ordering. Absorbing the pole
into the pdfs means at one loop to make a cut on the transverse momentum.
This implies that any parton splitting with kzl < u% is3Y integrated into the
pdf while splittings with higher transverse momentum are part of the parton
shower. Thus it is appropriate to use a ki ordered shower together with
MS pdfs.

How is now the situation in a virtuality ordered shower? For that we recall
that the scale u% inside the pdfs®! is given by Q%e~*. Thus we have inside
the pdfs as a3? scale k2 /(1 — z) and not k% . This kind of mismatch inside
the pdfs must be taken into account. A possibility are new pdfs which are
based on a virtuality ordered renormalization scheme. A new renormaliza-
tion scheme actually means that the finite part (inside the contribution to
the structure function F») is distributed between the pdfs and the shower
in a different way?33.

4.3 Integration

The next step is to compare the previous analytical result for the Drell
Yan process with results from a Monte Carlo event generator. This will be
done in section (4.4). For that we need explicit numerical expressions from
the analytical result given in eq.(4.83). Thus we perform the integration
explicitly. For that we will make use of MATHEMATICA34. Further we
relabel ¢ to z and write instead of In Wy 1es just In Wy . Now we describe
our strategy to deal with In Wy for the general case when ag is not constant.
Then only a numerical integration is possible. For the z integration inside
In Wy we must deal with the following expression?>
/1\/W SN-1 _

dz——— . 4.110
; O (4.110)

This integration can be performed analytically. The result is given by

1-y/k% /Q2 SAN-1_ 1 1
/ dz=———— = B:(N,0) + 5In k3 /@ (4.111)
) -

30where p2 is the factorization scale.
2
HE

3lwhich is related to the virtuality y by y = T

32Gee for that eq.(4.31).

33See for that section (4.3.2) in [3].
31For a description see [50].

35See for that eq.(4.101).
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with

5:1—,/122%. (4.112)

B.(N,0) is here the Betafunction. With that we can write now

InWy = 2Ck /Q2 ‘i‘; (BE(N, 0) +In [\/ki/QQD O‘Sgrki) . (4.113)

Q2 K1

For this expression a numerical integration can be performed. Examples
for this can be seen in fig.(A.3) and fig.(A.4) which can be found in the
appendix. In the appendix we will see that for the case that ag is constant
it is possible to perform for In Wy an analytical integration. However it will
be shown that this result is numerically unstable. Thus even for constant
ag it is meaningful to use eq.(4.113).

4.4 Comparison of the analytical result with a Monte
Carlo event generator

In the previous sections we derived an expression for the energy fraction
distribution 7 in Drell Yan processes®®. We applied the analytical formal-
ism that had been developed in [1] together with simplifications of it given
in [37]. We showed that this result (see eq.(4.78) and (4.81)) is equivalent
under special conditions to another result that was derived with resum-
mation techniques in [2] in the soft limit. However in general we have a
disagreement with respect to an integration boundary due to the usage of
different ordering variables. In [24] it was shown that this result (the one
given by eq.(4.83)) should be reproduced in a Monte Carlo event generator
that uses angular ordering®”.

In this section it is our goal to confirm this result. At first we must fix
the value®® of the final shower time ¢; which will be done in the following
section. Then we will compare the analytical result with a simulation from

PYTHIA.

36For its definition see eq.(4.32).

3"For leading soft and collinear logarithms only the angular ordered region of phase
space plays a significant role. Outside of this region we have destructive interference.
This is called color coherence. See for that section (3) of [24]. HERWIG has angular
ordering by construction while PYTHIA is supposed to have it effectively.

38See for that section (4.1.7).
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4.4.1 Consideration for the shower time t;

For the derivation of the shower time ¢; we consider now the evolution of the
energy fraction on hadron level. Strictly speaking there is not one ”right”
value for t;. However we would like to reflect what is the most natural choice.
The evolution equation for that is written as

L0 |p() = AIRMNHM) ~VOlle(t) . (4114)

This is in correspondence to eq.(10.1) of [37] where in the hadronic dif-
ferential cross section (1/Q(b,Y)|p(t)) for the transverse momentum the
evolution stops above some critcal time t.. Please note that this is the
evolution equation for the hadronic cross section (1|Q(N)|p(t)) and not
(1|Q(N;na, My, a, blp(t)) for the differential cross section of the energy frac-
tion on parton level. We are interested in the question whether evolution
for the energy fraction stops for the high ¢ case in a similar way as for the
transverse momentum?>”.

For that we rewrite the splitting operators as

1
H(t) = /O d=H(t, 2)

X (4.115)
V()= [ dzV(t, z) .
0
Then we can rewrite eq.(4.114) as*®
d 1
GaeWpe) = [ e - vieloe) o

= (HQUNYH(t, 2) = V(t, 2)Q(N)|p(t)) -

Now we focus on the term Q(N)H(t, z). The following relation holds

A2\ N—1 s N—-1
Q(N)H(t,znp(t»:(%) (Q) H(t ) OV |o(t) . (4117)

We have (see for that fig.(4.1) and eq.(4.24))
Q?=Q? (4.118)
39Gee for that section (9) and (10) of [37].

40 As the measurement operator Q and the non splitting operator ¥ commute with each
other.
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and

S = 25, -
57 el (4.119)
$=2pa-pp -

Thus we get

pa-pp\ V!
or(r.z) = (2 2) e e
a " Pb
N (4.120)
= Q(N)H(t, z) = H(t,z)OQ(N) .
ot = (1) (e
In the high t case we can use (see for that also eq.(4.27))
Q*
= e "=~0. 4.121
Y 2Da - Po ( )
Thus the commutator only vanishes (and hadronic evolution stops,
see eq.(4.116) and eq.(3.42)) if eq.(4.121) and
()N 1 x1 (4.122)

holds.
Now we must look at the variable y. From eq.(4.120) it follows that the
evolution stops when the following condition holds

Ny=0
2 4.123
=N Q e t~0. ( )
2pa - Po
This is the case when we have
Q2
t>1In ( N> . (4.124)
2pa - Dy
So we can define a critical time as*!
2
te=1In (AN @ ) (4.125)
2pa - Dy

Here is A a factor which is similar to €277 /4 in [37]. The choice of the
proper value of this will be considered in the next section. This critical time

410nly above this value it is possible for evolution to stop.
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is supposed to be identical to the final shower time ¢;. A further point that
must be considered is the scale u2 the parton density functions f, 74(Mas 1)

and fb/B(nb,,uzF) depend on. We can set*?:
pa = Q%" . (4.126)
Thus 9
pi(t = 1) = S (4.127)

which leads us to

*Pb

2pa - p 2Pa
LIOM)I(t) = Z/Ol . /01 dnbfa/A (ﬁa, SV ”) forB (7717, N )

a,b 4ne(a)ne(b)2nampa - PB

X (1|Q(N, Na, My, A, b)|ppert(tf)) .
(4.128)

