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Abstract

Multi-lepton signatures appear in many new physics searches at the CERN Large
Hadron Collider LHC. In this thesis, WWZ as well as ZZW production with subse-
quent leptonic decay of the three vector bosons is considered as a Standard Model
source of multi-lepton events. The next-to-leading order QCD corrections for the full
pp — 6 lepton production cross sections in hadronic collisions have been computed.
Results are implemented in a fully flexible parton-level Monte Carlo program which
allows to calculate the QCD corrections for arbitrary distributions and acceptance
cuts. With K-factors as large as K = 2 at the LHC and a strong phase space de-
pendence, these next-to-leading order calculations need to be taken into account for

every phenomenological study involving the production of three weak bosons at the
LHC.

Zusammenfassung

Bei der Suche nach neuer Physik mit dem groflem Hadronen-Beschleuniger LHC am
CERN, treten haufig Signaturen mit vielen Leptonen auf. In dieser Doktorarbeit,
werden die WWZ sowie die ZZW Produktion mit anschlieBendem Zerfall der drei
Eichbosonen in Leptonen als Mechanismen zur Produktion mehrerer Leptonen im
Standard Model betrachtet. Der volle Wirkungsquerschnitt fiir die Produktion von
sechs Leptonen in Hadron-Hadron Kollisionen inklusive der nachst-hoheren Terme
in der QCD Storungsreihe wurde berechnet. Die Ergebnisse sind in ein flexibles
Monte Carlo Programm, das auf partonischen Reaktionen basiert, implementiert.
Es erlaubt die Bestimmung von QCD Korrekturen fiir beliebige Verteilungen und
Akzeptanz-Kriterien an die auslaufenden Teilchen. Am LHC koénnen die K-Faktoren
Werte im Bereich K = 2 annehmen. Uberdies sind die QCD Korrekturen sehr stark
vom betrachteten Phasenraum-Bereich abhangig. Deshalb sollten die Rechnungen
der nachst-hoheren Terme in der QCD Storungsreihe in allen phanomenologischen
Studien fiir den LHC, die die Produktion von drei schwachen Eichbosonen beinhal-

ten, beriicksichtigt werden.
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Chapter 1:

Introduction

Throughout the last decade, our understanding of the fundamental building blocks
of the world surrounding us and the forces between them has constantly increased.
This knowledge has been collected in the Standard Model of elementary particles
(SM), which comprises Quantum Chromodynamics (QCD), describing the theory
of strong interactions on the one hand, and the unified theory of electromagnetism
and the weak force on the other hand. Thus, three of the fundamental forces known
by now, the electromagnetic, the weak, and the strong force, are elaborated in a
standardized form. So far, an analogous treatment of the fourth force, gravitation,
has not been achieved. Therefore gravitation is not included in the SM. However,
gravitational effects, being really important on astrophysical scales, are supposed to
be tiny enough to safely neglect them in most calculations dealing with interactions
of elementary particles.

Nonetheless, from a more rigorous point of view, a final theory describing nature,
should, of course, contain gravitation. Moreover, experimental evidence for dark
matter and dark energy also questions the reliability of the SM, since it does not
offer a satisfactory explanation. These are just two examples for the limits of the
Standard Model and the reasons for the general belief among physicists, that the
SM is only a low energy effective theory, which describes physics within the reach
of nowadays collider experiments very well, but will break down at higher energies.
On the other side, experiments at various accelerators, such as the Large Electron
Positron collider (LEP) located at CERN near Geneva, and the Tevatron proton-
antiproton collider at Fermilab to just mention the most recent ones, have measured
the properties of SM particles with an incredible accuracy and confirm SM predic-
tions extraordinarily well. These experimental results laid the foundations of the
success of the Standard Model albeit the known insufficiencies. Therefore, no mat-
ter how the underlying theory describing nature might look like, in the limit of low
energies, it has to imitate the SM at least in some way.

The two opposing features of the Standard Model, being well tested but in any case
not a valid theory up to arbitrary scales, can be translated into two goals for future
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collider experiments. First, they have to measure with very high accuracy as many
properties of particles and couplings predicted by the SM as possible in order to
find even tiny deviations. Second, new theories, which have emerged over the years,
have to be tested carefully.

The Large Hadron Collider (LHC) at CERN, slated to take data soon, provides
from the experimental point of view an excellent tool to meet these demands. With
center of mass energies as large as 14 TeV, physics beyond the SM, as for instance a
supersymmetric extension, is probably in the reach of this proton-proton accelerator.
Moreover, the last particle in the SM, which has not been experimentally confirmed
yet, the Higgs boson, should, if it exists, be accessible.

The opportunity of penetrating so far unexplored territory of the SM or even beyond,
can only be utilized, if theoretical predictions with the same accuracy as the experi-
mental errors are available. In most of the cases, this requires at least calculations of
the next-to-leading order terms in the QCD perturbation series. Since, at the LHC,
one has to deal with various background processes, in part with cross sections larger
than the actual signal cross section, also backgrounds have to be calculated with
high accuracy. Furthermore, in order to account for geometrical specifications of the
detectors or to isolate specific phase space regions, these calculations are handed to
experimentalists preferably in the form of fully flexible Monte Carlo programs.

The importance of higher order calculations for the LHC is reflected in the wishlist,
formulated at the Les Houches workshop in 2005 [1]. It contains the most impor-
tant processes, for which next-to-leading order (NLO) QCD corrections were still
needed at that time. In the meantime, most of them have been attacked or even
been completely calculated [2-15]. Among the ones, which have been evaluated
quite recently is the production of three vector bosons in proton-proton collisions,
pp — VVV + X. The results, which have originated in the course of this thesis are
collected in Refs. [9,14]. In addition, two other groups have presented results on
this topic in Refs [5] and [11].

Triple vector boson production processes are of particular interest because they are
sensitive to quartic electroweak couplings and they are a Standard Model background
for many new-physics searches, characterized by several leptons in the final state.
Concerning quartic couplings in the electroweak sector, some constraints have been
derived from LEP data and are combined in Ref. [16]. Analogous measurements
have been suggested for tri-boson production at hadron colliders [17-22]. However,
proton-antiproton collisions at Tevatron center of mass energies of /s = 1.96 TeV
yield very small production rates for three massive vector bosons in the final states.
The LHC on the other hand, might have the potential to directly measure quartic



electroweak self-interactions in pp — VVV + X production, with three leptonically
decaying vector bosons.

With K-factors ranging from 1.5 to 2 at the LHC and a strong phase space de-
pendence, tri-boson production shows a behavior which is similar to that found
in di-boson production in hadronic collisions, where QCD corrections have been
known for a long time [23-30]. Thus, these NLO calculations need to be taken into
account for every phenomenological study involving triple vector boson production
processes at the LHC. However, since vector bosons are identified via their leptonic
decay products, the calculations should include the leptonic decays. Furthermore,
intermediate Higgs contributions are not negligible since they can enhance cross
sections significantly and lead to dramatic changes in the shapes of distributions for
certain observables.

In this thesis, the next-to-leading order QCD corrections to the three processes
pp — ZZW™ + X, pp — ZZWT + X, and pp — WTW~Z + X, with subsequent de-
cay of the vector bosons into final-state leptons are computed. All spin correlations
involved in vector boson decays as well as the effects due to intermediate Higgs
boson exchange and off-shell contributions have correctly been taken into account.
Two of the four processes, namely pp — ZZW~ + X and pp — WTW~Z + X have
been computed for the first time in the course of this work. The third process
pp — ZZWT + X, has first been presented in Ref. [11], albeit without leptonic de-
cays and without Higgs boson exchange contributions.

Results of the calculations have been implemented in a fully flexible parton-level
Monte Carlo program VBFNLO [31]. The program allows for the computation of
cross sections and distributions in either pp, pp or pp collisions of arbitrary center
of mass energies. However, in this thesis, we will restrict ourselves to proton-proton
collisions, having LHC in mind.

The organization of the thesis is the following: Chapter 2 is devoted to an introduc-
tion into the particle content of the SM as well as some basics about perturbative
QCD and hadronic collisions. The third chapter describes in detail the calcula-
tion of the different contributions to the leading order (LO) and NLO cross section.
Chapter 4 contains the checks and comparisons performed. In Chapter 5 results
are presented for triple boson production at the LHC. The renormalization- and
factorization-scale dependence is discussed and further some sample distributions
with strongly phase space dependent K-factors are shown. Finally, in the last chap-
ter, the work presented here is summarized and discussed.






Chapter 2:

Basics

This chapter serves as an introduction into the theory of perturbative Quantum
Chromodynamics and hadronic collisions. In the first section, the particle content of
the Standard Model is introduced. Next, special features of QCD, the theory relevant
for nucleon-nucleon interactions, is presented. The third section is devoted to the
theoretical description of hadronic collisions involving the concept of factorization.
In the last section of this chapter, next-to-leading order corrections in the QCD
perturbation series and the divergencies arising thereby are treated. All of these
topics are only discussed very briefly. A more detailed discussion of QCD and
hadronic collisions can be found in various standard text books as for example
Refs. [32-36].

2.1 The particle content of the standard model

During the last century almost all particles predicted by the Standard Model of
elementary particle physics have been found and their properties have been measured
with high accuracy. Thus, the SM is an extremely important and well tested theory
for the description of elementary particles and their interactions. According to
this SU(3) x SU(2) x U(1) gauge theory, all matter is composed of two kinds of
fermions. These fundamental spin—% particles consist of leptons with the electron as
the most prominent representative and quarks, which are the basic constituents of
hadrons. Today, six different types of leptons and six different flavors of quarks are
known. They fall into three different generations or families and each of them can
be characterized by a special set of quantum numbers.

In the case of the leptons, every family consists of a charged lepton (e, p, 7) and
a neutrino (v., v, v;). In Table 2.1, all of these leptons are listed together with
their conserved quantum numbers, electron number L., muon number L,, and tau
number L,. In addition, electric charge, (), and the central values of the masses of
the charged leptons as well as upper limits on the neutrino masses are given.
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lepton | L. | L, | L, mass
Ve 117010710 <2eV
e 11010 |-1] 511.00 keV
Yy 0O 11]00]|<0.19MeV
1 0O 1] 0 |-1|10566 MeV
Uy 0101 1|0|<182MeV
T 0] 0] 1 |-1]1.7768 GeV

Table 2.1: Leptons and their quantum numbers in the SM. The masses listed here
are only central values according to Ref. [37]. For neutrinos only upper bounds exist.

A complete overview on the properties of charged leptons and neutrinos, determined
in experiment, is given in Ref. [37].

In the case of the quarks, every family consists of an up-type quark up (u), charm
(c), or top (t) and a down-type quark down (d), strange (s), or bottom (b). Flavor
quantum numbers are strong isospin (I, I,), strangeness S, charm C, bottomness
B, and topness T'. These additive quantum numbers are preserved in all strong and
electromagnetic interactions but can be violated in weak interactions. Moreover, all
quarks carry baryon number B = %, which is conserved in all interactions observed
until now. The electric charge, @), of quarks can be calculated using the generalized
Gell-Mann-Nichijima formula,

B+S+C+B+T

— I
Q + 5

(2.1)

In Table 2.2, the additive quantum numbers, describing the various quarks, together
with their electric charge, and the central value of their masses are summarized.

It is quite remarkable that in contrast to all other fundamental particles, up- and
down-type quarks carry electric charge —1—% and —% of the charge of the electron,
respectively. Furthermore, all quarks come in three colors, sometimes called, red,
blue and green. “Real” particles measured in experiment, however, are colorless and
have integer electric charge. The nucleons, neutrons and protons, for instance, are
two representatives of baryons, which are three-quark bound states, whereas pions,
being composed of a quark and an antiquark are examples for mesons. Together,
baryons and mesons form the hadrons.



quark | el. charge | isospin | strangeness | charm | bottomness | topness mass

flavor o) I L S C B T
u 2 3 0 0 0 0 2.55 MeV
d —3 :| -3 0 0 0 0 5.04 MeV
¢ 2 0 0 0 +1 0 0 1.27 GeV
s —% 0] 0 -1 0 0 0 104 MeV
t 2 0| 0 0 0 0 +1 | 172.4 GeV
b —3 0 0 0 0 -1 0 4.68 GeV

Table 2.2: Quarks and their quantum numbers in the SM. The masses given here,
only give the central values according to Ref. [37] for up, down, charm, strange
and bottom quarks. The most recent value for the top quark mass is taken from

Ref. [38].

Usually the quarks are defined as flavor or mass eigenstates of the strong force.
Unfortunately, the electromagnetic and the weak interaction do not conserve the
quantum numbers of the strong interaction, hence the eigenstates in the electroweak
sector are different from the ones in the strong sector. This feature results in the
so-called Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix Vg, which
gives the transformation between the mass eigenstates ¢ and the eigenstates of the
quarks with respect to the weak interaction ¢/,

d, Vud vus Vub d
s =1 Vea Vs Va s (2.2)
v Viae Vis Vi b

For three different quark families, this unitary 3 x 3 matrix can be parameterized
by three rotation angles and one phase. If the number of quark generations is
restricted to two, the matrix is a 2 x 2 matrix and can be parameterized by the

so-called Cabibbo-angle 6,
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cosfc  sinfc
= ) 2.
Ve < —sinfe  cosfc ) (23)

The entries of the CKM matrix appear in the Feynman rules and lead for instance
in W-quark-couplings to the possibility of transitions of quarks from the first family
to quarks of the second or third family.

Concerning the masses, there are four rather light quarks up, down, charm, and
strange, often treated as massless particles and the quarks of the third family, top
and bottom, which are quite heavy. In the calculation presented here, only the
light quarks in the massless approximation are considered, which is a reasonable
approximation. The relevant quark-mixing matrix thus is the Cabibbo matrix V¢
given in Eq. (2.3). Some more details on this topic with respect to the specific
processes computed in this thesis will be given in the next chapter.

In addition to the particles mentioned until now, each of the quarks and leptons has
its own antiparticle with the same mass but opposite quantum numbers.

The interactions between the fundamental fermions are dictated by three funda-
mental forces: the electromagnetic force, the weak force, which is responsible for
radioactive beta-decay and the strong force, binding the protons inside the nucleus.
In the Standard Model these forces are mediated via the exchange of vector bosons,
which are particles of spin 1. The mediator in the case of the electromagnetic force
is the massless photon, the gauge bosons for the strong force are the eight massless
gluons and in the case of the weak interactions the mediators are the Wt-, W—- and
the Z-boson with masses,

myz = 91.1876 £ 0.0021 GeV, my = 80.398 £ 0.025 GeV, (2.4)

according to the latest analysis of the particle data group [37]. For each of these
forces a charge exists and particles only interact strongly, weakly, or electromagnet-
ically if they carry the corresponding charge.

Quarks, for example, carry the electromagnetic and the weak charge as well as color,
the charge of the strong force. Thus, they couple to photons, W- and Z-bosons, and
gluons. Specifically, the Feynman rules for the coupling of quarks to W-bosons are
given by:



14 ul 5
=L = (1= A7) Voo,

\/5/7 2( 7) qi9;
= ) Ve

Here, Vg, and V' = are the (complex conjugated) CKM matrix elements as given
in Eq. (2.2). They lead to transitions of quarks of one family to quarks of another
family, as has been pointed out above.

In the case of the neutral Z-bosons on the other hand, the Feynman rules describing
the interactions with the quarks are given by:

q=uct

iyt (12 L 5
= — - == Op — — .
cos 0., (4 3 o 1!

g L1y L5
~ cos, ( I QW+47 '

q=d,s,b
In this case, charge conservation prohibits couplings between up- and down-type

quarks. Furthermore, unitarity of the CKM-matrix then only allows interactions
between quarks of the same flavor as for instance, utZ and ddZ couplings.
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In the bosonic sector, the photon is not charged, while gluons themselves carry the
charge of the strong force. Therefore gluons couple to each other. This is one major
difference between Quantum Electrodynamics (QED), the theory describing electro-
magnetic interactions and Quantum Chromodynamics, the gauge theory describing
strong interactions between quarks and gluons.