4.4.2 Derivation of the critical time ¢,

Now we want to consider what would be the proper value for A. For that
we must go back to eq.(4.122). Practically we want to consider the z re-
gion where the parton shower evolution stops. Thus we want to make an
approximation like

A1 x —0(2 < %) (4.129)

for large N. Here we must take into account that we have to deal with an
integral of the following form*3

C = / 1a52“fy<<1jy>Nl—1>. (4.130)

Here ag is indirectly dependent on z via the scale ur. We can simplify this
expression by introducing a new variable

= . 4.131

g 1+y ( )
As we have d
z

— =1 4.132

do Ty (4.132)

*2See for that eq.(4.7) in [37].
43Gee for that for example eq.(4.81).
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eq.(4.130) results in

l+y—(1+y)o

_1
C— /1+y do (1 +y)as(uk) N1 1)
0
_1
- /1“‘ a0 2SWHR) (oN-1 gy
0

(4.133)
1—0

For the scale up there are several possible choices. In [37] the following
choice was taken

pE = Ar(l— 2z +4)Q% " (4.134)
with Cal 2
A|67 — 37%| — 10n¢
AR = — . 4.135
=P ( 3(33 — 2ny) > (4.135)
According to [37] we could in principle also take the simpler form
W = (1= 2)Q% (4.136)

though according to [37] the form for ug taken in eq.(4.134) is preferable®?.
The question that arises now is how does the expression given in eq.(4.133)
behave in the high N limit? For that we must consider an integral like

1 _
/ daf(log(la)){aN—l - 1} . (4.137)
0 1—0
According to [2] the following relation holds*® for large N
1 N-1_1
I,(N) = / daali n"(1 - o)
0 . -0 (4.138)
= Q(WE +InN)" 4+ O((In N)" 1) |

Con+1

This expression can be also written according to eq.(5.2) of [2] as

1—0

— O/ o
In(N):—/Ol o d In"(1 - o)+ O ((InN)" 1) (4.139)

with Ny = e 72. The upper integration limit means that we can neglect
those ¢ which fullfill
c>1—e /N . (4.140)

44\We note that we later make usage of the ag = const. case.
45See eq.(5.1) of [2] which is proven in Appendix A of that paper.
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This means that the evolution stops for those 0. What are the implications
of eq.(4.140) for k% and t? For that we rewrite eq.(4.140) with respect to
the 7old” variables z and y:
z
1+y

>1—¢E/N . (4.141)
We consider it meaningful to further simplify this relation. From eq.(4.27)
it is clear that we have in the high ¢ limit

y~0. (4.142)

Thus we can set
z>1—e7F/N . (4.143)

This means that for all 2’s which fullfill eq.(4.143) the evolution can stop?®.
Now we recall that the following relation holds for k%

K2 =Q%*(1—2)e . (4.144)

By using eq.(4.143) we come to

» _ @
kT < We—we—f : (4.145)
We define a new variable
Q? _
K i = e - (4.146)

The meaning of this variable is the following:

when k? takes values above k? _. the evolution will never stop. On the
contrary the evolution can stop for all k? values which are below k2 . .
Thus k3 ;, constitutes a boundary where the nature of parton evolution
changes.

Which implications does that have for the shower time ¢? For that we must

write ¢ as a function of k? . Eq.(4.144) yields

2
log <§2> +log(1—2) .

1

(4.147)

46Gee for that the discussion of the previous section.
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Because of

log(l—2) <0 (4.148)
we have for the biggest possible value tyax of t
Q2
tmax = log <k2 : (4.149)
1

The application of eq.(4.146) leads us to
tmax > YE +1log N . (4.150)
Thus we define a critical time by
te:=vg +1logN . (4.151)

Only above this value it is possible for the evolution to stop. As already
discussed we take this value as the final shower time. Thus we can write in
analogy to eq.(12.1) of [37]

fa/A 770,7 N 6 —E fb/B 77b7 N 6 e
(11Q(N)|p(tr)) Z/dna/ iy ) (o )
dne(a)ne(b)2nampa - B

X (1| Q(N; 1as M, @, b) | ppert () -
(4.152)

4.4.3 Analytical integration on hadron level

Now we want to derive the cross section in Mellin space on hadron level.
However it is not possible to perform the integral given in eq.(4.152) ana-
lytically as there is no analytical expression for the parton density functions
(PDFs). Thus we must perform the integral numerically. We recall fur-
ther that the partonic cross section factorizes into a parton shower part and
the Born cross section og. The decay widths of the W and Z boson are
small (I'yy = 2.08 GeV and I'; = 2.50 GeV) in comparison to their masses.
We take therefore the following expression as the Born cross section of the
79 resonance!” at leading order (see for that section (9.4) of [3] especially
eq.(9.32))

G107 _ %\@GF Mz (V2 + A2)6 (spart — M3) . (4.153)

47Strictly speaking we could also consider a situation beyond the Z° resonance. This
choice is just by default.
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Here is Gp the Fermi constant, M, the mass of the Z° resonance. Spart
is the center of mass energy on parton level that means the center of mass
energy of the two incoming partons that form the Z° boson.

The advantage of this approximation for the Born cross section is due to
the 0 function. By that we must only integrate over one variable (we choose
here 7,) instead of two variables 1, and 7. Further we have Q% = M% Vi
and Ay are given by

Vi =T} —2Qgsin® Oy, Ay =T}, (4.154)

O is here the Weinberg angle, @ the charge of the particle. For T]? we
have —I—% for f = v,u,... and TJ‘? = —% for f = e,d,... (see for that page
55 of [3]).

We want to integrate this expression over the PDFs. We obtain

1 1
/Odna/o dmuas (1as 1F) @r (M, p3) 69777 =

_ M2 )
U qp (s 1) @ (J,MF>
T a

3V2GrME (Vi + A7) [, dne p e :
— 4 a

(4.155)

With this expression we can obtain the Born cross section. A cross check
shows that this analytical expression is identical within the uncertainty to
the Born cross section obtained by the MC generator PYTHIA.

2
For the scale u2. inside the PDFs we take %6_;’/}5 . We recall that for k% ;.
eq.(4.146) holds. Thus we take for Q3 also %6_7}5. Thus we use as the

analytical cross section on hadron level in Mellin space

(LQ(V)|p(t)) = 25V2G M5 (V] + A7)

2
VA

Mz _ _ (MZ MZ _
o (e ) (G R) g,
X M% d’r]a ST WN Mz, We .

s

(4.156)

This function is plotted in fig.(4.2).

The next step is to compare the analytical result with the one obtained
from PYTHIA. PYTHIA has effectively angular ordering due to color co-
herence. According to eq.(36) of [24] such a Monte Carlo event generator is
supposed to reproduce the same distribution as the analytical approach in
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Figure 4.2: Hadron level cross section distribution for pp — Z + X at
V/s = 104 GeV in Mellin space; the lower boundary Q3 of ki is running as
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the soft limit*®.

A comparison between PYTHIA and the analytical one can be seen in
fig.(4.3). For the analytical curve we made the condition that both the
u% inside the pdfs and the minimal value of ki never go below the value
Q2. We do this as in PYTHIA the scale for real emission can also never fall
below Q%. We see that there is a huge difference between the two (up to two
orders of magnitude). The next step is to investigate the reason for this dis-
crepancy. For that we make the situation as simple as possible. We choose
to have only one quark flavor (the s quark) and use instead of realistic pdfs
simplified ones in order to fix the source of the problem®’. The result of this
can be seen in fig.(4.4). In this plot the analytical result is compared to two
simulations done within PYTHIA: one where we have set MSTP(65) = 0
which means that the emitted soft gluons are entirely neglected while in
the other we have set MSTP(65) = 1 which means that the emission of the

48For simplicity we first of all focus on the as = const case. For that reason we apply
the virtuality ordered algorithm PYSSPA as the transverse momentum ordered algorithm
PYPTIS does not have the option ag = const.

49This means that the pdf function of the s and § quark is set to 1. The pdfs of the
other flavors are set to zero.
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soft gluons is effectively resummed as a z shift®®. As we see there is still a
discrepancy between the analytical result and that of PYTHIA. This plot
gives us however a hint that the reason for the discrepancy lies in the way
the z variable is generated.

This is backed up in fig.(4.5). As we see the reason for the discrepancy lies
in the parameter XEC in PYSSPA which works as an effective cut on 1 — z
in order to avoid the divergencies inside the splitting functions. A good
value for XEC seems to be 3 * 1076 for the z generation while it remained
on default for the Sudakov factor. We note when the lower boundary (2
is changed, PYTHIA and the analytical generation do not agree anymore.
This can be seen in fig.(4.6) where Q2 has been set to 5 GeVZ. This problem
can be solved by changing the XEC value as we see in fig.(4.7). We conclude
that XEC = 1078 is in that case the best value. In order to understand this
we take a look at eq.(4.31). From that it follows that a change on the cut
of kﬁ_ implies also a new cut on 1 — z. Thus we must also change the value
of XEC. After this has been fixed we can show the final result in fig.(4.8).
In the first plot from above the scale u% inside the PDFs has been fixed to
1 GeV?. We see a good agreement between PYTHIA and the analytical gen-
eration for large N. The same applies to the second plot in fig.(4.8) where
we have fixed the scale ,u% to M% What is interesting to note is that we
see in the third plot where the scale inside the PDFs is not fixed anymore
both for the analytical generation and for PYTHIA (that means we have
evolution also for the scale inside the PDF) the two approaches do not agree
anymore. In order to understand this discrepancy we note that for the ana-
lytical generation the value of Q2 (the under boundary of the integral inside
W) was fixed to 1 GeV2. On the other hand we have in the upper plot of

2

fig.(4.9) for Q% inside the analaytical integration taken the value e”w%.
As we see it agrees now better with the PYTHIA result. In the lower plot of
fig.(4.9) we compare a PYTHIA simulation with fixed u2 = 1GeV? inside
the PDFs with an analytical result where we have pu% = 1GeV? inside the
PDFs and the lower boundary of the integral inside Wy is running. This
corresponds to the upper plot of fig.(4.8). We see that the two result do not
agree anymore.

The last step is to consider running coupling. This can be seen in fig.(4.10).
We see that PYTHIA and the analytical generation do not agree anymore.
In order to understand this we switch back to the previous case where we
have only one quark flavor and its PDF is simplified. The result of this can
be seen in fig.(4.11). It seems that XEC = 10713 is a better value than

20See for that page 321 of [13].

87



3. % 1079, We conclude that the cutoff XEC plays inside the Monte Carlo
simulation an important role. After adjusting it properly the simulation
agrees nicley with the analytical result.

4.5 Summary

In section (4.1.7) we have derived the distribution of the energy fraction 7
in Drell Yan (its definition is given by eq.(4.32)). The result is given in the
equations (4.78), (4.81) and (4.82). We made use of an analytical formal-
ism for parton showers which takes interference effects into account. This
formalism was developed in [1]. Further we applied simplifications of this
formalism from [37].

In section (4.2) we saw that this result is equivalent (under special con-
ditions) to a result given in [2] where standard resummmation techniques
were applied. However while the integrand is approximately the same the
different choice of the ordering variable leads in the general case to different
integration boundaries. In section (4.3)%! we discussed how to solve the in-
tegral given in eq.(4.81) respective eq.(4.83). This is important as in section
(4.4) the analytical result is compared with one obtained from PYTHIA.
According to [24] the two results are supposed to be equivalent. While it
is possible for constant ag to perform the integration exactly for first order
running ag only a numerical integration is possible. We showed however
that even for ag = const. the numerical integration is suitable due to a
numerical instability in the exact solution.

In section (4.4) we have further considered the differential cross section of
the energy fraction 7 in Drell Yan processes®. We compared the analytical
result derived in section (4.1) on hadron level with a result obtained by the
Monte Carlo event generator PYTHIA. At first it turned out that there was
a discrepancy between the two approaches which contradicts a result given
n [24]. According to [24] a Monte Carlo event generator should reproduce
the distribution derived from analytical resummation techniques. This dis-
crepancy however could be traced back to a z cut (the variable XEC) in
PYTHIA. After adjustment the two approaches agree well.

51Gee further the appendix.
2For a proper definition of this variable see eq.(4.32).
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Figure 4.3: Hadron level cross section distribution for pp — Z + X at /s =
10* GeV in Mellin space; PYTHIA and the analytical result are compared:;
Q2 (the minimal value of k?) is varied.
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Figure 4.4: Hadron level cross section distribution for pp — Z + X at /s =
10* GeV in Mellin space; PYTHIA and the analytical result are compared:;
Q2 (the minimal value of k%) was set to 1 GeV2. Only a simplified PDF
of the s and s quark was used. For the other flavors the PDFs were set to
zero. XEC was set to default value. The analytical distribution is compared
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Figure 4.6: Comparison of the hadronic cross section in Mellin space between
PYTHIA and the analytical result. Q2 (the minimal value of k3 ) was set
to 5 GeV2. Only a simplified PDF of the s and 5 quark was used. For the
other flavors the PDF's were set to zero. XEC was set on default value for
the Sudakov factor while it was set to 3 x 1076 for the z generation.
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Figure 4.9: Hadron level cross section distribution for pp — Z + X at /s =
10* GeV in Mellin space; PYTHIA and the analytical result are compared.
For all quark flavors realistic PDFs have been used. In the first plot from
above the scale ,u% inside the PDF's is not fixed any more. In the lower plot
the scale u2% inside the PDFs is fixed to 1 GeV2. For the analytical result

2
the lower boundary inside the integration %e‘w in Wy has been set.
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Chapter 5

The kfr jet algorithm

5.1 Introduction

In this chapter we will investigate a modified version of the kr algorithm in
order to identify multi parton interaction (MPI). In this algorithm we have
two parameters: R (already known from the standard k7 algorithm) and
€. We will show that it can detect multi parton interaction in an idealised
case (parton showers and fragmentation switched off) under the condition
that an unusual low R value (R = 0.1) is taken. It will be shown however
that this algorithm is not suitable for detecting multi parton interaction for
a realistic scenario.