In addition to the fermions and gauge bosons described above, another particle,
called the Higgs boson, is predicted by the SM. This particle has been introduced
into the theory in order to account for the masses of the heavy gauge bosons and
of the fermions. However, up to now the existence of the Higgs boson has not been
verified by experiment. Thus, its mass is still an unknown parameter of the theory.

2.2 QCD and asymptotic freedom

Quantum Chromodynamics is the non-abelian SU(3) gauge theory describing the
strong interactions of fundamental particles. The QCD Lagrangian is given by

— /. 1 a auv
Loop =Y @(1y" Dy —mg)ija; — 1L+ Lohost + Lgauge—pia (2.5)
q

with the field strength tensor

Fo, = 0,A% — 0,A% — g, f*AD A (2.6)
and the covariant derivative

(Du)ij = 5,-]-8“ + ngT‘Z]AZ (27)

Here g5 is the strong coupling constant, A}, and g; are the gluon and quarks fields, f abe

are the structure constants, T are the generators of the Lie group which defines

]
the gauge symmetry and m, are the quark masses with (m,);; = m,0d;;. In the
calculation presented here, the so-called Feynman-t’"Hooft gauge has been chosen,

i.e. the gauge-fixing term in the lagrangian is given by:

10



1 a
Lomaergin = —5(0" 43" 28)

Being not relevant for the discussion given here, the ghost term L5 in Eq. (2.5) is
not discussed any further. Readers interested in a complete description of QCD are
referred to standard text books as for instance the book by Peskin and Schroeder [33].
In the QCD lagrangian, the first term contains the mass and kinetic terms of the
quarks as well as the quark-gluon interactions. Here, the latter enters via the gluon
fields in the covariant derivative D,, given in Eq. (2.7). The second term in Eq. (2.5)
describes the kinetic term of the gluons. Unlike QED, this term also leads to three-
gluon and four-gluon self-interaction terms. These vertices are due to the last term in
Eq. (2.6), which does not appear at all in QED. The reason for these self-interaction
terms being of such fundamental importance is that they have a profound impact on
the running of the strong coupling constant a(i) and lead to a completely different
behavior compared to the running coupling constant in the electromagnetic theory.

In QED, the coupling constant at some characteristic scale Q? of the process under
investigation is given by:

2y _ a(p?) 2.9
Oz(Q) 1_%&2)10g(%§)9 ( )

with a(u?) being the value of the coupling constant at some reference scale y?, e.g.
a(m?) = % ~ (137.036)"!. In Eq. (2.9), vacuum polarization diagrams enter.
These graphs lead to screening effects just as in the case of a charge in a dielectric
medium. Thus, for large distances, the effective coupling is smaller and it grows for

smaller distances becoming more and more the bare charge.

In the case of QCD not only the vacuum diagrams already appearing in QED,
but also loop diagrams with gluon self vertices appear. An example for each of
these loop diagrams is given in Fig. 2.1. Substituting the gluons in Fig. 2.1a by
photons, this diagram looks exactly as the vacuum polarization diagrams in QED.
The diagram in Fig. 2.1b in contrast, is one example for loop induced graphs, which
only appear for gauge bosons with self interaction terms. These kind of graphs lead
to an opposite sign in the determination of the running coupling constant at one

11
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a>m©mm b)m®m

Figure 2.1: Feynman graphs appearing in the one-loop calculation of the running

coupling constant in QCD.

specific scale compared to the diagrams with a fermion loop and therefore to anti-
screening effects. In total, the effective strong coupling constant at one-loop is given
by:

o _ 9:(Q%) _ as(1?)
(@) == — = 15 S35 — 20) (Z) (2.10)

127

where Q% gives the scale of the momentum transfer, 4 is the reference scale at which
o is known and ny is the number of quark flavors with masses less than the energy
scale f.

For ny < %, which is certainly the case in QCD, the opposite behavior of QED
is found. That means, for large values of Q?, the effective coupling becomes small
whereas for small momentum transfers, a,(Q?) becomes large. This property of
as(Q?) — 0 as Q* — oo is known as asymptotic freedom and has been discovered
by Gross, Wilczek and Politzer in 1973 [42,43]. It implies that in the regime of small-
distance interactions quarks and gluons appear as almost free particles. Moreover,
since in those cases the coupling is small, it is safe to use perturbative QCD.

On the other hand, for small momentum transfers the coupling becomes large, which
is a property of QCD called confinement, and is the reason, why no isolated quarks or
gluons can be observed. The scale where a,(Q?) becomes infinite is usually denoted

by Agep and defined as

—127

T TR (2.11)

A2QCD = pi exp (

This leads to the well known formula for the running coupling up to one-loop order,

12
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(33 — 2ny) In(2—)

QCD

a,(Q%) = (2.12)

In the calculations of NLO QCD corrections described in this thesis, the running
coupling up to two-loop order is needed. The formula used in the code is given by:

@) = 28, I [0(Q"/ M)

o In (Q2/A2QCD) B #2 In (Q2/A2QCD> , (2.13)

Withﬂozll—gnf and61:51—§nf.
The value of Agep has been measured in various experiments and is of the order of
200 MeV [39-41], which is then consistent with the size of a proton of about 1 fm.

2.3 Hadronic collisions

At hadron colliders as the LHC the scattering processes can be divided into soft
and hard contributions. Soft processes, meaning processes with small momentum
transfer, are dominated by non-perturbative QCD. These effects are not very well
understood and can not be calculated by the usual approach with Feynman rules.
For hard processes, the running coupling constant c,(p) is small as explained in
the previous section, and therefore perturbative QCD can be applied. Nonetheless,
hadronic collisions are collisions between hadrons, perturbative QCD on the other
hand deals with quarks and gluons. Therefore a description how to get valid pre-
dictions for hadronic collisions on the basis of the fundamental constituents, the
partons, is needed.

In deep inelastic lepton-nucleon scattering, as pictured in Fig. 2.2, it was found that
the nucleons were made of a collection of point-like constituents with almost no mass.
These were identified as the quarks. Subsequently the so-called naive parton model
was formulated. In this model, the main idea is that for hard processes, the nucleon
can be viewed as a loose collection of free partons and the total four-momentum of
the nucleon P*, is shared between these partons. More specifically, a parton ¢ inside
the nucleon carries momentum p}’ = x; P* with probability density f;/n (;). Thus,
the probability to find parton ¢ with momentum fraction between z; and z; + dz;

13
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Figure 2.2: Sketch of Feynman-graph for lepton-proton scattering, via the exchange
of one virtual photon. X represents any number of unobserved final-state hadrons.

inside the nucleon is given by f;/n (#;) dx;. The total lepton-nucleon cross section
can then be calculated by

1

1=¢,q,9

That means, all partonic cross sections ¢; multiplied with the corresponding weight
fi/n (x;) and integrated over all possible momentum fractions are added up.

The partonic cross sections for the hard-scattering events can be calculated with
the help of Feynman rules, the parton density functions (pdfs) on the other hand,
include QCD of the non-perturbative regime and can not be calculated from first
principles but need experimental input. However, the pdfs needed in the calculations
are process-independent. Therefore, once measured in deep inelastic lepton-nucleon
scattering experiments, they also give the probability to find parton ¢ with momen-
tum fraction x; in any other interaction involving hadrons.

Thus, this naive parton model can not only be used in the calculation of lepton-
nucleon scattering, where it has been invented, but can also be applied to other
processes with hadrons in the initial state. The fundamental principle allowing peo-
ple to calculate arbitrary processes with this method is called factorization. It is the
ability to factorize short-range QCD and long-range QCD from each other.

The strongest evidence for the sub-nuclear structure was the so-called scaling be-
havior, i.e. the fact that cross sections only depend on z, the momentum fraction

14



low Q? high @

Figure 2.3: Pictorial representation of vacuum fluctuations as they are resolved for
low and high momentum transfer Q* according to Ref. [35].

of the parton inside the nucleon actually struck by the intermediate gauge boson.
This feature is directly related to scattering centers being point-like, dimensionless
and non-interacting. However, improved measurements revealed that scaling is only
approximately true. In general, with increasing energy, the point-like constituents
inside the nucleon are not so point-like any more. Besides the expected constituents
of the hadrons, so-called sea-quarks were found. Moreover, it was detected that the
charged partons inside the hadron, i.e. the valence quarks and the sea-quarks to-
gether, only carry about one half of the total momentum of the nucleon. Thus, other
neutral components, identified as the gluons, are also present inside the hadrons.
These additional particles inside the nucleons are due to vacuum fluctuations, which
simply cannot be resolved at low energies. At higher energies, on the other hand,
more and more particles can be resolved and the average momentum fraction (z)
of each parton is decreased. To illustrate these effects, pictures for both cases, with
low and high momentum transfer are given in Fig. 2.3.

The experimental discovery of scaling violation hence made it necessary to intro-
duce parton density functions (pdfs) f,/n (z,;@?), which depend on the characte-
ristic scale Q% of the process and thus the resolution. The Q*-dependence of the
pdfs is determined by the DGLAP evolution equations, named after Dokshitzer,
Gribov and Lipatov and Altarelli and Parisi, who first derived them [44-46]. The
phenomenological Q?-dependent pdfs used nowadays have extracted the structure
of these evolution equations and fitted free parameters in their approach by data,
giving thereby reliable pdf-weights at almost arbitrary momentum fraction x and
scale % for the partons.

However, the factorization of short- and long distance parts of the hadronic cross
section is not unique. Although, the singular pieces have to be divided in a way,
that the partonic cross section is infrared safe, i.e. no singular terms due to soft
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and collinear partons are included and the pdfs contain all of the universal singular
pieces which are left-over, the finite pieces can be shifted from one piece to the other.
Therefore, a specific factorization scheme has to be chosen. Examples are the MS
and the DIS scheme.

The renormalized pdfs including all divergencies, which do not cancel in the partonic
cross sections, depend in these schemes on the momentum fraction of the parton =
and a so-called factorization scale g, which defines the point, where short-distance
physics goes into long-distance QCD. This scale does not appear in the final results
for the cross section if all orders of the perturbation series are taken into account. For
a fixed-order calculation as described in this thesis, however, physical observables
depend on the factorization scale. In principle, pr can be chosen arbitrarily, but if
set to a characteristic scale of the process under investigation, higher-order effects
are reduced.

The generalized cross section for the production of n partons in hadron-hadron
interactions including these scheme dependent pdfs is then given by:

o' = > dwy dxy fin (@15 1%) fipn (@25 ) 697 Rk (2.15)

i?jvklv"'vk’rL:(L(j?g

Thus, the cross section is factorized into the parton density functions f;/n (z1; %),

ij=kiokn - The latter can be computed

fi/n (x2; uF) and the partonic cross section &
perturbatively up to a given order in «a, by evaluating matrix elements squared
according to the Feynman rules, multiply them with the flux factor of the incoming

partons and integrate over the whole phase space of the final-state particles,

1
/ 4\/(171 p2)2 - ]\412 M22

- Pk Pk
2m)% 6@ AN LI L
(2m) pP1+ D2 ; QP25 2772k,

Gk _

| M (py + ps — ki, ooy ki)

(2.16)

2.4 Next-to-leading order corrections in QCD

At hadron colliders, the LO cross section unfortunately only gives a rough estimate
of the real cross section. The reasons are twofold. First, the unphysical factorization
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scale (pp) in the parton distribution functions f;/n (7;; #3) and the renormalization
scale dependence of ag (pg) appear in the final result. The physical cross section, on
the other hand, is independent of the choice of these scales. Second, at NLO often
new production modes appear, which are not allowed at LO. These can increase the
cross section dramatically, but can also have a major impact on the shape of distri-
butions. Thus NLO corrections are of special importance in this kind of calculations.

As has been pointed out in the previous section, the cross section consists of the
process-independent parton distribution functions and a partonic part, which can be
calculated perturbatively at high energies, i.e. order by order in the strong coupling
constant a(p),

6=A+Aya,+Asa’+ ... (2.17)

The first term in this series, A, only appears in the calculation of purely electroweak
processes, such as the Drell-Yan process q¢ — ¢7¢~ and can be calculated from tree-
level diagrams by applying the usual Feynman rules. In fact, concerning its QCD
structure, triple vector boson production also can be regarded as a Drell-Yan type
process. Thus, in the following discussion we will restrict ourselves to this type of
processes.

The second term of the series in Eq. (2.17) comprises virtual contributions and real
emission contributions. Loop diagrams as sketched in Fig. 2.4 give rise to the former.
They interfere with the LO matrix elements resulting in contributions to the cross
section of order a,. The matrix elements squared of one-loop diagrams, however,
are already of order a? and therefore do not contribute at NLO.

In the virtual contributions, two different types of divergencies arise. The so-called
ultraviolet divergencies disappear upon renormalizations, i.e. by multiplying the
bare masses and couplings by renormalization constants. The resulting renormalized
masses and couplings are physical observables which are finite and can be measured
in experiment. In actual calculations one common procedure is to add suitable
counter terms to the Lagrangian which take care of these divergencies.

The infrared or soft divergencies on the other hand, are due to virtual massless
particles in the loop integrals which become soft, i.e. with momentum k* — 0.
These divergencies can not be renormalized, but their pole structure can be extracted
by using for example the technique of dimensional regularization in D = 4 — 2¢
dimensions.

The other type of diagrams contributing to the NLO cross section are real emission
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propagator vertex
correction correction

box

Figure 2.4: Sample one-loop graphs with two external legs, three external legs and
four external legs.

e VA VAV AV
rooo>
—_— NN
gluon emission of an gluon emission of an .+ ud solittin
external quark internal quark §—49°®p &

Figure 2.5: Sample Feynman diagrams for the real emission contribution in a Drell-
Yan type process such as pp — V or pp — VV.

graphs. They contain all diagrams with an additional parton in the final state. Here,
gluon emission from an internal or external quark line as well as g — qq splitting
is possible in the case of Drell-Yan type processes. Both types are illustrated in
Fig. 2.5.

In the case of the real emission, infrared divergencies arise for soft gluons, p, — 0
and collinear divergencies come from ¢ — qg and g — qq splittings, if the angle
between the outgoing parton and the initial-state parton becomes too small.

Adding up all contributions to the partonic cross section at NLO, only initial-state
collinear divergencies are left, whereas the soft divergencies cancel between the real
emission and the virtual contributions. However, these collinear divergencies are
identical to those found in the computations of NLO corrections to deep-inelastic
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lepton-nucleon scattering. They can thus be absorbed into the pdfs resulting in
renormalized pdfs. That means, the parton distribution functions are process-
independent at NLO, in the sense, that the structure of divergencies is unique for
any NLO calculation. In fact, the factorization theorem even states that collinear
singularities can be absorbed into the pdfs at every order in perturbation theory.
The finite remainders of this factorization of collinear singularities into the parton
distribution functions depend on the factorization scheme and differ from process to
process.

Therefore, the total NLO cross section is given by:

oNLO _ ,LO | [VIRT | [ REAL ,  COLL (2.18)

Only the LO contribution ¢”© and the collinear remainder after factorization of
collinear singularities into the parton distribution functions ¢““*%, are finite in this
formula. The other two contributions are separately infrared divergent. Since in the
real emission calculation an additional parton in the final state appears, this part
of the total NLO cross section involves an integration over an (m+1)-particle phase
space whereas all other parts only need to be integrated over an m-particle phase
space. The obvious difficulties in performing these integrations numerically in spite
of the divergencies appearing thereby, have been overcome in this thesis by applying
the Catani-Seymour dipole subtraction formalism [47,48]. A detailed description of

this method will be given in the next chapter as well as in Appendix A.
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Chapter 3:

Elements of the calculation

In this chapter the calculation of the NLO QCD corrections for ZZW™, ZZW~, and
WHW~Z production at hadron colliders will be presented in detail.

The first section of this chapter covers the calculation and implementation at tree-
level as well as an error estimate of the assumed approximations. In detail, the
calculated matrix elements are given, and it is discussed, which contributions can
be neglected. Moreover, a feature of our implementation in the Fortran program
VBFNLO is explained, which speeds up the program dramatically.

In the second section the calculation at next-to-leading order in the QCD pertur-
bation series, that is up to order ay, is outlined. At first, the formalism of Catani
and Seymour is presented [47,48]. Subsequently, some details on the evaluation of
the real emission terms as well as the finite collinear terms are given. The last two
paragraphs deal with the different contributions to the virtual corrections in general
and with various aspects of the implementation of the pentagon contribution.

3.1 Tree-level contributions

For each of the different final states,

WHYW™Z:  pp — v 0F 05 oy, U5 05 + X, (3.1)
ZIWT : pp — 7 0 05 05 v, 05 + X, (3.2)
ZZW™ : pp — (7 U] U5 05 05 vy, + X, (3.3)

0

%) a5 has been considered in the cal-

the full set of Feynman graphs up to order («
culation. This includes the Higgs contribution and all off-shell diagrams. Details on
the calculation and implementation of partonic cross sections are given in the first

part of this section.
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In order to simplify the computations and to improve the performance of the nu-
merical implementation, a number of approximations and assumptions have been
made. First, interference terms due to identical particles in the final state have not
been taken into account. In addition, any fermion mass effects are neglected. Fur-
thermore the CKM matrix is approximated by a unit matrix. A discussion to what
extent these assumptions are justified and some estimates on the resulting errors on
the total cross section are given in the second part of this section.

3.1.1 Calculation and implementation

The partonic cross section at LO can be split into four different types of subprocesses
in the case of WHW~Z production and into two different classes of subprocesses in
the case of ZZW™ and ZZW ™ production. In the WTW~Z case they are specifically,

ut — v, U5 0 vy, 05 03
au — v, U5 05 vy, 05 03
dd — vy, 0F 05 iy, 05 03,

dd — Ve, Eii_ ﬁz_ Uy, ﬁg_ fg_,

(3.4)

where u stands for an up-type quark and d for a down-type quark. In the calculation
they can be up or charm and down or strange, respectively. The matrix elements for
the qq - initiated contributions are obtained in the program from the ¢q - initiated
processes by a simple crossing, i.e., they are calculated with the same subroutine
but with the momenta of the initial-state partons interchanged.

The same is true for the two subprocesses for the ZZW™ production,

ud — 07 0F 05 05 v, 07

_ (3.5)
du — 07 0 05 05 v, 05,
and the ones for the ZZW™ production,
du — 07 05 05 05 05 g,
161 By by L3 Vi (3.6)

ud — 0y 0 05 03 05 v,
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Figure 3.1: Some representative tree-level Feynman diagrams of the process
pp — 40+ 2v. They show the three different topologies appearing in this calcu-
lation.

Here, different quark flavors are required in the initial state. Again, u stands for an
up-type quark, whereas d refers to a down-type quark.

In total there are 209 diagrams for each subprocess of ZZW production and 180
diagrams for each subprocess of WWZ production. Because of the large number of
Feynman diagrams the helicity method of Refs. [49,50] is used for the evaluation of
matrix elements. However, for each of the subprocesses in the various triple vector
boson production processes, the general structure of the matrix elements is the same.

For all processes the tree-level graphs can be grouped into three distinct topologies.
These topologies give rise to different one-loop contributions, as discussed later in
this chapter. Moreover, the topologies are also used to optimize the calculation of
matrix elements by extracting leptonic tensors which appear several times in the
evaluation of matrix elements. Some sample diagrams for the three topologies are
given in Fig. 3.1 for the case of the WTW~Z production. As indicated by the
labels, virtual Z-bosons as well as photons are taken into account. Both of them are
assumed to decay leptonically, V' — £/~ thus leading to the same final state with
two charged leptons.

In the calculation of leptonic tensors, special care has to be taken in the treatment of
finite-width effects in massive vector boson propagators. In the code, the modified
complex-mass scheme as implemented in MADGRAPH is used, that is mi, is globally
replaced with m? — imy Ty, while a real value is kept for sin® Oy [51-53].
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In Fig. 3.1a three vector bosons with subsequent decay are emitted from the quark
line. In order to account for the decay of these vector bosons, the polarization vectors
€hr (pw+), €— (pw-), and € (pz) are replaced by leptonic tensors I'yj,,, I'f,—, and
I'”,. These are the effective decay currents together with a propagator factor for the
intermediate vector boson. The decay W+ — v, e’ together with the propagator

! for instance, is then given by the leptonic tensor I';,.. The

factor s o

wt
effective polarization vectors for the decay of the vector bosons into two leptons
appear in many different Feynman graphs. In order to speed up the calculation,
they are determined numerically at the beginning of the evaluation of the matrix

elements for a given phase space point and reused wherever they appear.

In Fig. 3.1b two vector bosons are attached to a quark line and then decay into two
or four leptons. All Feynman graphs for a four-lepton decay can again be combined
to an effective polarization vector. For all subprocesses such as ud — 5¢ + v,
di — 50+ for ZZW and utt — 4 0+2v, dd — 40+2v for WWZ, these polarization
vectors are identical for one specific phase space point and do not depend on the
quark polarization. Furthermore, they appear in several Feynman diagrams. In our
code these polarization vectors are therefore calculated once per phase space point,
stored and reused wherever possible.

The last topology is the one in which only one vector boson is attached to the quark
line. The polarization vector corresponding to the “decay” of this virtual vector
boson can be calculated once per phase space point, stored and reused. The method
of precalculating effective polarization vectors renders our code for the WWZ Born
process about four times faster and our code for the ZZW Born processes about two
times faster than a direct evaluation with MADGRAPH [51-53].

An additional increase in speed has been achieved by performing the helicity summa-
tion for the final-state leptons stemming from the Z-bosons and photons randomly.
In detail, for every phase space point one helicity configuration of the final-state lep-
tons is selected. Since only left-handed leptons couple to W-bosons, this selection
only affects the Z-bosons and the virtual photons. The matrix element squared for
this special configuration of helicities is subsequently calculated and multiplied by
the number of actual helicity configurations, i.e. by a factor of two in the WWZ case
and by a factor of four in the ZZW case. For the next phase space point one of the
other helicity configurations is selected and the matrix element is computed. This
procedure is then repeated for all the phase space points. Thus, only the matrix
elements of one helicity configuration have to be calculated per phase space point.
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3.1.2 Assumptions and approximations

In the calculation of LO cross sections as described in the previous paragraph, in-
terference terms due to identical particles in the final state have been neglected.
Including such effects at LO in the calculation of the WHW~Z production, it can be
confirmed, that this is an excellent approximation: LO cross sections change by less
than 0.1% when interference terms are integrated over the Breit-Wigner peaks. This
small effect is due to modest cancellations between contributions below and above
the Breit Wigner peaks. However, even the integration over the absolute values of
the interference terms yields contributions at the few percent level only, which is
below the scale variation of the final NLO cross sections.

An estimate on the validity of results when neglecting any effects of fermion masses
in the calculations is more involved. In the leptonic sector, the heaviest leptons
are the tau leptons. However, at LO cross sections with zero tau mass and with
m, = 1.7768 GeV have been computed with HELAC [54-56] and only deviations of
the order of 1% have been found. The leptons of the third family can then safely
be neglected in the calculation. Thus, we are left with the almost massless leptons
of the first two families only. In particular, this assumption implies that all graphs
with Higgs Yukawa couplings to leptons can be set to zero.

In the quark sector, we have to deal with four almost massless quarks (u, d, ¢, s) and
the quarks of the third family, top and bottom. Since the possibility to find a top
quark inside a proton is virtually zero, the contribution of top quarks in the initial
state can safely be neglected. Moreover, in the case of ZZW production always one
W-boson couples to the quark line. Thus, the flavor changes once along the quark
line. Since the CKM matrix element giving the transition probability from bottom
quarks to top quarks and vice versa

Vip = 0.999133 0000043, (3.7)

is close to one [37], a bottom quark in the initial state would thus be accompanied by
a top quark in the initial state. Therefore, for this type of processes, the exclusion
of the latter also excludes bottom quarks in the initial state.

In the WWZ production, either two or zero W-bosons are attached to the quark
line. Hence, the quark flavor changes either twice along the quark line or not at
all. Taking into account that bottom quarks, with a very high degree of probability
transfer to top quarks and vice versa, mixing of quarks of the third family with
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Figure 3.2: Typical values for the LO parton distribution functions needed in the
tri-boson production at the LHC.

quarks of the other two families are very rare. Thus, either both initial-state quarks
are assumed to be bottom quarks or none of them. However, the corresponding
bottom quark pdf weights are suppressed compared to the other sea quark pdfs.
For instance, for a typical Feynman-z value in tri-boson processes of x = 0.03, the
probability to find a b quark inside a proton is suppressed by a factor two to four
compared to the other sea quarks as shown in Fig. 3.2 for the CTEQGL1 pdf set.
Therefore, the heavy quarks of the third family can be neglected in the initial state,
and because they usually do not couple to the quarks of the other two families, they
can also be neglected in the intermediate states. In total that leaves us with the
four light quarks of the first two families with negligible masses.

The impact on the cross section by setting the CKM matrix to the unit matrix needs
to be considered separately for the WWZ and ZZW cases. Since only up, down,
charm, and strange quarks are taken into account, the CKM matrix is reduced to
the Cabibbo matrix V¢ given in Eq. (2.3).

In the WWZ production mode, the two topologies depicted in Figs. 3.1b and 3.1c
are independent of the CKM matrix since they do not contain a W-quark coupling.
For the topology, where two W-bosons couple to the quark line on the other hand,
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Figure 3.3: Sketch of the flavors in Wt W~ Z production.

one needs to argue differently. This case is sketched in Fig. 3.3 for i) up-type quarks
in the initial state and ii) down-type quarks in the initial state. The labels i, j, and
k in this figure are labeling the different quark flavors and at the W-quark vertices
the two W-bosons couple to the quark line yielding matrix elements proportional
to Vi; Vi, where Vi; and V), are CKM matrix elements. The labels ¢ and & denote
the quark flavors of the initial-state quarks, whereas j stands for the flavor of the
intermediate quark. Since all flavors can appear in the intermediate state, one has to
sum over j. Taking into account unitarity of the quark mixing matrix, one obtains
in the approximation of massless quarks:

> ViV = ba. (3.8)
J

Therefore, for massless quarks, the flavor of initial- and final-state quarks is always
the same in the WWZ production and effects of the CKM matrix vanish at LO.
Including mass effects would lead to an additional contribution m(j) in Eq. (3.8).
In the case of the ZZW production, approximating the CKM matrix by a unit matrix
leads to an error on the cross section, which will be estimated in the following. In
each of the different topologies depicted in Fig. 3.4 exactly one W-boson couples
to the quark line. Therefore, the transition matrix elements are proportional to
the CKM matrix element V;; entering via the coupling of initial-state quark ¢ and
initial-state quark 5 to the W-boson. Bearing in mind that the calculation of the
matrix elements does not depend on the quark flavors except for this factorizable
CKM matrix element, on obtains for the matrix elements convoluted with the pdfs:
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Figure 3.4: Sketch of the quark flavors in the different topologies of ZZW™ produc-
tion.

[M(q (pa) + Q (p) — ZZW)|* x PDFs
= [Moral? - | Vaal® Fusp (8) Figp (20) + Vasl? Fupp (@0) fip (1)

- WVesl? S () S () + Veal® fepp () g () |
= [ Maornf? - | €058 fupy (w0) fapp (20) +5i0% b fupp (20) Fogp (1)

+ o8 Oc fepp (Ta) fsjp (20) + 50 O fopp (2a) fasp (1) ]

= |Mpora|- { ( 1 4 sin® g (% - 1)) upp (a) fayp (20) (39)

# (1o (22208 1) ) oy ) S o) ]

= [Mporal® | fusp (2) Japp (@) + forp (30) fip (21)

+ fup (Ta) fas (1) sin?O¢
() (1) )

Measurements of V. and hence the Cabibbo angle appearing in this formula yield
|Vial = | cosOc| = 0.97419 £ 0.00022, according to Ref. [37]. The ratios of the pdfs
depend on the momentum fraction of the incoming partons and the factorization
scale. Setting the former to x = 0.03 and choosing the latter as Q? = (3 my/)?, the
neglected terms for this special set of values are:
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sin? O ~<1—M)~<M—1) - ot (ud — ZZW)
—— f

~ 005 f%p () ANSL (ib) - (3.10)
~ 0.83 ~ —0.31

~ —0.013 - 0*© (ud — ZZW).

In total, the error on the total LO cross section for the ZZW production at the
LHC induced by setting the CKM matrix to the unit matrix is anticipated to be
of the order of 1-2 percent. However, an explicit test of this expectation with
HELAC [54-56] demonstrates that for the specific set of input variables chosen, the
error for the ZZW™ production is about 2%. As will be shown in Chapter 5, this
effect is thus slightly below the size of the uncertainties on the pdfs and well below
the scale uncertainty of the NLO cross section.

3.2 Next-to-leading order contributions

The full NLO cross section for hadronic collisions consists of real emission contri-
butions, virtual contributions and a finite collinear remnant, after the initial-state
collinear singularities are absorbed into the parton distribution functions. The real
emission contributions have to be integrated over an (m-1)-particle phase space
with m = 6 leptons, and the other two contributions only involve an m-particle
phase space,

UNLO:/dO'NLOI/ d0R+/ dav—i-/ do®. (3.11)
m—+1 m m

The real emission contribution [ . do' and the virtual contributions [ do" are
separately infrared divergent in D = 4 dimensions and only their sum gives a well
defined finite result. Since in a numerical calculation it is impossible to calculate
these divergent pieces separately, another solution is needed to overcome this prob-
lem. The finite collinear term fm do® on the other hand, can be evaluated directly
in D = 4 dimensions.

3.2.1 Catani-Seymour dipole subtraction

One common method to overcome the problem with divergencies in real emission and
virtual contributions is to regularize the divergencies using dimensional reduction
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(D = 4 — 2¢), and apply the dipole subtraction algorithm proposed by Catani and
Seymour [47,48]. In this algorithm, terms do*, which match the singular behavior
of do't, are introduced. This means that the difference of these two terms can be
integrated numerically in four dimensions over the whole phase space. In order to
leave the total result unchanged, the additional subtraction terms have to be added
again and need to be integrated together with the virtual contributions.

However, the virtual contributions only have to be integrated over an m-particle
phase space, whereas the counter terms have to be integrated over an (m+1)-particle
phase space. Thus, first the integration over the one-particle phase space fl do? is
carried out and the poles are extracted. These can be canceled analytically against
the poles from the virtual contributions. Finally, the finite result can be integrated
numerically.

The still missing contribution to the next-to-leading order cross section comes from
the absorption of collinear singularities into the pdfs. Since it is a finite remainder
by definition, it can be integrated in four dimensions without any alteration and in
total we get:

- -

SNLO _ / [(do™) _, — (do*) _,] + / [dUV+ / do—f‘} + / do® .
m+1 m 1 =0, I —

Can be integrated Poles are Finite
numerically in 4 canceled collinear
dimensions analytically remainder

The general formulas for do?, fl do? and do® given in Ref. [47,48] have been
evaluated for the special case of triple vector boson production in hadronic colli-
sions, pp — VVV + X. Expressions for the dipoles, integrated dipoles and the finite
collinear terms are given explicitly in the following paragraphs and in Appendix A.