Although jets are supposed to give insight into scattering processes we
must be aware that there is no unique correlation between a jet and a single
initial quark or gluon. The reason for this lies in the fact that hadrons carry
no color in contrast to gluons and quarks. Despite this, the goal remains
to reduce the effects of long distance physics and to come to a more or less
precise view of the hard scattering.

First of all we must note that there is a crucial difference between ete™
scattering and hadron-hadron collision. In the first case we have a purely
electromagnetic initial state. Then we have afterwards a virtual photon
which decays into a quark antiquark pair that evolves via parton radiation
and after that is transformed into hadrons. Thus we can say that all hadrons
emerge from the hard scattering process.

Different is the case in hadron-hadron scattering. Here we have only one
‘active parton’ from each hadron that participates in the hard interaction.
Thus only a fraction of the final state hadrons can be considered to be associ-
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ated with the hard scattering while the rest comes from the soft interactions
of the remaining partons. In a first approximation this can be treated as
uncorrelated with the hard interaction.

A further point that must be taken into account is that the natural vari-
ables are different in both cases. In the case of eTe™ scattering a natural
choice would be (because of rotational invariance) the energies E and the
polar angles 6, ¢. In the case of hadron-hadron scattering we would like to
have boost invariance along the beam axis as the c.m frame of the hard
scattering usually moves in the frame of the hadron-hadron c.m. frame.
Thus we consider as natural variables the transverse momentum pp or the
corresponding ”transverse energy” FEp = FEsinf, azimuthal angle ¢ and
pseudo-rapidity n = — In(tan(0/2)).

5.2 A jet algorithm

We present here the kr jet algorithm which was introduced in [19]. We look
at hadron-hadron collisions in the center of mass frame with the z-axis taken
in the beam direction. The final state of the collision is considered to be a
set of protojets ¢ with momenta p;. The momentum of a protojet can be
the momentum of an individual particle or the total momentum of a bunch
of particles that are contained in a small angle around the leading particle.
The masses of the protojets are considered to be small compared to the trans-
verse momentum so that the protojets are more or less lightlike. For each
protojet we have an azimuthal angle ¢, a pseudorapidity 7; = — In(tan(6;/2))
and a transverse energy Er; = |Dr|.

We start with a full list of protojets and an empty list of jets. We demand
that protojets with nearly parallel transverse momentum should be joined.
We have a parameter R which is considered to be a radius and is of order 1.
The steps of the jet algorithm are as follows:

1. For each protojet define:
4= B3, . (5.1)

For each pair of protojets introduce the following definition
dij = min(EF;, BF ) [(ni — 1)> + (6 — 6)°]/ R® . (5.2)

2. Search for the smallest of all the d; and d;; and call it dy;n.
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3. For the case that dy,;n is a d;j, protojets ¢ and j are merged into a new
protojet k with
Eryx = FEr;+ Er; (5.3)

and

e = [Erini + Eryn;)/Er (5.4)

ok = [Eri¢i + E1505]/Brg -

4. If diin is a d;, call the corresponding protojet not ”mergable”, remove
it from the list of protojets and add it to the list of jets.

5. Repeat from step 1 until all protojets are assigned to jets.

The whole process continues until there are no more protojets. While ap-
plying the above procedure to all particles we obtain a list of jets with
successively increasing values of d; = E%Z

This algorithm attempts to seperate jets based on angle. Protojets that
have nearly parallel momenta should be joined so that they are part of the
same jet. If, however, a protojet i is isolated from other protojets it should
be considered its own jet.

It is interesting to note the relation of the jets obtained from the kr al-
gorithm to partons generated in a parton shower. A parton shower starts
with relatively hard splitting (and this implies large d;;) and then goes to
splittings which are softer and softer. The kp algorithm does this in the
reversed order as the d; values become larger and larger. A problem with
the application of the algorithm lies in the fact that it is not possible to say
where a specific parton comes from: some partons might come from initial
state splitting while others might come from final splitting. The algorithm
tries to make a distinction between those partons that are the result of final
state splittings and those that come either from initial state or directly from
the hard interaction. We note that this is relevant only in collinear factori-
sation where the hardest p; comes from the matrix element. The procedure
is based on angle so that final state splittings do not create new jets. In
order to make a further distinction between those jets that are the result of
initial state splitting and those jets that are the result of the hard interac-
tion we are introducing a cut on transverse momentum P,;: jets with high
transverse momentum (this means p% > P2 ) are considered to emerge from
the hard interaction while jets with low transverse momentum (this means
pr? < P2,) are considered to emerge from initial or final state splitting.
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5.3 Application of the jet algorithm without multi-
parton interaction

Now we want to apply this algorithm to the case of proton proton collision
where a Z° is produced which is set stable. The Z° boson itself is not
included in the list of protojets. For the simulation PYTHIA (6.4) (see [13])
is used.

We investigate Z° production at a center of mass energy of 7 TeV. We
require |n| < 3. In fig.(5.1) we show the jet multiplicities for different values
of the minimum pr of the jets. We observe less jets for higher pp cuts.

< 06
(V] L
£ C 22 GeV
.§ 0.5; o * Pz
2 C o P, 25GeV
5 04
= C e p_2=15GeV
L = T
03
02F "
0.1k
rEE R ° P PSP I R

P I P I
0 2 4 6 8 10 12 14 16 18 20 22
number of jets

Figure 5.1: Number of jets without MPI in pp collisions for the case of the
production of a stable Z at /s = 7GeV. The distributions for the number
of jets are shown for several pr cuts. The distributions themselves were
normalized with respect to the number of events Nevt.

5.4 Influence of multi parton interaction

The next step is to consider the influence of multi parton interaction (MPT)
on jets. We expect that with MPI we see more jets. For that we can compare
the jet multiplicity obtained from a simulation where MPI is switched on
and off. This is shown in fig.(5.2). The number of jets, the average and the
width of the distribution increases significantly when MPI is included. In
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Figure 5.2: Number of jets with and without MPI. The pr cut was set to
5 GeV. The distributions themselves were normalized with respect to the
number of events Nevt.

figure (5.3) the jet multiplicity is compared for different values of the pp cut
for a Monte Carlo (MC) simulation of MPI. By comparing it to fig.(5.1) it
is seen that the MPI contribution becomes much smaller at larger pp while
at lower pp we observe a siginificant increase. The pr spectrum of the jets
with and without MPT is shown in fig.(5.4) and in fig.(5.5).