3.2.2 Real emission

The real emission matrix elements can be divided into two different sets of Feynman
graphs. The first class contains all diagrams where the emitted particle is a final-
state gluon. This case is shown in Fig. 3.5a, where the crosses represent possible
gluon vertex insertions. The other type of diagrams comprises Feynman graphs
where the emitted particle is a final-state quark and a gluon is present in the initial
state. These diagrams can be obtained by a simple crossing of the diagrams of the
previous class. Some sample diagrams are given in Fig. 3.5b. The second class is
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Figure 3.5: Sample diagrams, appearing in the calculation of the real emission terms
of the W W~ Z production.

a completely new channel, which appears only at NLO. As we will see later in this
thesis, this new channel dominates the scale dependence of the total NLO cross
section and also gives a large contribution to the K-factor.

The method of precalculating effective polarization vectors for leptonic decays, de-
scribed above for the tree-level diagrams, has also been used for the more compli-
cated real emission diagrams. In the calculation of the LO cross sections with an
additional jet, that is

WYW™Zj:  pp— v 0 05 0, 05 05§+ X, (3.12)
AR pp — 07 0F 05 0 v, 0§+ X, (3.13)
ZIW™ j: pp — L7 07 05 05 05 Uy, § + X, (3.14)

it leads to an increase in computational speed of a factor of almost 20 for the WWZ
production and even more for the ZZW production.

Concerning the real emission matrix elements, two different types of divergencies
appear. On the one hand, there are the so-called soft divergencies, where the energy
of the emitted gluon is too small to be identified experimentally as an isolated jet.
On the other hand, collinear divergencies emerge if the angle between the additional
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Figure 3.6: Schematic illustration of the transformation from the (m+1)-particle
kinematic to the m-particle tilde kinematic as utilized in the dipole subtraction
formulas given by Catani and Seymour in Ref. [47,48].

parton in the real emission diagrams and the parton which emits this parton is too
small to separate these two particles from each other. For both kinds of divergencies
the additional dipole do in the Catani Seymour algorithm works as a counter term.
An example of a Feynman graph, where infrared divergencies might appear, is de-
picted on the left side of Fig. 3.6. In this case, a gluon is emitted from the upper
incoming quark. It can therefore either be soft or collinear to the incoming parton.
The corresponding counter term according to Catani and Seymour is given by:

B 1
2xpa'pg

. ’MB (/;:1, o, ke ﬁa,pb) ’2 + O(e).

do? 8o, Cr [% —(1+ x)}

(3.15)

Here Cr = % is the color factor, p, and p, are the momenta of the incoming quarks.
The gluon momentum is denoted by py, and the parameter x is defined as

x:l_w. (3.16)

Pa - Pob

The dipole do? in Eq. (3.15) is proportional to the squared Born matrix element
|Mp(ki, ..., ke; Pa, pp)|* With a so-called tilde kinematic. This kinematic can be ob-
tained by a special transformation of the (m+1)-particle kinematic in such a way,
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that the momentum of the additional final-state parton p, vanishes, thus transform-
ing to an effective m-particle kinematic. For the example at hand, this transfor-
mation from an (m+1)-particle kinematic to an m-particle kinematic is sketched in
Fig. 3.6. In this special case the momentum of the upper incoming quark is only
shifted, p, = xp,, whereas the second incoming parton momentum p, = p; remains
unchanged.

Similar expressions for the counter terms are obtained for the Feynman graphs with
emission of a gluon from the lower incoming parton and also for the gluon induced
subprocesses. Exact transformation rules as well as dipoles for all cases occurring
in the triple vector boson production are given in Appendix A.

3.2.3 Finite collinear terms

The additional finite collinear terms do® in Eq. (3.11) stem from the factorization
of collinear singularities into the parton distribution functions. The contributions
to the ¢Q-initiated subprocesses for instance, can be written in the compact form,

Wy | =

1 1
ol (QQ—>6€):/O dl"a/o d$b/dq’6(k1>-~-,k6;pa+pb)

: [ o (@i 1) fosp (o i) + fo (Tas 17) 15, (xb;/ﬁw)] (3.17)

qQ 2
’ ‘ MBorn(kh (XY kﬁ;paapb)

Here, § denotes the square of the partonic center of mass energy, |M£T,n|2

gives
the Born matrix element squared with initial-state quark flavors ¢ and @, and
d®g (k1, ..., ke; pa + pp) Tepresents the integration over the six-lepton final state. The
two different contributions with modified pdfs f;, (z4; uy) and f§ , (zs; i) arising
thereby are given by:

. g Ldx T
oty =52 [ 5 {a (Sink) Al

x
+ [fauw (Tt ) =2 faup (@03) | Bl@) (3.18)
o (%“%> C(x)} + ;7 foup (i n3) D(x;)
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with the (anti) quark flavor @); and the corresponding Feynman-z parameter x;.
The gluonic parton distribution functions appearing in Eq. (3.18) are due to g — ¢@
splittings of initial-state gluons. All other contributions come from the emission of
collinear gluons from the initial-state (anti) quarks. The integration kernels, A(x),
B(x), C(x), and D(x;) are universal, i.e. they do not depend on the specific ¢q -
annihilation subprocess and they are given by:

Az) =Tg [2:5 (1—2)+ (2*+ (1 —2)%)-In <%)] (3.19)
B(x) = Cp [11 In <Q2(L; ”“")2)] (3.20)
Cz) = Cr {1—:,;- 1: In(2) — (1+2) In (CPST%W)} (3.21)
D(w:) = C [g In (S—;) +2In(l—2) In (S—;) .

+2 In*(1— xl)] + Cp creal.

Here Q? is defined as Q* = 2 p, - py, ur represents the factorization scale, and
Cp = %,TR = % are color factors. In dimensional regularization, the finite term

creal appearing in Eq. (3.22) has the value creal = %2 — 5. More details on the
derivation of these formulae as well as a complete summary of the finite collinear

terms for all subprocesses are given in Appendix A.

In order to speed up the calculation, it is reasonable to evaluate the finite collinear
terms at the same time as the real emission contribution. Thus, they are integrated
over an (m+1)-particle phase space. This is possible because the two necessary
phase spaces are correlated,

1
2pa'pb

d¢7 (pga kla sy kG;pa + pb) =
(3.23)

1 1-a 1 2 . .
d d —— dog (k1, .-, k6 Da .
/0 CC/O v 2o 8 12 ¢ (K1, -y ke Da + D)

The parameter z, given in this formula is the one already defined in Eq. (3.16) and
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o (3.24)

Relation (3.23) can then be used to rewrite Eq. (3.17) in the form, which is actually
implemented in the Fortran program VBFNLO,

1 1
VL0 (40— 61) = / d. / dz, 0®; (kr, ., ks, Py o+ 7o)
0 0

2 Pa - Do
% form (xo; u7) ’ M2 (ky, ... ks; Pas Do) ‘2
' [fg/p (2a; u) A(@) + fopp (203 1) (B(x) + C(x)) (3.25)

# Sy i) { P = B} ] 2

1—zz,
+(ab), (g Q).

The functions A(z), B(z), C(x) and D(zx,) are the integration kernels, already
defined in Eqgs. (3.19)-(3.22) and the factor -~ compensates the integration fol_w dv
in Eq. (3.23).

3.2.4 Virtual contributions

The virtual contributions consist of the square of tree-level diagrams and the in-
terference between tree-level diagrams and the virtual one-loop diagrams. In the
calculation of the one-loop diagrams, three different types of contributions, cor-
responding to the three topologies in the tree-level calculation appear. They are
schematically depicted in Fig. 3.7.

For the simplest topology (Fig. 3.7a) with one vector boson attached to the quark
line, only vertex corrections appear. In this case, the one-loop contribution is pro-
portional to the corresponding Born matrix element. The second topology Fig. 3.7b
leads to propagator corrections, vertex corrections and 4-point loop integrals. In
the calculation, the sum of the four virtual contributions to one specific tree-level
subamplitude is grouped together and will be called a boxline contribution in the
following. The most challenging topology, illustrated in Fig. 3.7c, leads to quark
propagator corrections, vertex corrections, boxes and pentagons. As in the previous
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a)

e
b) E + + + ?
c) é o~ ; o~ 4 i::vvw + 5 others

Figure 3.7: Schematic picture of the three one-loop topologies appearing in the
calculations.

case the sum of all these corrections to one specific tree-level Feynman graph is
grouped together and called pentline contribution in the following.

The singular pieces of all of these three types of virtual contributions are propor-
tional to the corresponding Born matrix element and the complete virtual one-loop
contribution for the three topologies is given by:

. A\ ¢ 2 3 4 72
My=My+ 2o () ra+e) -2 -2 8+ 27 | My, (3.26)
4 s e € 3

where Mp denotes the full Born amplitude, s is the square of the partonic center of
mass energy, i.e. it corresponds to the invariant mass of the six-lepton system, and
My is the finite part of the virtual boxline and pentline amplitudes. The interference
term between the Born and the one-loop amplitudes is therefore




As already mentioned in the description of the algorithm by Catani and Seymour,
it is possible to cancel the singular parts from the virtual contributions analytically
against € poles appearing in the integrated dipole fl do?. In the notation of Catani
and Seymour the corresponding term is given by:

47 p?

a €
(i 176 L) = 52 (F20) T +0) (ot

(3.28)
2 3 4 72 ,
|5+ -+8——F— +cvirt|.
e e 3

Hence, the e-poles in the virtual contributions of Eq. (3.27) and in the integrated
dipole, given in Eq. (3.28), cancel exactly. In doing so only a finite rest proportional
to cvirt = 2 remains. This can be integrated numerically in four dimensions.

Apart from crossing a final-state quark to the initial state, and performing an an-
alytic continuation, the boxline and the pentline contribution have essentially the
same analytic expressions found in the calculation of NLO QCD corrections in vector
boson fusion processes, g¢ — Vqq and gqg — V'V qq, discussed in Refs. [57] and [2-4]
respectively.

To deal with the finite boxline contribution, results have been obtained by using a
slightly modified version of the boxline routine presented in Ref. [57]. This routine
implements the Passarino-Veltman tensor reduction [58] and leads to quite stable
results.

For the pentline routine on the other hand this method still leads to serious numerical
instabilities. Thus, the pentline reduction needs a more stable reduction procedure.
In the calculation of tensor coefficients for the processes described here, the method
proposed by Denner and Dittmaier [59,60] has been implemented. The results have
been checked with the pentline routines computed in Refs. [2-4], after crossing and
analytic continuation. The new numerical tensor reduction subroutine turns out
to be 4.5 times faster and numerically more stable than the old code. A detailed
comparison of the two different ways to calculate pentline contributions is given in
the next section.

However, even with this increase in speed of the pentagon calculation, this part
of the calculation is still quite slow. Therefore, a method suggested in Refs. [2-4]
has been employed to reduce the magnitude of the true pentagon contribution. In
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fact, it is possible to split the effective polarization vector €}, of a vector boson of

momentum ¢y into a term proportional to the momentum itself and a remainder &,

el = ay gl + . (3.29)

The pentline contributions with an external momentum instead of the polarization
vector (terms proportional to zy/) can then be expressed in terms of boxline contribu-
tions via Ward identities for the loop integrals. Therefore it is possible to shift parts
of the pentline contribution to the less time consuming boxline contributions and
calculate the remaining smaller true pentline contribution (the one obtained with
the contraction with €,) with less statistics, without changing the overall Monte
Carlo statistical error on the total NLO result.

In practice several different possibilities have been tested for all three processes
under investigation. It turned out that the best choice for the WTW~Z production,
meaning the smallest true pentagon cross section, is obtained, when the shifted
polarization vectors have zero time component in the center of mass system of the
W-pair:

- ev - (qw+ + qw-)
€y - +quw-)=0 = Ty = . 3.30
v (aws +aw-) " (aws +awe) (330

In performing this shift, a reduction of the magnitude of the pentline contribution
by a factor of eight could be achieved. In the case of the ZZW™ and the ZZW~
production a similar shift of the polarization vectors has been chosen:

~ €y (QZ1 + QZ2)
ev - (qz, +qz,) =0 = Ty = . 3.31
v-laz z) v qv - (qz, + qz,) ( )

In doing so, the pentline contribution could be reduced by a factor of 2.5.

3.2.5 Numerical stability and speed

For the calculation of the true pentline contributions, two different routines exist,
as already mentioned in the previous section. One of them has been obtained by
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Figure 3.8: a) Example for a pentagon graph and b) the result after contraction of
this graph with external momentum ¢4°.

crossing and analytic continuation of the subroutine described in Ref. [2-4]. The
other one has been programmed from scratch in the calculation of the virtual contri-
butions for WHW~~ production [61]. The existence of two completely independent
routines for the calculation of pentline contributions provides an excellent test for
the correctness of the results. In the triple vector boson production processes, both
codes have been implemented and for non-exceptional phase space points, agree-
ment at the level of 1078 has been found for the two different codes. Besides this
test, we have seen in previous sections, that speed and numerical stability is an
issue. Therefore a careful comparison of the two computer codes under this aspects
is reasonable and necessary.

Both routines use the tensor reduction proposed by Denner and Dittmaier in order
to avoid numerical instabilities as much as possible. Nonetheless, there are phase
space points with too low numerical precision, which can lead to unnaturally large
contributions to the total cross section, thus changing the cross section significantly.
In order to extract these points, Ward identities for loop integrals are exploited.
These identities predict, that pentline contributions contracted with an external
momentum instead of a polarization vector can be expressed in terms of a difference
of two boxline contributions. This property can be illustrated by means of the easier
example of only one pentagon.

The formula of the pentagon, depicted in Fig. 3.8a, is given by:

D _ / A1 P+ Ky = thos) Vs U+ 1 = dho) e U+ K — )7 U+ H) v,
12 43 (

2mP P (I+k)? (I +k—q)? (k= q2)? (ki —qas)?

where the notation, ¢12 = ¢1+¢2 and ¢123 = ¢1+¢2+¢3 is used for the sum of momenta
and the integral over the loop momentum [ has to be performed. Contracting this
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expression for example with ¢h* results in

g P :/ d?l 7" (J+ By — dhos) Yus U+ K —dho) Y T+ KD %
2 Hkzis (2 7T)D l2 (l + k‘l)2 (l + k’l — Q12)2 (l + k‘l — Q123)2

_ / AL A (J+ Ky = dhos) Yus U+ KL —d) Y U+ H0)
(2 7T)D l2 (l + k1)2 (l + k’l — q1)2 (l + k’l — Q123)2 '

This corresponds to the difference of two boxes, as given in Fig. 3.8b. Similar results
are achieved by contraction with the other two momenta and also for the full pentline
contribution. Thus, the difference of the contracted pentagon and the two box-type
integrals, g, P" — Boxes, is analytically zero and this property can be utilized to
test the numerical precision of the results of the pentline contribution.

In order to ensure, that Ward identity tests only neglect terms, which contribute
very little to the cross section, the difference of the contracted pentagon and the
boxes is compared to the Born matrix element. Since in the actual program the
polarization vectors are decay currents with an additional propagator, these addi-
tional factors have to be taken into account. This is done by weighting the difference
between contracted pentline and box contributions with the zero component of the
effective polarization vector ¢, divided by the zero component of the corresponding
momentum ¢q. Furthermore, in the Born matrix element, the coupling factors of the
weak bosons to the quarks are taken into account, whereas at this stage of the Pen-
tagon calculation, they are not yet included. Therefore, an additional factor of the
size of these couplings, couplfac = 0.01, is multiplied. Finally, the factor o, /27 of
Eq. (3.27) has to be included. The absolute value of the weighted difference between
the contracted pentagon and the boxes compared to the Born matrix element,

AP — q" P, — Bozes leol

-couplfac - — |,

MBorn qo0 SN——— 27
~~~ V qq—coupl.

ef f.pol.vector

(3.32)

is then calculated for all three possible contractions of the pentline contribution with
one of the external momenta. If the largest weighted difference AP,,,,, is smaller
than a tiny number ¢,

APpas < 6, (3.33)
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the Ward identity test is passed. Otherwise, this pentagon contribution is discarded.

For both codes the full Pentagon contribution opeytagon and corresponding error bars
are plotted in Fig. 3.9 for various values of §. The colored region in this figure gives
the 0.1% error on the total NLO cross section, as reference. Varying ¢ between 1072
and 102, the cross sections stay almost constant and there is virtually no difference
between the two codes neither in the central value nor in the error bars. For larger
values, § = 103 and 6 = 10* the error bars become larger and so does the difference
between the two routines. Thus numerical stability breaks down in this region. For
low values of 9, the cross section gets smaller, which means, that in this case, too
many points are discarded.

In Fig. 3.10 the fraction of discarded points is plotted for both routines. For § > 1074
less than 1% of the points are neglected and for higher values of § hardly any points
do not pass this Ward identity test. The curves for the two routines lie almost
on top of each other. Thus, concerning numerical stability, they are equivalent in
practise. However, the number of points that do not pass the test, described above,
is a little bit less for the new routine (corresponding to the the blue curve in Figs. 3.9
and 3.10). From that point of view it is then the better routine.

In the program a standard value of § = 0.001, which means a deviation of 0.1 %, has
been chosen. This choice of § ensures, that all neglected contributions to the NLO
cross section account for less than 0.1% of the Born cross section and can therefore
be discarded.

In the previous section it has already been mentioned that the new routine for the
determination of true pentline contributions is 4.5 times faster that the old one.
Moreover, as shown above, it is numerically slightly more stable. Consequently, this
new routine has been chosen as default routine to calculate the pentline contribution
in the program. Nonetheless, it is still possible to switch to the other code for testing
purposes.
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Figure 3.9: Dependence of the pentagon cross section from the parameter ¢, which

reflects the numerical precision.
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Figure 3.10: Ratio of phase space points, which do not pass the Ward identity test
and points, which pass this test, depending on the parameter J.
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Chapter 4:

Tests and comparisons

The complete next-to-leading order calculation, as described in the previous chapter,
has been implemented in the Fortran program VBFNLO [31]. In order to check the
results of the various parts of the code and in order to exclude possible error sources,
numerous tests have been performed.

Among them are the comparisons with HELAC [54-56] and MADEVENT [51-53] for
the LO processes, which are presented in the first section of this chapter. Further-
more, ward identity tests as well as checks of the finite collinear terms and the real
emission are described in subsequent sections.

The most important tests are the comparisons with the NLO results for on-shell
WHTW~Z and ZZW™ production, recently published by T. Binoth, C. Papadopoulos,
G. Ossola and R. Pittau [11]. The results of these comparisons are summarized in
the last section of this chapter.

4.1 Comparisons with MadGraph, MadEvent and
Helac

Concerning the LO calculations, all matrix elements have been checked against
MADGRAPH [51-53]. For individual matrix elements agreement at the 107 level
is found. Furthermore, this comparison has also been performed for all diagrams
with an additional parton in the final state as for instance qq — 4¢ + 2v + g and
q9 — 4¢ + 2v + ¢ in the case of the WWZ production. Moreover, for each helicity
configuration the squared matrix elements have been checked against MADGRAPH
output for more than one million phase space points. Here, results agree at least at
the 1072 level but for the vast majority of points the agreement is at the 1070 level
or better.

In addition to these tests, the total LO cross sections for the WTW~Z, ZZWT,
and ZZW~ production including the leptonic decays of the three vector bosons
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Higgs mass/width [GeV]  program olO [ab] error [%]
myg = 120 VBFNLO  29.875 4 0.033 0.11
['(H) = 0.004411 HELAC 29.776 + 0.092 0.31
my = 140 VBFNLO  49.571 + 0.057 0.11
['(H) = 0.008979 HELAC 49.551 £ 0.146 0.30
mpy = 160 VBFNLO  62.547 £ 0.037 0.06
['(H) = 0.077013 HeLac 62507 £0.152  0.24
mpg = 180 VBFNLO  52.201 4 0.040 0.08
['(H) = 0.598135 HELAC 52.221 £ 0.113 0.22

Table 4.1: Comparison of LO cross sections in VBFNLO and HELAC for the process
pp — WHW~Z + X within the cuts of Eq. (4.1) and for the electroweak parameters
explained in the text. Quoted cross sections effectively include branching ratios of
the Wt, W~ and Z for one generation of leptons.

Higgs mass/width [GeV]  program olO [ab] error [%]
my = 120 VBFNLO 2.5159 £ 0.0045 0.18
['(H) = 0.004411 HeLAC 2.5074 + 0.0053 0.21
mpg = 140 VBFNLO 3.9962 £ 0.0047 0.12
['(H) = 0.008979 HELAC 3.9929 + 0.0084 0.21
myg = 160 VBFNLO 3.2911 £ 0.0033 0.10
I'(H) =0.077013 HeLAC 3.2908 + 0.0088 0.27
my = 180 VBFNLO 3.4339 £ 0.0031 0.09
['(H) = 0.598135 HELAC 3.4282 + 0.0065 0.19

Table 4.2: Comparison of LO cross sections in VBFNLO and HELAC for the process
pp — ZZW*T + X within the cuts of Eq. (4.1) and for the electroweak parameters
explained in the text. Quoted cross sections effectively include branching ratios of
the W*, W~ and Z for one generation of leptons.
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Higgs mass/width [GeV]  program o0 [ab] error [%]

myg = 120 VBFNLO 1.4444 + 0.0023 0.16
['(H) = 0.004411 HELAC 1.4471 £ 0.0043 0.30
my = 140 VBFNLO 2.4337 +0.0036 0.15
['(H) = 0.008979 HELAC 2.4358 £ 0.0049 0.20
my = 160 VBFNLO 1.9388 +0.0031 0.16
['(H) =0.077013 HELAC 1.9440 £ 0.0047 0.24
myg = 180 VBFNLO 2.0219 4 0.0029 0.14
['(H) = 0.598135 HELAC 2.0135 £ 0.0053 0.26

Table 4.3: Comparison of LO cross sections in VBFNLO and HELAC for the process
pp — ZZW~ + X within the cuts of Eq. (4.1) and for the electroweak parameters
explained in the text. Quoted cross sections effectively include branching ratios of
the W*, W~ and Z for one generation of leptons.

and all off-shell contributions have been checked against HELAC [54-56] for various
Higgs masses. Results of these comparisons for the LHC are given in Tables 4.1,
4.2, and 4.3. They have been obtained using CTEQG6L1 parton distributions [62].
Standard Model parameters were set to my, = 80.419 GeV, mz = 91.188 GeV, and
Gr =1.16639- 107> GeV 2. All other electroweak parameters have been calculated
using leading order relations. Besides, the factorization scale has been set to the
Z-boson mass pgp = my. Furthermore, only minimal cuts on the final state leptons
have been applied. Specifically, they are:

pr, > 10 GeV, ‘yg‘ < 2.5, ARy > 0.4. (41)

These checks have also been performed with MADEVENT, but due to its long run
time, only for one specific Higgs mass. For all three processes, the results agree
within the statistical accuracy of the Monte Carlo runs (1% for MADEVENT and
maximally 0.3% for HELAC).

For the LO processes with an additional jet, the complexity of the phase space and
the matrix elements is much higher, which leads to an enormous increase in run
time. Therefore, only a comparison with the faster of the two programs, HELAC,
and only for one Higgs mass has been performed. However, also in these cases,
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results agree within the accuracy of the Monte Carlo errors of about one percent.

4.2 Ward identity tests

The virtual contributions can be divided into parts proportional to the born matrix
element squared, and boxline and pentline contributions, which contain boxes and
pentagons, respectively. The Ward identity test, used to extract points with too low
numerical precision in the pentline routine, has already been discussed in detail in
the last section of the previous chapter. In this context also the comparison between
the two completely different subroutines has been covered.

Similarly, for the boxline contributions, two independent codes exist, which are
comparable in speed and numerical stability. The results of these two codes agree
at the 107® level for almost all points checked.

However, in the case of four-point integrals, the Ward identity test is somewhat
easier than in the case of pentagons, since the boxline contributions contracted with
an external momentum, have to be proportional to some constant times the Born
matrix element. In our implementation this constant is zero, due to the specific
definition of My in Eq. (3.26) and therefore the boxline contributions contracted
with an external momentum have to vanish.

In the implementation into VBFNLO, this contracted box result g,.J%, ., weighted

with the corresponding contracted Born current, is neglected when the resulting
contribution is larger than a parameter 0. Specifically, phase space points are ne-

glected for

|qM Jgox|
maX( |q0 Jgor’n|? |q1 Jéorn|’ |q2 Jéorn|’ |q3 Jgorn| )

boxtest =

> 0. (4.2)

Here J},,,, gives the tree-level current corresponding to the uncontracted box con-
tribution, i.e. the expression for the same Feynman-graphs as in the box case but
without a loop.

For the parameter 6 set to 6 = 0.001, less than 0.2% of points are discarded. Thus,
only a tiny fraction of points does not pass the Ward identity test and the routine
to calculate boxline contributions yields for a vast majority of points numerically
stable and reliable results.

However, in order to specifically estimate the neglected cross section, the differential
boxline cross section for one specific box contribution is plotted in Fig. 4.1 over the
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Figure 4.1: Differential boxline cross section for one specific box contribution ap-
pearing in the calculation of the pp — W™ W~Z + X process over the logarithm of
the parameter boxtest, defined in Eq. (4.2).

logarithm of the parameter boxtest defined in Eq. (4.2). For the neglected phase
spbAace region when boxtest > d = 0.001, the integrated boxline cross section only
amounts to less than 0.05% of the total boxline contribution for this specific case.

In the actual calculation the boxline routine is called several times for various com-
binations of external vector bosons and momenta. However, for all boxline contri-
butions appearing in the tri-boson production at the LHC, the fraction of neglected
points as well as of discarded cross sections is very similar as in the above case.
Thus, the resultant relative error on the total box contribution is at the level of
1072 — 10~*. This box contribution is about 4% of the total NLO cross section
and therefore, the resultant error on o™¥*© is of the order of 107 or less and hence
negligible.

Another very strong test of the correctness of the implementation of virtual correc-
tions, relies on the possibility to calculate parts of the pentline contribution together
with the boxline contribution. This method is used to reduce the magnitude of the
true pentagon contribution, as explained in the previous chapter. It has already
been pointed out in that context that the choice of the shifted polarization vectors,
defined in Egs. (3.29), (3.30) and (3.31) is ambiguous. However, the result of the
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shift contribution cross section [ab]

boxline contribution = —0.2667 + 0.0012
no shift pentline contribution  0.6641 + 0.0014
gboaline 1 ypentline 0.3974 £ 0.0018
boxline contribution 0.0911 + 0.0007
€v - qzzw = 0 pentline contribution  0.3073 4 0.0012
ghorline  greniline 0.3985 + 0.0014
boxline contribution 0.1489 4 0.0009
€v - qzz = 0  pentline contribution  0.2497 + 0.0012
ghorline  greniline 0.3985 + 0.0015

Table 4.4: In this table, the cross sections of boxline and pentline contributions
and their sum are given for the ZZW" production within the cuts of Eq. (4.1).
Three different choices for the shift of the external polarization vectors, analogous
to Eqgs. (3.29), (3.30) and (3.31) are listed. The total NLO cross section for the
leptonic final state chosen here is V"0 = 5.762 + 0.005 ab.

sum of boxline and pentline contributions on the other hand has to be the same
for every choice. In Table 4.4 three different choices and the corresponding boxline
and pentline cross sections are given for the ZZW™ production within the cuts of
Eq. (4.1).

The sum of boxes and pentagons agrees for all of these choices up to the accuracy
of the Monte Carlo errors, which are below 0.5%. For the other processes, presented
in this work, the same has been done. Also in those cases, the virtual contributions
do not change for different choices of the shifted polarization vectors.

4.3 Real emission and finite collinear terms

In the formalism of Catani and Seymour the subtraction terms do” act as local
counter terms. Thus, they have to exactly cancel the real emission contribution
in the singular regions, that means for small energies of the emitted gluon and for
collinear partons. This property of the subtracted dipoles has been tested numeri-
cally for all processes under investigation.

For the WTW~Z production the real emission cross section divided by the dipoles
has been plotted in Fig. 4.2 over the energy of the final state gluon for about one
million phase space points. As expected, for gluon energies larger than 10 GeV,
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pir = fir = ft, as(pr)  program  o"? [fb] o N [fb]
= my, as = 0.12028  VBFNLO 446.30 £0.26 735.01 £0.71
MCFM  445.87 +0.43  735.59 & 0.66
=10 myy, as = 0.088978 VBFNLO 53212 +0.31 714.64 + 0.63
MCFM 53148 +£0.44 71557 + 0.64

Table 4.5: Comparison of the LO and NLO cross sections in MCFM and VBFNLO
for Wt W~ production at the LHC within the cuts of Eq. (4.1).

the real emission cross section and the dipoles differ heavily and as gluon energies
become smaller, the ratio of real emission cross section over dipole cross sections
approaches one.

In order to confirm the cancellation of collinear singularities, the ratio of real emis-
sion cross section over dipole cross sections has been plotted in Fig. 4.3 over the
minimum of the scalar products between momentum of an initial-state parton p;nitial
and the one of the final-state parton pf.. Again, for large values of this scalar
product, cross sections differ whereas in the collinear region pinitiai - Pfinat — 0, the
subtraction terms exactly cancel the real emission contributions resulting in a ratio
of real emission cross section divided by dipole cross sections of one.

The finite collinear terms have been checked by exploiting the fact that they are
generic for all Drell-Yan type processes and hence, should be exactly the same
for di-boson production. Therefore, the NLO QCD corrections for the process
pp — WTW~ + X have independently been programmed and results have been com-
pared with the already existing parton level Monte Carlo program McFwm [30]. The
results of the tests are given in Table 4.5. They have been obtained using CTEQG6L1
and CTEQ6M [62] pdfs for the calculation of LO and NLO cross sections. The strong
coupling constant has been chosen to be ag(myz) = 0.118. In addition to that, the
electroweak parameters, already described in the comparison with HELAC and the
cuts of Eq. (4.1) have been used. The comparison has been performed for two differ-
ent factorization and renormalization scales. For both of them the two Monte Carlo
programs agree within the error of the Monte Carlo runs, which is for LO and NLO
cross sections below 0.1%.
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Figure 4.2: Ratio of real emission cross section over cross section of the subtraction
terms for different values of the gluon energy.
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Figure 4.3: Same as in Fig. 4.2 but for different values of the minimum of scalar
products between final-state parton momentum pgnq and initial-state parton mo-
mentum Pinitial -
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4.4 Relation between m- and (m+1)-particle phase
space

A further check takes advantage of the fact that it is possible to integrate terms
proportional to the Born matrix element either together with the real emission part,
by integration over the (m+1)-particle phase space, or together with the virtual