We see that the MPI contribution at large pr is small while at small pp
it is significant. The reason for this lies in the fact that MPI processes have
by definiton less energy than the main interaction'. This means that we
classify the process with the highest p; as the direct process. Therefore jets
that originate from MPI interactions must themselves be at lower energy.
In fig.(5.6), fig.(5.7) and fig.(5.8) we see the changes on the 7 distribution.
In the area where || is about 7 the jet cross section is very small. Here we
reach the kinematical border.

!see section (2.3)
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5.5 The MPI jet algorithm

5.5.1 A new algorithm

In this section we describe a modification of the inclusive k7 algorithm of [19]
in order to seperate the MPI contribution from the primary hard interaction.
We start again with a list of protojets. Then we define R;; for every pair of
protojets

RY = (i —mj)? + (i — ¢5)° . (5.5)
Here is n; the pseudorapidity of protojet ¢ and ¢; its azimuthal angle while
7 and j denote any of the protojets. Further we have a parameter A.

After the application of the algorithm we have two types of objects:
e The first type are "NON-MPT jets”.
e The second type are the "MPI jets”.
The algorithm works as follows:
1. (a) For each protojet we define
d; = p? . (5.6)

p; denotes here the transverse momentum of protojet i.

(b) Every pair of protojets has
2y 1

dij = min{p, pj} 77 - (5.7)
(c) For every pair of protojets that fullfills the condition
(p; + Pj)2 <A, (5.8)
we calculate
d;j = min{p},p7} . (5.9)

2. We derive the minimal value of Jij and call it t,;,. We also derive the
minimal value of d;; and call it dpyin. If tyin < dmin holds then:

(a) Remove the two protojets i and j which correspond to tp,in from
the list of protojets and add them to the list of MPI jets.

(b) Go to 1.
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3. We derive the minimal value of d; and call it 6. If djn < 6 then

(a) Merge the two protojets i and j which correspond to dp, into a
new protojet k

Pk =DPi T+ Dj - (5.10)
(b) Go to 1.
4. If § < dpjn then:

(a) Remove the protojet ¢ which corresponds to 0 from the list of
protojets and add it to the list of jets.

(b) Go to 1.

Without step 2 this is just the kp algorithm (see section (5.2)) with the
merging condition
Pk =Di+Dpj - (5.11)

In order to seperate MPI from the hard interaction we have introduced a
new measure d;; together with the condition

(p; +p;)% <A”. (5.12)

If this condition is fullfilled and the smallest of dNij is smaller than the
smallest of the d;; we have a pair which is balanced in pr and which we
consider as a candidate for an MPI jet pair. The hardness scale for the
scattering is ﬁij = Jij and the hardness scale for the final state splitting is
H;; = deij. In PYTHIA the MPI scattering happens (with hardness scale
H;;) after the hard scattering with hardness scale H;;. For the case that
R is small compared to 1 we seperate the MPI jets too ”early” in reversed

shower time?.

5.6 Application of the algorithm

5.6.1 Validation of the algorithm

For a cross check of the implementation we skip step 2 from our algorithm.
Then our algorithm is supposed to be the same as the kr algorithm. The
result of this can be seen in the upper plots of figure (5.9) where the pp
distribution of the jets is shown at /s = 7000 GeV similar to what is shown
in (5.10). As we see there are tiny differences between the two. The reason

2concerning shower time see chapter (3) and section (2.2)
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for this lies in the fact that in the original routine the kinematical relations
are written in a different way. This leads to different rounding errors. After
rewriting the expressions identical results are obtained as can be seen in the
lower plots of the figures (5.9) and (5.10). A check of the number of jets and
the kinematical variables of the jets (like pseudorapidity, transverse momen-
tum) showed that the two kp algorithms are now completely identical.

5.6.2 kp++ algorithm: First attempt to identify MPI jets -
the A case

After we have seen that our implementation of the kr algorithm is correct
we switch on step 2 of the jet algorithm. We call this modified k; algorithm
k‘f“ algorithm. If we have only the hard interaction in the Monte Carlo
event generator (this means no PS and no MPI) we should see no jets since
the Z is not included in the jet finding and we have |nj¢| < 3. In fig. (5.11)
we see the comparison of the p; distribution for the case that the parton
showers are switched off respectively switched on. We see that there are a
few non MPI jets even for PS being off. The reason for this is traced back
to the fact that the primordial k£, inside the two protons was still switched
on. This is shown in fig.(5.12). As we see we obtain no jets at all when
primordial k| is switched off.

Now we start investigating the value of A (see eq.(5.8)) to seperate MPI
jets from the other jets. We require that without multi parton interaction
no MPI jets should be seen. The result of this can be seen in the plots
(5.13) to (5.15). There we see the p; distribution of the MPT jets both for
the case that multi parton interaction is switched on and off. Though the
distribution has a tail to higher values of pr when multi parton interaction
is switched on we see no clear distinction between the two cases when MPI
is switched on and MPI is switched off. This problem does not depend on
the concrete A value. What we see further is that the p; spectrum for the
MPI jets becomes harder when A is increased.

Further we note that the shape of the p, distribution does not depend sig-
nificantly on an 7 cut as shown in fig.(5.15). There are only minor changes?.
The same applies to fig.(5.16) where we show the distribution of the non
MPI jets with and without an n cut. Thus removing the n cut does not
solve the problem.

The reason of this problem can be traced back to the condition given in

3for the small pr area
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eq.(5.8). When the transverse momenta of two protojets are sufficiently
small they are considered as potential candidates for MPI jets no matter
how uncorrelated they are. Thus we must search for a better condition to
identify MPI jets.
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Figure 5.9: Comparison of the kr algorithm with our new algorithm. Here
we deleted step 2 of the new algorithm. The plot above shows the distribu-
tion before the correction while the plot beneath stands for the distribution

after the correction.
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distinct for small pr values only.
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5.6.3 k[T algorithm: further condition- ¢ value

As we have seen the condition given in eq.(5.8) is inappropriate as in the low
pr region all protojet pairs fullfill the condition no matter how uncorrelated
they are. Thus we replace eq.(5.8) by the following condition for d;;

|p; + Pl

L LN . (5.13)
pi| + [Pyl

We investigate the effects of this condition. It seems reasonable that ¢ should
not exceed 0.1 or 0.2, as otherwise protojet pairs ought not to be considered
as back-to-back. Higher values (like for example 0.3 or 0.4) would mean
that the correlation is too weak so we cannot say that such pairs are back-
to-back.
In fig.(5.17) we see two plots? for € = 0.1 and with an 7 cut less than 3 and
without an 7 cut which corresponds to fig.(5.16) in the A case. We observe
that the distribution of the "non” MPI jets changes depending whether
MPI is switched on or off. This is not what we expect. In the ideal case the
algorithm would recognize all the additional jets produced by multi parton
interaction as MPI jets and not as non MPI jets. Then no change in the
distribution of non MPI jets would be seen when MPI is switched on. This
is however not the case in fig.(5.17). What we see further in fig.(5.17) is
that removing the 7 cut does not solve the problem. However removing the
n cut increases the distribution but not its shape. This corresponds to the
situation in fig.(5.16) for the A case. In fig.(5.18) we see the pp distributions
for ¢ = 0.03 and € = 0.07. We see that the problem cannot be solved by
changing the € value. This should not surprise us as lower € values imply
that the condition to identify MPI jets given in eq.(5.13) becomes stricter.
We note that in this € region there is almost no change in the distribution.
In principle it is possible to obtain the desired distribution by going to higher
¢ values. Examples of that can be seen in fig.(5.19). However we consider
those e values as too high as discussed before.

In order to investigate why the algorithm does not find all MPI jets we
perform a systematic study using the following simplifications:

1. We switch off for initial state radiation further branching.
2. We switch off primordial k| .

The result of this can be seen in fig.(5.20) (and fig.(5.21) where parton
showers have been switched off). In both plots we have no n cut. This was

“In the following we have set R = 1 instead of R = 0.5 in the previous section.
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Figure 5.17: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. The distributions have been normalized
with respect to the number of events. We see that the n cut changes the
size of the distribution but not its shape.
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Figure 5.18: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. The distributions have been normalized
with respect to the number of events.
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Figure 5.19: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. The distributions have been normalized
with respect to the number of events.

118



done in order to eliminate one possible source of the problem. In the follow-
ing we will renounce an n cut. It is possible that multi parton interaction
radiates along the beam axis. However we want to reconstruct all multi
parton interactions. Thus we skip an 7 cut®. We see no real improvement
in both figures. This corresponds to the situation in fig.(5.15) and (5.16) for
the A case.

In order to understand the reason why the algorithm cannot recognize
all multi parton interactions we focus on one single event. After switching
off parton showers we see in the event record parton pairs which are exactly
back-to-back. This should not surprise us as only MPI is on and there is
nothing that could smear the back-to-back relation. It is possible to obtain
the true number of multi parton interactions®.

Because of the fact that the pairs are exactly back-to-back the € param-

eter can be set as near as possible to zero (however not exactly equal to
zero). One possible choice would be € = 0.00000001. The R value remains
unchanged that means R = 1. The algorithm does not detect all MPT jet
pairs. Many are dismissed as non MPI jets. For simplification we only allow
two back-to-back pairs as input for the algorithm. The result is that the
algorithm yields 3 non MPI jets and no MPI jet.
By looking directly into the algorithm we see that the d;; are systematically
too low compared to the (L] This leads to the merging of two protojets
where each of them comes from a different pair. Thus protojets are dis-
missed as non MPI jets. An illustration of this misidentification can be seen
in fig.(5.22).

As the problem lies in the d;; values which are too low we conclude that
it can be solved by a different scaling which means we must go to lower R
values. By that procedure the d;; will become bigger. We switch to lower
R values. The desired result is obtained with R = 0.1.

The next step is to investigate whether this works now for a whole simula-
tion. The result of this can be seen in fig.(5.23). In the ideal case we should
see no non MPIT jets no matter whether multi parton interaction is switched
on or off. This is not the case in fig. (5.23). What we see however is that
the agreement between the case of MPI being switched off and MPI being
switched on becomes better and better the lower the R value is taken. The
best value seems to be R = 0.01. However for practical applications the
best value seems to be R = 0.1 because with lower values we resolve single
partons which is in a realistic application inappropriate as we deal here with

SLater in fig.(5.31) we will see that removing the 7 cut is justified.
Ssee for that page 275 of [13] (variable MINT(351))
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Figure 5.20: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. In the plot above we have standard
parton showers on. In the plot beneath we have no primordial k; and no
further branching after initial state radiation. The distributions have been
normalized with respect to the number of events.
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Figure 5.21: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. Parton showers were switched off. We
have no primordial k;. The distributions have been normalized with respect
to the number of events. Please note that for the case that MPI is switched
off not the whole distribution vanishes due to the absence of an 1 cut. This
is in contrast to fig.(5.12) where we have an 7 cut.
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v
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Figure 5.22: An illustration of the merging of two protojets inside the MPI
jet algorithm. The protojets 2 and 3 are merged to the new protojet 5.
After that we have no back-to-back pair. The three protojets 1, 4 and 5 are
regarded as non MPI jets.

jets consisting of hadrons.

As a next step we want to ensure that the number of reconstructed
multi parton interactions and the true number of multi parton interactions
are similar. The result is given in fig.(5.24) where we compare the true
number of multi parton interactions with the number of reconstructed MPI
jets. These plots correspond to fig.(5.23) where the p; distribution is shown.
As we see the choice R = 0.3 yields a really bad result while already the
choice R = 0.1 yields a rather good aggreement. The best result is given by
R = 0.01. However as discussed above we consider R values less than 0.1 as
too small. We conclude therefore that for our purpose the most appropriate
R value is 0.1.

In case of only one multi parton interaction the distribution of the recon-
structed MPT tends to be too low as can be seen in fig.(5.24)7. The reason
for this is a preclustering of partons in case of small parton-parton mass.

As a next step we focus on a realistic scenario. The result of this can be
seen in fig.(5.25). We see that we have no longer agreement. The reason for
this is that we have in a realistic scenario smearing effects: MPI jets are no
longer exactly back to back.

"This can be seen in the first bin of every plot.
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Figure 5.23: Comparison of the pr distribution of the non MPI jets both for
MPI being switched off and on. The distributions are compared for several
R values. Parton showers were switched off. The distributions have been
normalized with respect to the number of events.
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Thus we must switch to higher € values. However it is a priori not clear
which value is the proper one. We must therefore tune the value.

The result can be seen in fig.(5.26). We see that while ¢ = 0.043 yields
a rather good agreement the value ¢ = 0.035 yields a rather bad result.
Thus we conclude that the algorithm works for a parameter set R = 0.1 and
e = 0.043.

In order to verify this statement we check the p; distributions for the

non MPT jets. The result can be seen in (5.27). As expected the agreement
is rather good.
On the other hand we observe in the first two plots in fig.(5.26) (with
e = 0.043 and € = 0.045) that the algorithm has in the region of only a
few interactions (about 1 to 5 interactions) the tendency not to reconstruct
the correct number of interactions as seen by the red curve which is system-
atically too low. This means that in this region the algorithm reconstructs
too many interactions. The reason for this lies in the rather high ¢ value.
Too many potential back-to-back pairs are included in the czij array what
leads to the reconstruction of too many interactions. That this is true can
be checked by going to lower € values. The result of this can be seen in
fig.(5.28). We see that with lower ¢ values this problem more and more
dissapears. However the agreement as a whole between the true number
of multi parton interactions and the number of reconstructed multi parton
interactions becomes worse and worse. Thus we conclude that the value
€ = 0.043 is still a reasonable compromise.