part, by integrating over the m-particle phase space.

Specifically, the constant terms, creal of Eq. (3.22) and cvirt of Eq. (3.28) can be
chosen arbitrarily, and only their sum,

2 71.2

csum = creal + cvirt = % —5+4+2= 3 3, (4.3)

has to stay the same. That means, parts of the virtual calculation can be shifted to
the calculation of finite collinear terms or the other way around. For all processes
under investigation, various combinations of cvirt and creal have been tested and
results for the subtracted real emission cross section, the virtual cross section and
the total NLO cross section are given in Table. 4.6 for the three choices,

9 12 2 2

cvirt = Tﬂ -3, creal = —%, — csum = — — 3, (4.4)
2 72

cvirt =20 + 3 3, creal = —20, = csum = 3 3, (4.5)
2 72

cvirt = —20 + 3 3, creal = +20, = csum = 3 3. (4.6)

The resulting cross sections for all three cases agree within the accuracy of the Monte
Carlo run and are thus independent of the specific choice of cvirt and creal but
only depend on their sum.

The purpose of this check is twofold. First, it confirms the relation between the m-
and the (m+1)-particle phase space given in Eq. (3.23). Thus the implementation
of finite collinear terms are tested. Second, it ensures, that in the virtual and the
real emission calculation all parameters like oy and the color factors are chosen in
the same way. Therefore this is a very powerful test, since it checks two completely
independent parts of the computer program against each other.
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process creal, cvirt o™ [ab] gvirtual [ap] oNEO [ab]
WtW~Z Eq. (4.4) 15.78 £0.05 44.63+£0.10 60.41 £0.11
Eq. (4.5) 4.79 £ 0.10 55.53 +£0.16  60.32 +£0.19
Eq. (4.6) 3721 £0.18  23.024+0.08 60.24 £ 0.20
ZZW+ Eq. (4.4) 1.998 + 0.005 3.760 £0.010 5.758 +0.011
Eq. (4.5) 1.089 £ 0.012 4.671 £0.019 5.760 £ 0.023
Eq. (4.6) 3.760 £0.012 1.999 +£0.007 5.759 £ 0.014
2ZW~— Eq. (4.4) 1.277+0.005 2.159 £0.008 3.436 4+ 0.010
Eq. (4.5) 0.762 £0.005 2.667 £ 0.005 3.429 £ 0.007
Eq. (4.6) 2.294 £0.004 1.1344+0.002 3.429 £ 0.005

Table 4.6: Comparison of NLO cross sections for the three choices of creal and
cvirt given in Eqgs. (4.4)-(4.6). The variables creal and cvirt are defined in
Eqgs. (3.22) and (3.28). Quoted cross sections effectively include branching ratios of
the W*, W~ and Z for one generation of leptons.

4.5 pp — ZZW vs. pp — LLZW

In the program VBFNLO, not only cross sections and distributions for proton induced
processes pp — VVV 4+ X, but also for antiproton induced processes of the form
pp — VVV + X, can be calculated. This feature of the program can be used for ano-
ther very important test of the ZZW production. The processes pp — ZZWT + X
and pp — ZZW~ + X should give the same results for the LO and the NLO cross
sections and the same is also valid for the two processes pp — ZZW~ + X and
pp — ZZWT + X. This statement is not only true for total cross sections, but
allows to test every individual part such as the real emission contribution and the
different virtual contributions. For the cuts given in Eq. (4.1) and the parameters
defined for the comparison with HELAC in Section 4.1, the results for the comparison
are given in Table. 4.7 for a Higgs mass of my = 120 GeV.

For all individual contributions to the cross section listed here, results agree within
the statistical errors of the Monte Carlo runs, which are well below 1%.

4.6 Comparison with independent calculations

During 2007 and 2008, several publications on next-to-leading order QCD corrections
to triple vector boson production at the LHC have appeared. The content of two of
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process o0 [ab] ovirtual [ap] ol [ab] oNLO [ab]
pp — ZZW™T 2,524 +0.004 3.562+0.008 2.142+0.008 5.703 +0.011
pp — ZZW~  2.517£0.005 3.5754+0.010 2.157+£0.019 5.732 £ 0.022
pp — ZZW~ 1444 £0.002 2.064 £0.005 1.429+0.007 3.493 £ 0.009
pp — ZZW™T  1.443 +0.004 2.046 +0.006 1.421 +0.007 3.468 + 0.009

Table 4.7: Comparison of the LO and NLO cross sections for pp — ZZW* + X and
pp — ZZW* + X within the cuts of Eq. (4.1). Quoted cross sections effectively
include branching ratios of the W, W~ and Z for one generation of leptons.

them, Refs. [9,14], is described in this PhD thesis and in the diploma thesis by Stefan
Prestel. Besides, in Ref. [5], NLO QCD corrections for the process pp — ZZ7Z + X
are presented by A. Lazopoulos, K. Melnikov and F. Petriello, albeit without further
decay of the leptons and neglecting any Higgs contributions. Furthermore, a paper
on on-shell WrW-W+, WtW~Z, ZZZ, and ZZW™ production has been published
by T. Binoth, G. Ossola, C. G. Papadopoulos and R. Pittau [11]. In this paper, as
in the previous one, Higgs contributions have been neglected.

In order to be able to compare LO and NLO cross sections with the other two
groups, some modifications of the VBFNLO code were necessary. First, since both of
them did not include Higgs contributions and leptonic decays, all Feynman graphs,
except the ones also appearing in their calculations, had to be neglected. This leaves
us with 15 diagrams for WWZ production and 13 diagrams for ZZW production at
LO. In addition, the results in narrow width approximation divided by the branch-
ing ratios had to be multiplied with suitable symmetry factors. They arise when
identical particles, as for instance two Z-bosons, appear in the final state.

Although Ref. [5] only provides results for the process pp — ZZZ + X, many of the
critical elements of the calculation performed in the work presented here also appear
in this related process. Therefore, the VBFNLO code has been modified to describe
277 instead of WWZ production and has been checked against the results of Ref. [5].
Using the same pdfs and a; (myz) = 0.119 at NLO the numbers completely agree for
all of the given renormalization and factorization scales.

As a final and very important test, a comparison with the results of Ref. [11] has
been realized. In Tables 4.8 and 4.9 the results are shown for different factorization
and renormalization scale choices, here taken to be equal. The NLO results agree
at the one percent level, which is satisfactory given the same level of agreement for
the LO cross sections and the size of the Monte Carlo errors.
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scale program ol [fb]  oNEO [fb]
Up =pr=2-mw+my VBFNLO 97.5+0.1 186.54+0.3
Ref. [11] 96.8+0.6 185.54 0.8

Table 4.8: Comparison between results of Ref. [11] and the ones obtained with
VBFENLO for the process pp — WTW~Z + X. All parameters and settings are taken

from Ref. [11].

scale program o9 [fb] oNLO [fp]

jp=pr=1x(3mz) VBFNLO 20424003 43.02%0.08
Ref. [11] 20.24£0.1 43.0£0.2

pp=pr=2-my+my VBFNLO 20.30+£0.03 39.87+0.08
Ref. [11] 20.2+0.1 40.44+0.2

jip=pn=(3my)  VBFNLO 20.24+0.03 39.86 % 0.07
Ref. [11] 20.0+£0.1 39.7+0.2

prp = pr =2x(3mz) VBFNLO 20.03+0.03 37.394+0.07
Ref. [11]  190.7+0.1  37.8+02

Table 4.9: Comparison between results of Ref. [11] and the ones obtained with
VBFNLO for the process pp — ZZW*t + X. All parameters and settings are taken

from Ref. [11].
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Chapter 5:

Cross sections and distributions

The complete next-to-leading order calculations for the WTW~Z, the ZZW™, and
the ZZW™ production cross sections have been implemented in the framework of a
fully flexible parton-level Monte-Carlo program, VBFNLO, which has been used to
determine the QCD corrections for these triple vector boson production processes
at the LHC, i.e. for a proton-proton collider with 14 TeV center of mass energy.
The chapter at hand presents the results. In the first section, the default values
for the electroweak parameters, scales, and cuts are introduced. Next, the Higgs
mass dependence of the different processes is discussed. Section 5.3 covers the scale
dependence of the NLO cross section, which is often used as an indication of the
uncertainty of the results. Subsequently, the strong phase space dependence of NLO
results is proven by means of differential distributions and K-factors. The chapter
is finally closed by an estimate on the pdf uncertainties entering in the calculation
of the cross section.

5.1 Cuts, scales and parameters

For the generation of results the electroweak parameters have been chosen in the
following way:

my = 80.398 GeV, my = 91.1876 GeV,

(5.1)
Gr =1.16637-107° GeV~2

The other electroweak parameters, o' = 132.3407 and sin® () = 0.22246, are
calculated in the program by using LO electroweak relations. The default value
for the Higgs mass is my = 120 GeV. Furthermore, in the prediction of the Higgs
mass dependence of the cross section, the top quark mass is needed for Higgs masses
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Figure 5.1: Total Higgs width under variation of the Higgs mass. The plot has been
generated with VBFNLO.

above the top-quark pair threshold. It is set to 172.4 GeV according to the current
world average [38].

The W- and Z-boson widths have been calculated in the program via tree-level
formulas with one-loop QCD corrections for the hadronic partial widths. For Higgs
boson decays, approximate formulas are used which incorporate running bottom-
quark mass effects and off-shell effects in Higgs decays to weak bosons. However,
Higgs boson widths computed in VBFNLO have been checked against results from
HDECAY, a program which calculates Higgs widths and branching ratios including
all higher order QED and QCD corrections available at the moment [63,64]. The
widths agree up to a Higgs mass of 300 GeV at the few percent level and even for
myg = 400 GeV results only differ by 8%. The total Higgs decay widths and also
the branching ratios used for the following plots are given in Figs. 5.1 and 5.2. In
particular for my = 120 GeV, the resulting widths for all massive vector bosons are

Iy =2.0994 GeV , 'y =2.5096 GeV , 'y =0.004411 GeV'. (5.2)

As default value for the renormalization and factorization scale the fixed scale,
= pp = g = 3 - my has been chosen. If not specified otherwise, CTEQ6M
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Figure 5.2: Higgs branching ratios under variation of the Higgs mass. The plot has
been generated with VBFNLO.

parton distributions with as(mz) = 0.118 have been applied for the NLO calcu-
lation and CTEQG6L1 pdfs have been used for LO predictions [62]. All fermions
are treated as massless and contributions involving bottom and top quarks are not
considered. The CKM matrix is approximated by a unit matrix throughout, which
is appropriate when neglecting fermion mass effects in a neutral Drell-Yan type pro-
cess, as has been pointed out in Chapter 3.

In order to keep most of the cross section only minimal cuts have been applied to
the final state leptons. This means that besides a cut on the minimal transverse
momentum and the maximal rapidity of the charged leptons, it is only required
that the invariant di-lepton mass, my+,~, of any combination of oppositely charged
leptons is larger than 15 GeV. Thus virtual photon singularities in v* — (T ¢~ at
low my+,- are avoided. Specifically,

pr, > 10 GeV, ‘yg‘ < 2.5, My+p— > 15 GeV, (53)

is required in all subsequent figures.
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All results given here have been calculated for three different lepton families in the
final state, i.e. interference terms due to identical particles have been neglected. Phe-

nomenologically more interesting are the cases of final states with electrons and/or
muons.

In the case of WWZ production, there are eight different final states with leptons
of the first two families only,

pp — veet e, e et +X,
pp— veet e v pmpt + X,
pp — veet [T e et + X,
pp— veet pm oy pmpt 4+ X, (5.4
pp— v pt e v e et + X,
pp— vup e Dot X,
pp— v p e et +X,
pp— vt X

Neglecting interference terms due to identical particles in the final state, the cross
section for all of these processes is the same. Therefore, results for the WWZ
production have been multiplied with a combinatorial factor of eight in all figures.

In the case of the ZZW™ process, six different final states with electrons and muons
in the final state are possible,

pp—e et e et voet + X,
pp—e et e ety ut +X,
pp—e et puut veet +X, 55)
pp—e e pptypt +X,
pp— - pt o pt veet +X,
pp— o pt Tt v+ X

However, for both Z-bosons decaying to electrons or both decaying to muons, the
cross sections only amount to one half of the cross section of processes with three
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Figure 5.3: Feynman graphs for the Higgs contribution in a) the WWZ production
and b) the ZZW production.

different families in the final state. The same is true for the ZZW~ production.
Hence, results for the ZZW processes have been multiplied with a combinatorial
factor of four in all figures. A more detailed explanation for these combinatorial
factors is given in Appendix B.

5.2 Higgs mass dependence of the cross sections

The cross sections of the processes discussed here heavily depend on the assumed
Higgs mass. Since the mass of all fermions has been set to zero in the calculations
and Higgs-fermion-fermion couplings in the SM are proportional to the fermion mass
itself, Feynman graphs involving Hqq and H{" ¢~ vertices do not contribute to the
cross sections. Concerning vector bosons, only HWW and HZZ couplings, which
are proportional to the vector boson mass squared, appear at the leading order.
Therefore, the only diagrams with an intermediate Higgs boson are those given in
Fig. 5.3a for WWZ and in Fig. 5.3b for ZZW production.

In Fig. 5.3a, the Higgs boson decays into two W-bosons, and in Fig. 5.3b into two
Z-bosons. For a Higgs mass above twice the vector boson mass, these vector bosons
can become on-shell. Thus, for the WTW~Z case, one expects a maximum of the
cross sections slightly above my = 2 - my and slightly above my = 2 - my for the
ZZW~ and ZZW™ production modes. For low Higgs masses, on the other hand, i.e.
mpy < my, almost no contribution of the Higgs graph is anticipated, because neither
of the two vector bosons can be produced on-shell, hence the probability to find two
vector bosons with very small invariant masses is quite low. With increasing Higgs
mass, one vector boson can become on-shell, leading to larger and larger effects of
the Higgs graph, until both vector bosons can become on-shell. However, once the
Higgs mass has passed the vector boson pair threshold, the importance of Higgs
contributions decreases again with increasing Higgs masses. This behavior is due to
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the fact that the Higgsstrahlung cross section o(qq — HV'), itself decreases as the
Higgs mass goes further up. Finally, for very large Higgs masses almost no Higgs
contribution is expected.

In Fig. 5.4 exactly this behavior is confirmed for the WTW~7Z cross section: For
small Higgs masses below my < my,, no effect of the Higgs graph is observed.
As the Higgs mass becomes larger, the LO and NLO cross sections increase. At
about 160 GeV there is a pronounced maximum and for even larger Higgs masses
the cross section decreases again. Finally, at the upper end of the plotted curve at
mpy = 400 GeV, the impact of the Higgs contribution is almost zero.

Although the two curves for the LO and the NLO cross sections show qualitatively
the same features, quantitatively there is a difference between them. This discrepan-
cy is visualized in Fig. 5.5, where the corresponding K-factor, defined as the ratio of
NLO cross section divided by LO cross section, is plotted. For very small and very
large Higgs masses with virtually zero Higgs contribution, the K-factor is maximal
and amounts to K ~ 2.1. Around the maximum of the cross section, on the other
hand, Higgs graphs lead to a sizeable enhancement of the cross section, but the
K-factor is minimal with K =~ 1.5. These large differences result from the fact that
the QCD corrections to the Higgs contribution itself are only in the range of 30% of
the LO cross section [65-69]. Thus, the more dominant the Higgs contribution, the
closer is the K-factor to K ~ 1.3.

In the case of the ZZW processes, a somewhat different Higgs mass dependence of
the LO as well as NLO cross sections is observed. The new features arising thereby
are illustrated in Fig. 5.6 by means of the ZZW™ production. Although the overall
shape is the same as already shown for WTW~Z production, besides the global
maximum at about my = 2 - my a local minimum slightly above a Higgs mass of
160 GeV is found. This minimum is connected with a rise in the total Higgs decay
width. At 160 GeV, the H — WW partial decay width becomes large, because both
W-bosons can then be on-shell. Thus, the total decay width is strongly enhanced
as depicted in Fig. 5.1. Since the Higgs width enters in the calculation of the
ZZWT cross section in the denominator, a large Higgs width leads to a smaller cross
section. However, exactly the same shape is observed for the H — ZZ branching
ratio, plotted in Fig. 5.2. In fact, the cross section for the Higgs contribution to the
on-shell ZZW production could be reproduced by calculating the process pp — HW
and multiplying the result with the branching ratio of H — ZZ. Regarding it that
way, the shape of the Higgs mass dependence is not astonishing.

Concerning K-factors, the features already observed in WWZ production also hold
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0.1 b

Figure 5.4: Higgs mass dependence of the cross section at LO and NLO for the
Wt W~Z production at the LHC within the cuts of Eq. (5.3). The plotted cross
sections effectively include the branching ratios of the W- and Z-bosons for decays
into electrons and/or muons.
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Figure 5.5: Higgs mass dependence of the K-factor for W W~ Z production at the
LHC within the cuts of Eq. (5.3).
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Figure 5.6: Higgs mass dependence of the cross section at LO and NLO for the