Then we can compare further the distributions of the non MPI jets, the
MPI jets and the sum of them. This can be seen in fig.(5.29). We see that
the program detects clearly more MPI jets when multi parton interaction is
switched on.

Further in fig.(5.30) we see the distribution of the MPI jets compared
both for the case that MPI is switched off and on. We see that the distri-
bution has a tail to large values when MPI is switched on as it is supposed
to be.

Then we investigate the influence of an 1 cut. This can be seen in
fig.(5.31). We see that the reconstructed number of multi parton interac-
tions is no longer in such a good agreement.

As a final remark it would be good to take a look at fig.(5.32). Here we see
a comparison between the A and the € case. We see that the algorithm with
¢ performs better. The difference however is not big.

Until now we had investigated MPI in a model where the multi parton
interaction did not undergo any parton shower (old model in PYTHIA). We
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Figure 5.26: Comparison for several ¢ values. The true distribution for the
number of MPI interactions (”interactions”) versus the number of recon-
structed MPI interactions ("MPI alogortihm”) is plotted. The distributions
have been normalized with respect to the number of events.
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Figure 5.27: Comparison of the pr distribution of the non MPI jets both
for MPI being switched off and on. The distributions have been normalized
with respect to the number of events.

now investigate the 'new’ model, where MPI can also have initial and final
state parton showers.

As a first step we use the parameter set from above, R = 0.1 and ¢ = 0.043.
The comparison for the number of multi parton interactions can be seen in
fig.(5.33). As we see there is a clear disagreement. We investigate this by
switching off both primoridial k| and associated time-like branching of the
initial state parton shower®. The result of this can be seen in fig.(5.34). We
see that this does not solve the problem (compare in contrast to that as
an example fig.(5.26) where we see the distribution for the true number of
multi parton interactions in the old model). It is on the other hand possible
in PYTHIA to switch off the extra PS for the MPI. Then we have, as in the
old MPI model, only PS for the main interaction. The result can be seen
in fig.(5.35). We see that the disagreement is rather big. From the plots
(5.33) to (5.35) we see that that in the new model the distribution for the
real number of multi parton interactions is not so extended as in the old
model even when parton showers are switched off. Further we see that the
proper value for ¢ is dependent on the real number of MPI. The reason for
this must be traced back to the fact that the new model uses a different
parameter set as a tune. A way to address this would be to tune again the

8See for that page 321 of [13]
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Figure 5.28: Comparison for several € values. The true distribution for the
number of MPI interactions (”interactions”) versus the number of recon-
structed MPT interactions (" MPI algorithm”) is plotted. The distributions
have been normalized with respect to the number of events.
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the number of events.
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Figure 5.30: Comparison of the pr distribution of the MPI jets. The distri-
butions have been normalized with respect to the number of events.

value as it has been done in the previous section. The result can be seen in
(5.36) where we see the comparison of the distributions for several e values.
We conclude that € = 0.02 is the best choice.

In fig.(5.37) we see the comparison for the non MPI jets. We see that the
agreement is rather good.

Summary and Outlook

As we see the parameter set used in the two models are quit different: while
we obtained for the old model € = 0.043 and R = 0.1 we find for the new
model € = 0.02 and R = 0.1. As discussed in the last section this difference
cannot be traced back to the fact that in the new model there are also parton
showers for the multi parton interactions. This has been proven by fig.(5.35)
where parton showers for MPI in the new model have been switched off.

In fig.(5.38) we compare the distribution of the ”true” number of MPI
both in the new and in the old model. We see that there is a huge difference.
That the distribution (including its shape) in the new model is so different
must be traced back to the fact that in the new model a different parameter
set is used. As the distribution of the ”true” number of MPI is so different in
the new model even when parton showers for the multi parton interaction are
switched off we need for the application of the k‘j+ algorithm a completely
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Figure 5.32: Comparison of the pr distribution of the MPI jets.

In the

plot above we see the MPI jet distributions for the A case while in the plot

beneath we see the MPI jet distributions for the € case.

133



dN/dNumb

10?

10

10?

102

10°

10

\HH’TT \\HHH‘ \\HHH‘ T

[F0.043

R=0.1 no Ny

all on with frag

T \HHH‘ T HHW‘

® interactions

e MPI algorithm

o
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Figure 5.35: Comparison of the true number of multi parton interactions
versus the number of reconstructed multi parton interactions. The simu-
lation has been performed in the new model. The distributions have been
normalized with respect to the number of events.

new ¢ value. This however is problematic, since we wanted to apply this
algorithm for real data. The question that arises now is the following: which
is the best choice for the parameter set of ¢ and R when we apply the
algorithm for real data? As the € values between the two models are so
different this question cannot be answered in a straightforward manner. The
main difference between the two models is that in the new model also parton
showers for the multi parton interactions are included what is not the case
in the old model. Because the new model is clearly closer to physical reality
than the old model we would suggest that the parameter set ¢ = 0.02 and
R = 0.1 is the best choice as can be seen from fig.(5.36). Such choice however
would presume that the new model is close enough to physical reality (much
closer than the old model) in order to justify it. To summarize we conclude
that an algorithm based on a back-to-back relation for protojets is not well
suited for detecting multi parton interaction.
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Figure 5.36: Comparison of the true number of multi parton interactions
versus the number of reconstructed multi parton interactions for several e
values. The simulation has been performed in the new model. The distri-
butions have been normalized with respect to the number of events.
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Chapter 6

Summary

We applied an analytical formalism of parton showers to Drell Yan processes,
with a dipole formalism which takes also interference effects into account.
This formalism was originally developed in [1] and summarized in chapter
(3). In [37] the formalism of [1] was applied to the distribution of the trans-
verse momentum of the Z° boson. We used the results of [37] to show that
the formalism can resum next-to-leading order logarithmic corrections. In
the general case however there is a disagreement with respect to an inte-
gration boundary. This must be traced back to the usage of two different
ordering variables. Else the two results agree well with each other'. This
puts the parton shower formalism of [1] on a solid theoretical ground.

We compared the analytical result for the resummation of the energy frac-
tion with the one obtained by the PYTHIA Monte Carlo event generator.
The result was that the two approaches agree very well if the kinematical
cut is properly adjusted.

What is the relation to measurements at a hadron-hadron collider like LHC?
Although the energy fraction 7 cannot be measured directly, the resumma-
tion of logarithmic corrections for 7 — 1 is extremely important for any mea-
surement when mpy becomes large and eventually approaches mpy — +/s.
In such a region of phase space, no hard jet in addition to the Drell Yan
process can be produced. The detection of such a process was proposed
as one of the interesting measurements for the high luminosity case at the
LHC. A detailed measurement of this process is important for any search
for new particles. 7 — 1 is not only possible for mpy — /s but also when
no parton emission is observed in a restricted rapidity range. The use of
forward detectors with n coverage || < 5 in CMS/ATLAS enables such

1This means that the integrand is approximately equal.
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measurements.