ZZWT production at the LHC within the cuts of Eq. (5.3). The plotted cross
sections effectively include the branching ratios of the W- and Z-bosons for decays
into electrons and/or muons.
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Figure 5.7: Higgs mass dependence of the K-factor for ZZW™ production at the
LHC within the cuts of Eq. (5.3).
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for the ZZW processes as shown in Fig. 5.7. In more detail, in the ZZW™ production,
the maximal K-factor for Higgs masses with almost no Higgs contribution to the
cross section is K ~ 2.2. For large cross sections, i.e. large Higgs graph effects, on
the other side, the K-factor is minimal and only amounts to K ~ 1.6. Therefore,
K-factors for ZZW™ production are in total a little bit larger compared to the ones
in the WWZ production.

Being a related process, the behavior found for the ZZW™ production is very similar
to the one found in ZZW™ production concerning cross sections as well as K-factors.
Specifically, the LO and NLO cross sections reflect the Higgs branching ratio of
H — ZZ and the Higgs contribution leads to a reduction of the K-factor.

5.3 Scale dependence

A very important topic in the calculation of NLO corrections is the estimate of the
remaining theoretical uncertainties due to higher order corrections. In the majority
of calculations, the difference of the cross section under variation of the factorization
and renormalization scale is considered since these scales are unphysical and the real
cross section should not depend on the choice of them. In the ideal case, the scale
dependence of the leading order cross section is larger than the scale dependence of
the next-to-leading order cross section, which is larger than the scale dependence
of the next-to-next-to-leading order cross section and so on. In this sense, the scale
dependence can, thus, be taken as a measure of the precision of the prediction.
Unfortunately, this estimate merely gives an indication and by no means can be
regarded as the true theoretical uncertainty on the cross section and other observ-
ables. Nonetheless, it is worthwhile to analyze the scale dependence for the NLO
cross section and try to give at least a rough picture on the remaining uncertainty
due to neglected higher order corrections. This will be done in this section for both
the ZZW and the WWZ production modes.

In Figs. 5.8, 5.9, and 5.10, the factorization (ur) and renormalization scale (pg)
dependence of the LO and the total NLO cross section is shown for all the different
processes under investigation. At LO, triple vector boson production is a purely
electroweak process and hence no renormalization scale dependence appears in the
calculation. Therefore, the scale variation is only due to the variation of the fac-
torization scale in the parton distribution functions. The small variation at LO can
thus be explained by the fact that the pdfs are determined in a Feynman-x range of
small factorization scale dependence. At NLO, the dependence on the scales is more
complicated. Since the factorization scale dependence is quite small, the dependence
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Figure 5.8: Scale dependence of the LO and NLO cross section for 4-lepton final
states within the cuts of Eq. (5.3). Variation of the renormalization and/or the
factorization scale for the WHW~Z production.

under variation of y = ur = pp is almost completely dominated by the dependence
on the renormalization scale and shows the expected a,(ugr) dependence, which
means that for large scales cross sections are smaller.

For a more detailed analysis, the different contributions to the total NLO cross sec-
tion are shown in Figs. 5.11 and 5.12 for the example of WTW~Z + X production.
A qualitatively similar behavior is found for all triple vector boson processes investi-
gated here. In Fig. 5.11, the finite part of the virtual contributions (the My term in
Eq. (3.27)), combined with the Born squared terms (including the LO contribution),
shows a remarkably small dependence under simultaneous variation of the renorma-
lization and the factorization scale. This can be understood by a comparison with
the factorization scale induced LO variation given in Fig. 5.9. Under variation of
1, the virtual contribution shows the same behavior as the LO cross section, which
means that the cross section decreases for small scales. Under variation of g, on
the other hand, the finite part of the virtual contribution increases for small scales,
due to the increase in a,. These two opposing behaviors cancel to some extent and
lead to the observed curve in Fig. 5.11.

For the subtracted real emission contributions and the finite collinear remnants,
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Figure 5.9: Scale dependence of the LO and NLO cross section for 5-lepton final
states within the cuts of Eq. (5.3). Variation of the renormalization and/or the
factorization scale for the ZZW™ production.
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Figure 5.10: Same as in Fig. 5.9 but for the ZZW~ production.
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Figure 5.11: Scale dependence of the different contributions to the NLO cross section
for pp — WTW~Z +X production at the LHC within the cuts of Eq. (5.3). The
plotted cross sections effectively include the branching ratios of the W- and Z-bosons
for decays into electrons and/or muons.
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Figure 5.12: Scale dependence of the subtracted real emission and additional finite

collinear contributions to the NLO cross section for pp — WTW~Z + X production
at the LHC within the cuts of Eq. (5.3). The plotted cross sections effectively include
the branching ratios of the W- and Z-bosons for decays into electrons and /or muons.
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the analysis of the scale dependence is somewhat more involved, since the finite
collinear terms depend non-trivially both on the factorization and on the renor-
malization scale. Moreover, these contributions include gluon-induced subprocesses
like ug — WWZu in addition to the quark-induced ones such as uu — WWZg.
The gluon-induced finite collinear terms are exactly given by the A(x) terms in the
modified parton distribution functions in Eq. (3.25). In Fig. 5.12, the real emis-
sion contributions and the finite collinear remnants are separately shown for each of
these classes of subprocesses. The variable creal entering the formulas of the quark
induced finiter collinear remnants in Eq. (3.25) is chosen as creal = %2 — 5.

In the finite collinear terms, the quark- and gluon-induced contributions show oppo-
site behavior under variation of the scale. Due to these cancellations, the resulting
scale dependence and the size of their overall contribution is quite small. However,
the real emission contributions arising from the quark-induced subprocesses are al-
most constant for the scales shown here, while a comparatively large scale variation
is observed in the real emission terms of the gluon-induced contributions. These
are responsible for the large scale dependence of the overall real emission term in
Fig. 5.11. This is not surprising since gluon-initiated subprocesses open up for the
first time at NLO, and therefore, a LO-type scale dependence is expected.
Gluon-induced subprocesses are also responsible for a large fraction of the K-factor.
For instance, the K-factor for ZZW™ production at ur = pur = 3my is K = 2.1,
whereas the K-factor without gluon-initiated subprocesses only amounts to K = 1.5.

In the analysis presented here also other scale choices, as for example the invariant
three vector boson mass and the minimal E7 of the three vector bosons have been
tested. However, neither in the cross section nor in the distributions an improved
scale dependence has been found. This again can be understood since the domina-
ting scale dependence comes from the gluon-induced subprocesses, which have to be
considered as LO processes.

5.4 Phase space dependence of the K-factor

In the program described in this thesis, observables for real final state particles, i.e.
charged leptons and jets, are calculated. These are available in form of differential
distributions. Neutrinos on the other hand, can not directly be detected in a detector
and lead to missing transverse momentum. For all processes studied, the size of
NLO QCD corrections shows a strong phase-space dependence. Thus differential
K-factors, defined as the NLO differential cross section divided by the LO differential
cross section,
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Figure 5.13: Differential cross section for the {*{¢~ ¢*{~ invariant mass for up =
pr =35 % 3mw), 3mw), and 2 x (3my) in ZZW* production at the LHC. The
Higgs boson mass used in the plot is my = 170 GeV. The plotted cross sections
effectively include the branching ratios of the W- and Z-bosons for decays into
electrons and/or muons.
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can show a considerable variation.

The Higgs contribution is one reason for such a strong phase space dependence. In
Fig. 5.13, for instance, the invariant ZZ mass distribution in ZZW™ production is
shown for a Higgs boson mass of my = 170 GeV. For all three different scale choices
pp = pr = 5 x 3mw), (3mw), and 2 x (3my), the same characteristic shape
of differential distributions is observed. In particular, the Higgs boson contribution
gives rise to the narrow peak at about myz; = 170 GeV. At tree-level, the only
Feynman graph with a Higgs boson exchange is the one depicted in Fig. 5.3b, where
the Higgs boson decays into two Z-bosons. This graph dominates near myy; = my,
i.e. when the intermediate Higgs boson becomes on-shell. At LO the different curves
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Figure 5.14: The differential K-factor ratio as defined in Eq. (5.6) is shown for three
different scale choices.

corresponding to the three scale choices lie almost on top of each other and scale
variations are at the level of a few percent only. At NLO however, the variation
with the three different scales depends on the phase space region. For values of my
near the Higgs resonance, the scale dependence is around 1% and thus very small.
For large values of mzz on the other hand, increasing and lowering the scale by a
factor of two can even lead to changes in the differential cross section of about 10%.
Hence, the scale dependence at NLO is reduced in the regions where the Higgs graph
dominates.

In Fig. 5.14, the differential K-factor is plotted. Since the QCD corrections to the
Higgs boson contribution itself increase the cross section only by about 30% [65-69],
there is a pronounced dip in the differential K-factor at about the Higgs boson mass.
At this point the K-factor is, as anticipated, between 1.3 and 1.4 depending on the
scale choice. In other phase space regions, where the Higgs graph is less important,
the K-factor is almost twice as large. This influence of the NLO QCD corrections
on the shape of differential distributions is a very strong reason for the necessity to
include Higgs contributions into the calculations. Furthermore it gives a first hint
that for triple vector boson production at the LHC, leading order distributions can
not simply be multiplied by an overall K-factor to obtain NLO distributions.
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In Figs. 5.15, 5.16, 5.17 and 5.18, two more examples of the phase-space depen-
dence of the NLO corrections are given for WTW~Z production at my = 120 GeV.
Figs. 5.15 and 5.16 show the transverse-momentum distribution and the K-factor of
the highest-pr charged lepton while in Figs. 5.17 and 5.18 the same for the charged
lepton of lowest-pr is depicted. Variations of the K-factor of almost 100% are ob-
served for the highest-pr lepton while for the lowest-py lepton we have variations
up to 30% when considering “inclusive” event samples.

This ppr-dependence of the K-factors can be traced to the kinematics of the real
emission contributions. The rise is mostly due to events with high pr jets which are
recoiling against the leptons. Imposing a veto on jets with pr > 50 GeV leads to a
fairly flat K-factor which, in addition, is close to unity for the lepton pr distributions
(curves labeled “with jet veto” in Figs. 5.16 and 5.18). Similar effects had previously
been observed for vector boson pair production at the LHC [24-27].

5.5 Pdf uncertainties

Another type of uncertainties apart from those coming from neglected higher order
corrections in the QCD perturbation series are due to the parton distribution func-
tions. In this work, the best fits from the CTEQ collaboration have been used for
LO and NLO calculations.

In the fit of the NLO pdfs twenty free parameters enter. In order to get an esti-
mate on the uncertainty of these sets of parton distribution functions, the CTEQ
collaboration has provided forty pdf sets which correspond to the 1o endpoints of
the principal axes of the twenty dimensional error ellipsoid, in the twenty dimen-
sional parameter space. The estimated error on the total cross section can then be
obtained from the forty pdf sets via the formula

1 20

5 S (020 1) —o(2i))" (5.7)

i=1

Ao =

In Fig. 5.19 the results for the LO and the NLO cross section obtained with the best
fit pdfs are plotted together with the uncertainty derived from runs with the forty
different pdf sets according to Eq. (5.7). This error estimate has been performed
for five different scales and leads to a few per cent inaccuracy. Thus the remaining
pdf uncertainty at NLO is not negligible but well below the scale uncertainty of the
NLO cross section.
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Figure 5.15: Differential cross section for the highest-pr lepton for jigp = pp = 3 myy,
pur = pp =2 (3my), and pr = pr = 0.5 (3my) in W W~Z production at the
LHC. The plotted cross sections effectively include the branching ratios of the W-
and Z-bosons for decays into electrons and/or muons.
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Figure 5.16: Differential K-factor, as defined in Eq. (5.6) for inclusive events without
jet cuts and also for a veto on jets with pr je > 50 GeV.
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Figure 5.17: Differential cross section for the lowest-py lepton for g = pp = 3myy,
pr = prp =2+ (3mwy), and ur = pr = 0.5+ (3my ) in WTW~Z production at the
LHC. The plotted cross sections effectively include the branching ratios of the W-
and Z-bosons for decays into electrons and/or muons.
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Figure 5.18: Differential K-factor, as defined in Eq. (5.6) for inclusive events without
jet cuts and also for a veto on jets with pr i > 50 GeV.
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Figure 5.19: Estimate on the uncertainty induced by the pdfs for the WtW~Z
production at the LHC. The data obtained in this figure has been produced with
the variables and cuts given in Egs. (5.1) and (5.3). The plotted cross sections
effectively include the branching ratios of the W- and Z-bosons for decays into
electrons and/or muons.
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Chapter 6:

Conclusions and Outlook

With the start of the LHC a trove of new data is anticipated, which can be used to
search for new physics and also to further probe the Standard Model. For the inter-
pretation of these data, precise predictions for both the desired signal processes and
backgrounds are needed, and this necessitates the calculation of next-to-leading or-
der QCD corrections. In order to determine cross sections for non-trivial acceptance
cuts, it is most useful to cast these NLO calculations into fully flexible Monte-Carlo
programs which can calculate cross sections as well as distributions.

The simulation of triple vector boson production at the LHC is important for two
reasons. These processes are a Standard Model background for new-physics searches
which are characterized by multi-lepton final states, and secondly they are sensitive
to quartic electroweak couplings.

In this thesis the results on the NLO QCD corrections to the full 2 — 6 processes
pp—veet um o, Tt pp—e et pmpt vyt andpp — e et pm pt 77 v or any
other combination of leptons from three distinct families are presented. All resonant
and non-resonant matrix elements including intermediate Higgs contributions as well
as the spin correlations of the final state leptons are considered in the calculation.
For simplicity, any identical lepton effects which might appear when using the re-
sults for final states with leptons from one or two generations only, are neglected.
Furthermore, the CKM matrix has been approximated by the unit matrix and any
fermion mass effects are neglected. However, the resulting error on the total NLO
cross section made by these approximations is estimated to be of the order of a few
percent only.

In order to deal with infrared divergencies arising in the real emission and the virtual
contribution, the Catani-Seymour subtraction algorithm [47,48] has been applied.
Virtual contributions are calculated using Fortran subroutines derived in Ref. [14,
57]. The four-point integrals are computed using the usual Passarino-Veltman tensor
reduction [58], whereas five-point integrals necessitate the recursion relations elabo-
rated by Denner and Dittmaier in Refs. [59,60] in order to give numerically stable
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results. Moreover, since the evaluation of one-loop diagrams with five external legs
is quite time consuming, a trick has been applied to reduce the magnitude of the
pentagon contribution to a numerically less challenging level.

Concerning the subtracted real emission contribution, efficiency also is an issue. In
the WWZ production, the total number of real emission Feynman diagrams which