While for 7 — 1 real emissions from the initial state cascade are suppressed,
additional hard partons can occur from multi parton interaction, that is
from secondary interaction.

We have considered a jet algorithm that was supposed to detect multi par-
ton interactions based on a kinematical back-to-back relation for protojets.
It came out that the algorithm works in an idealised case with a specially
tuned parameter.
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Appendix A

Integration of Wy

In this section it is our goal to perform the integration (with respect to
eq.(4.83)) for the case of constant avg. We will show that it is possible to
obtain an exact result; however we will also show that this is numerically
unstable. Thus even for constant «vg the numerical result obtained in section
(4.3) is suitable.

For performing the integration let us take a look at eq.(4.83). Performing
the ki integration leads to

N-1 _

2.2\ _ % ! zzil n —22 n :
min(@heh =200 [l - o em G
<0((1—2)°Q* > Q) ,

where we have relabeled ¢ by z and written instead of In Wi resummation
the expression In WN(QQ;Q%). Further we have explicitly introduced a 6
function as a boundary condition for the z integration. The integration of
the second term of this expression does not constitute a problem as we have

N-1 _
/ dz% _
: (A.2)

NNy (1,14 N3 2+ N 2) + (14+ N) (2N + Nn(1 - 2))
N(1+N) ’

where 9F1(1,1+ N;2 + N;z) is a hypergeometric function. Now we must
focus on the first term

0% L i -z e . ()
T Jo 1—2
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The condition

can be written as

Thus we may write the expression given in (A.3) as

Q2
2CF/ \/; - — In[(1 — 2)%] . (A.6)

11—z
In principle we are able to perform an exact integration. The result however
we obtain for the right side in eq.(A.1) is unstable because the expression
given in eq.(A.6) contains after performing the z integration divergent terms.
To overcome this problem we notice that the following relation holds!

Zn—i—l Lt
/z" Inzdz = ] Inz— CFSIE (n # —1;n integer) . (A.7)

Let us define the following function

A |
Ax) == / ﬁln[(l — 2)%dz (with 0 <z < 1) (A.8)
0 _
with
| Q5
ri=1- Qg : (A.9)
By the substitution
b:=1—=2
. dz . (A.10)
db
A can be written as
bo(—-pN -1
A(z) = / db()b In(b?) . (A.11)
11—z

!This relation is given in eq.(41.50) of [51] on page 69.

141



This can be rewritten as

w20

A0 e
1 N 1 1 (A.12)
1
(LB )
1-z , 11—z b
c
For the term C' we can now apply eq.(A.7). This leads to
N-1 i10=1 1
N-1 b b In(b)
prg — 1 _—
=3 (M) >L -2,
=1 T
N-1
( > l—x In(l —x)
1

1=

(N;l)mﬂ ;ﬁ' e

Il

|
=2
Iz
N
=

~. |

—_
\_/
w‘ =

(A.13)
To summarize, our result is now
Alz) =
L G M
+ iy <NZ_ 1) (-1) d ;258)1>
= (A.14)
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Using MATHEMATICA gives

2

« ™
W (Q%,QF) =20p— <v% +5t

—2(—1+N)\/gé4F3<{1,1,1,2—N};{2,2,2}; gé)

2 2 2
L (14 N)y gg P <{1, 12— N}:{2,2); gg) In [gg]

L [gé} (255(8.0) 1 {gg]) +2EHN) + VNP - () )
(A.15)

Bs(N,0) is here a Beta function?. The function v is the Digamma function
and ~yg is the Euler-Mascheroni constant. In fig.(A.1) we see the distribution
of mWy(Q? Q2). We took as values Q3 = 1GeV?, Q? = M2 with My =
91.88 GeV and ag = 0.2. The range was set from N =1 to N = 1000.

In fig.(A.1) we see that the distribution increases rather fast for decreasing
N while it becomes constant for N > 400. This is exactly what we expect:
from eq.(4.2) we see that only those W(r, N) with 7 ~ 1 contribute to
Wx(Q?) in the high N limit. Thus In Wx(Q? Q%) becomes constant for
N > 1. However the expression given in eq.(A.15) shows in some regions of
Q3 extreme numerical instabilities ((up to 3%10'%)). This is due to rounding
errors (up to 3% 10'°). This can be seen in fig.(A.2). This instability comes
from the two hypergeometric functions given in eq.(A.15). Thus even for
ag = const. it is meaningful to use the numerical expression which is given
in eq.(4.113). In fig.(A.3) we see the same function derived by the numerical
expression. We see that it is now well behaved.

A.0.4 Difference between the resummation result and the
parton shower result

Here we further investigate the difference between In Wy s and In Wiy ps.
The execution of the integral given in eq.(4.109) by MATHEMATICA yields

MW, res — In Wy ps =
(0]
ijcpmv% + 72 4 69(N)(2vE + Y(N)) — 6 (N))

2
2with § =1— /&%

(A.16)
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-3.444]
I W (@2 Q8) g
-3.448 f
~3.450-
-3452 f
s

~3.456 -

In Wx(Q% Q3)
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Figure A.1: Distribution of In Wy (Q?, Q%) for constant ag

-1x 101

1 12 13 14
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Figure A.2: Distribution of In Wy (Q?, Q3) for constant g with respect to
Q3. N was set to 1500 while Q* was equal to M% with Mz = 91.88 GeV.
The exact solution given in eq.(A.15) is plotted. The plot shows an extreme
numerical instability due to rounding errors.
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Figure A.3: Distribution of In Wy (Q?, Q3) for constant g with respect to
Q2. N was set to 1500 while Q? was equal to M% with Mz = 91.88 GeV. In
contrast to plot (A.2) we have now the numerical integration of eq.(4.113).
Now the solution is numerically stable.
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Figure A.4: Distribution of In Wy (Q?, Q3) for first order running ag with

respect to Q%.
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with 9 as the digamma function.
As a next step we can look at the case of first order running ag. In that
case we have (see for that eq.(2.43) of [3])

2 1

as(k?) = ol (A7) (A.17)
Further we have
dk? _ In(In(k? /A?))
/ Bok? In (K3 /A2) Bo ' (A.18)

With that we can rewrite In Wy res and In Wy pg as

W, s = 25;; dz {m (hl <(1_§2)2QQ>> o (m (f\gg»}
(

A.19)
and
In Wy, ps = Qfﬂo / dz {m (m (“:\?QZ» —1In (m (é))} .
(A.20)
This yields
In WN res — In WN,PS =
Cr <1—z>2@2>} ) <<1—z>@2>}_
27Tﬁo / dz {ln [ln < A2 In A2 = Ay

c In (1-2)2Q?
27%;/ dzln ln[[(liz:)@}}

Such an integral can be only numerically solved.
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