need to be calculated for one specific phase space point amounts to 4992 and to
3276 in the ZZW production modes. In addition, Born matrix elements appearing
in the subtracted dipoles are evaluated for two different kinematics. Summing them
up, 1440 graphs are computed in the WWZ case and 836 in the ZZW processes for
each phase space point. However, the time needed for the evaluation of these huge
numbers of Feynman graphs can be reduced considerably by identifying building
blocks which appear in various diagrams and only calculate them once per phase
space point.

All parts of the code have been carefully checked. In particular, LO cross sections
and distributions have been compared with MADEVENT [51-53] and HELAC [54-56]
for various Higgs masses. Furthermore, Ward identity tests for the virtual contribu-
tions have been implemented and the cancellation of divergences in the real emission
against the counter-terms, as given by Catani and Seymour [47,48] has been checked.
As a final and very important test, a comparison with the already published results
for the production of on-shell gauge bosons without leptonic decays of Ref. [11] has
been performed.

Although, in principle, VBFNLO allows for the calculation of observables for the
Tevatron as well as for the LHC, in this thesis only results for the LHC have been
presented due to the smallness of cross sections at the Tevatron center of mass
energy. First determinations of cross sections, distributions and K-factors for the
LHC are then given in Chapter 5.

The scale dependence of the NLO cross section is substantially larger than the vari-
ation observed for the LO results. This can be quantified by increasing and lowering
the renormalization and factorization scale by a factor of two around p = 3 - my, as
central value. At LO the scale dependence is very small with a variation of less than
+ 1%, whereas at NLO variations of £+ 5% appear. The NLO uncertainties which
are indicated by the scale dependence are, thus, typical for a NLO QCD prediction,
while the LO case must be considered as anomalously small, due to the absence of
initial-state gluon-induced subprocesses. Indeed, the tri-boson cross sections pro-
vide another example where the scale variation of a LLO cross section does not give
a good estimate for the corrections due to higher order effects.
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The large K-factors (of order K = 2 and even larger in some phase space regions)
demonstrate the importance of including the NLO QCD corrections on top of the
LO predictions.

The differential K-factors for several distributions for both of these processes are
highly dependent on the Higgs boson mass. In general it is observed that the larger
the contributions from the Higgs boson are, the smaller is the K-factor. In the
case of the WTW~7Z production, with ur = ur = 3my for instance, the K-factor
decreases from K = 1.6 for a Higgs boson mass of 120 GeV to K = 1.4 for a Higgs
boson mass of 150 GeV. At the same time the LO cross section increases by more
than a factor of two. Therefore, in all simulations, the Higgs boson contribution
has to be taken into account in order to obtain a valid prediction for the cross
sections and the K-factors. Besides these large K-factors, also a strong phase space
dependence of the size of the NLO corrections has been found which shows that a
mere multiplication of distributions by an overall K-factor is not sufficient.
Another source of uncertainties besides the ones from higher order corrections enter
the calculation in form of the parton distribution functions. In order to estimate
these uncertainties, forty different pdf sets are provided by the CTEQ collaboration.
Performing the error analysis as suggested in Ref. [62], an uncertainty of around 5%
is expected for the total NLO cross sections due to pdf errors.

Summarizing, the cross sections at NLO QCD accuracy for pp — WTW~Z + X,
pp — ZZWT + X, and pp — ZZW~ + X processes at the LHC are of the order
of 15 tb (ZZW~™) to 150 fb (WTW~Z). Including the decays of the vector bosons
this corresponds to cross sections of o(pp — €7 £ €5 05 €5 vp,) = 0.015 b, o(pp —
07 0505 05 v, 03) = 0.023 tb, and o(pp — ve, £ 05 e, U5 €5) = 0.5 fb with £; = e, u.
Hence, for an integrated luminosity of 300 fb~! these results translate into a few to
a few hundred clean leptonic events. The estimated uncertainty on these numbers
stemming from approximations in the calculation, neglected higher order effects,
and parton distribution functions are in the range of 10% and thus modest.
However, due to the sizeable K-factors as large as K = 2 the effects of higher or-
der corrections still remain somewhat unclear. The only hint of the real size of
these corrections comes from the known next-to-next-to-leading order results for
the Drell-Yan production [70-74]. These suggest in most phase space regions mo-
dest modifications of the NLO results at the few percent level.
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Appendix A:

Catani-Seymour algorithm for
tri-boson production

In order to deal with the collinear and soft divergencies arising in the computation
of the real emission and virtual contributions to the total NLO cross section, the
Catani-Seymour algorithm presented in Refs. [47,48] is used. A general outline of
this method is already given in Section 3.2.1. The purpose of this chapter, however, is
to present detailed information and exact expressions for the dipoles, the integrated
dipoles and the finite collinear terms as needed for the actual implementation into a
numerical computer program. Results are comprised in Sections A.1 through A.3. In
addition, Section A.4 lists the integrals used for the derivation of the finite collinear
terms in Section A.3.

A.1 Real emission and Catani-Seymour dipoles

In the program VBFNLO, the real emission calculation is divided into six pieces,
which correspond to six different types of subprocesses. Two of them are subpro-
cesses with a final-state gluon and there are four subprocesses with an initial-state
gluon. Since all of them are related by crossing symmetries only one subroutine
to calculate the matrix elements is needed. The different subprocesses of the real
emission calculation are listed in the first paragraph of this section.

Furthermore, Born matrix elements with different kinematics are needed in the
calculation of the dipoles acting as local counter terms for the real emission contri-
bution. Part 2 of this section lists all necessary dipoles and covers the relevant Born
matrix elements as well as some details on the tilde kinematics. Finally, at the end
of this section a brief description on the actual implementation of the subtracted
real emission cross sections is given.
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Figure A.1: Illustration of the two quark induced subprocesses of the real emission
calculation.

A.1.1 The subprocesses in the real emission calculation

The cross section of the real emission contribution is a sum of different subprocesses.
Each of them consists of 546 Feynman diagrams in the ZZW case and 416 Feynman
diagrams in the WWZ case, respectively.

There are two kinds of subprocesses with a gluon in the final state:

a) In the first subprocess, ¢(p.) Q(ps) — VVV + g(ps), a quark from the first
proton with momentum p, = x,P; and an antiquark from the second proton
with momentum p, = x, P interact, producing six leptons and one gluon. This
final-state gluon can either be emitted from the initial-state quark ¢(p,), the
initial-state antiquark Q(p), or from an internal quark line. Examples for all
three possibilities are given in Fig. A.la. The last case does not lead to any
divergencies, whereas a counter term is needed for each of the two other cases.

b) Some sample diagrams for the second subprocess with a gluon in the final
state, Q(pa) ¢(pp) — VVV + g(py), are depicted in Fig. A.1b. In this case, the
initial- and final-state particles are the same as before. The only difference is
that the antiquark Q(p,), is part of the first proton, whereas the quark q(p;)
is emitted from the second proton. The matrix elements of this subprocess

80



can easily be calculated with the same routine as before by interchanging the
momenta of the initial-state particles. For the cross section, however, it is of
fundamental importance, that the antiquark with momentum p, is part of the
first proton and the quark with momentum p, is part of the second proton.

The other subprocesses are gluon induced processes with a quark or an antiquark
in the final state. Here, the gluon can either be part of the first or the second pro-
ton. Further, the second initial-state parton can either be a quark or an antiquark.
Therefore, there are four different types of subprocesses with a gluon in the initial
state:

¢) The first gluon induced subprocess g(p,) ¢(ps) — VVV + Q(pys) is schemati-
cally given in Fig. A.2c. Here a gluon ¢(p,) stemming from the first proton
interacts with a quark ¢(py) coming from the second proton. The final-state
quark can become collinear to the initial-state gluon. This is the only source
of infrared divergencies for this class of diagrams. Therefore, only one dipole
is needed as counter term. The matrix elements of this subprocess can be ob-
tained by crossing from the matrix elements of the processes with a final-state
gluon. These matrix elements are then folded with the corresponding gluon
and quark distribution functions.

d) The second subprocess with an initial-state gluon, g(p,) Q(ps) — VVV+q(py),
has similar features as the previous one. The only difference is that the quark
q(py) is replaced by an antiquark Q(py) (See Fig. A.2d). Again, only one
counter term is needed to absorb the infrared divergencies and the matrix
elements can be obtained with the same subroutine as above by a simple
crossing.

e) Sample diagrams for the third subprocess with a gluon in the initial state,
q(pa) 9(pp) — VVV + Q(pys) are given in Fig. A.2e. In this case the gluon is
part of the second proton and the quark stems from the first proton. All other
features of this process are the same as for the gluon induced subprocesses
described before.

f) The last subprocess, Q(p.) g(ps) — VVV + G(pys), again needs only one dipole
to absorb infrared divergencies. Compared to the previous subprocess, the
quark ¢(p,) is replaced by an antiquark Q(p,). Some sample diagrams for this
case are shown in Fig. A.2f.

The total cross section of the real emission contribution is obtained by summing over
all different subprocesses. These consist of the subprocesses given in Figs. A.1 and
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Figure A.2: Iustration of the four gluon induced subprocesses of the real emission
calculation.
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A2, if all possible flavor combinations are taken into account. Choosing the CKM
matrix to be the unit matrix and only taking into account light quarks, where the
massless approximation is reasonable, we find for the WTW~Z production ¢ =
with ¢ = u,d, ¢, s. For the two charged triple vector boson processes on the other
hand, the flavor changes once along the quark line, thus, ¢ = u,c and @) = d, s for
the ZZW™ production and ¢ = d, s and Q = u, ¢ for the ZZW~ production. Hence,
there are in total 12 subprocesses for the ZZW processes and 24 in case of the WWZ
production.

A.1.2 Catani-Seymour dipoles

For all different types of subprocesses, there are corresponding dipoles. The subpro-
cesses depicted in Fig. A.1 need two dipoles absorbing their infrared divergencies.
For the subprocesses illustrated in Fig. A.2, i.e. the ones with a gluon in the initial
state, one counter term is sufficient. The corresponding dipoles for the different
types of subprocesses discussed in the previous section are then given below:

a) q(pa) Q(ps) — VVV + g(py)

The first subprocess given in Fig. A.la, has several sources of infrared divergencies.
First, the gluon can become soft and second it can be collinear to the quark or the
antiquark. Hence, two counter terms corresponding to emission of the gluon from
the upper incoming quark or the lower incoming antiquark are needed.

The dipole for the quark being the emitter and the antiquark the so-called spectator,
is given by:

Dq(pa)g(pf)@(m) — 1 1 81 g CF Oy 2
2pa : pf T 1

) - ~ 2
. Méorn(kla "'kG;paapb) ’

Here, Cr = % is the color factor, ay the strong coupling constant, and the Born
matrix element appearing here is the one with a quark stemming from the first
proton and the antiquark from the second proton, i.e. M(q(p.) Q(py) — VVV).
It is evaluated with a special tilde kinematic, which transforms an (m+1)-particle

phase space into an m-particle phase space. This is achieved by choosing,
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_pf'(pa ‘l’pb) ~

r=1 Pa = TPq, ﬁb = Db, ﬁf - 07 (AQ)
Pa - Db

with p; being the momentum of the final-state gluon as indicated in Fig. A.la.
In addition to that, all the momenta of the final-state leptons ki, ..., kg have to be
transformed in order to guarantee energy momentum conservation:

~ 2k; - (K + K) 2k: - K~

A " - K+ K)* / K" A.
with K and K defined as,

K'=pli+phy—pl,  K'=p+p). (A4)

In the case of the antiquark being the emitter and the quark being the spectator,
the dipole is given by:

DRpo)g(Ps).a(pa) —

1 1 2
— 8y Cp gy [
2py-py T

Q /7 7 _ ]2
| MEs (K, k6 Pas Do)

Here the parameter x is the same as above, since it is invariant under interchange of
po with p,. However, the matrix element appearing in Eq. (A.5) has to be evaluated
with a different tilde kinematic, defined by choosing

Pa = Pa; Py = TP (A.6)

In addition, all the other momenta of the final-state particles have to be rescaled
according to Eq. (A.3) but with a different K, given by:
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The two different kinematics defined until now are the only ones appearing in the
calculation of dipoles for Drell-Yan type processes such as the tri-boson production.

b) Q(pa) a(ps) — VVV + g(py)

The second subprocess with a final-state gluon is sketched in Fig. A.1b. The anti-
quark is in this case a constituent of the first proton and the quark stems from the
second proton. As in the previous case two dipoles are needed to absorb infrared
divergencies arising in the calculation of matrix elements with emission of a gluon
from either the upper incoming antiquark or the lower incoming quark. Specifically,

they are:
DR =1 L gr 0, O 5, { - <1+x>}
2pa Py x 1—=x (A8)
~ - - 2
’ Mggrn(kl? sy kG;ﬁaapb) ’
and
Diae)Qes) L Lo o Cr 6. { 2 a +:E)}
2py - py —z (A.9)
~ - - 2
’ Mggrn(klﬁ ceey kG;paaﬁb) ’

They only differ from the ones given in Egs. (A.1) and (A.5) by the matrix elements.
In contrast to the Born matrix elements above, here the ones with an antiquark

coming from the first proton and a quark from the second proton M (Q(p.) q(ps) —
VVV) and M(Q(pa) q¢(p») — VVV), are needed. The tilde kinematics are exactly
the same already calculated before. That is, if a gluon is emitted from the upper
line, the first transformation, Eqs. (A.2, A.3, A.4), is the one needed, whereas, if a

gluon is emitted from the lower line, the second, Egs. (A.6, A.7), is needed.

85



APPENDIX A. CATANI-SEYMOUR ALGORITHM FOR TRI-BOSON PRODUCTION

c) 9(pa) q(py) — VVV + Q(py)

The first subprocess with a gluon in the initial state is sketched in Fig. A.2a. Here,
only one dipole is necessary to match the singular behavior. Evaluating the formulas
given in Refs. [47,48] for the triple vector boson production at hadron colliders, one
obtains:

DIPa)Qpy)alps) — 1 1 87 s T b5 [1 —22 (1 — )]
%o Py @ (A.10)
S - 2
Mggrn(kla ) kG;ﬁaapb) )

with T = % The dipole is again proportional to the Born matrix elements, appear-
ing already in Eq. (A.8). In order to speed up the calculation, the numerical results
for these matrix elements are stored and can then be reused for the evaluation of
this dipole.

d) g(pa) Q(ps) — VVV +a(py)

The counter term for the subprocess, depicted in Fig. A.2d is given by:

. 11
DIPa)alps)Qlre — — 87 ay Tr s [1 — 22 (1 —2)]
2Pa Py (A.11)
= ~ - 2
Méffm(kl, ---k6;ﬁaupb)

The Born matrix elements needed here have already been calculated for the dipole
in Eq.(A.1).

e) q(pa) 9(ps) — VVV 4+ Q(py)

The dipole taking care of divergencies arising in graphs like Fig. A.2e is given by:

1 1
— 81 as T s [1 — 22 (1 — )]
2Py Py (A.12)

Q /7 7 )2
MEs (i, ...kg; Das D)

DIPs)Qpy)alpa) —
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It is very similar to the one above. Since the gluon now is part of the second proton,
the tilde kinematic with p, = p, and p, = x p, is needed. Again, the Born matrix
elements already appeared before in the calculation of Eq. (A.5) and are reused.

f) Q(pa) 9(pe) — VVV + (py)

Finally, the dipole to get rid of divergencies appearing in the subprocess shown in
Fig. A.2f, can be obtained from the one given in Eq. (A.10) by interchanging a « b:

A 1 1
DIPe)a(py),Qpa) — — 87 ay Tr 059 [1 — 22 (1 — )]
2ps - py (A.13)
- 2
ME2 . (ky, ...Kg; Pas o)

The Born matrix elements already appeared in Eq. (A.9) and are not reevaluated
for this dipole. By always storing and reusing matrix elements, a quite significant
increase in speed is achieved in the program.

A.1.3 Implementation of the real emission and subtraction
terms

The cross section of the subtracted real emission contribution is obtained by inte-
grating the difference between the real emission matrix elements and the correspon-
ding dipole terms over the phase space. That means for the example of the first
subprocess, the subtracted real emission cross section is given by:

of! (q(pa) Q(py) — VVV + g(py))

/ d:ca/ dxb/d¢7 Pa + Do — k1, ...ke, py)

< forp (2 1) fosp (20 117) (A.14)
1M (apa) Q) = VWV + g(pp) ) [

_ palpa)ge).Qes) _ pQREgPs)alps) ] ‘

Wy | =
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As has already been pointed out, two dipole terms are needed here. For the Qg-
initiated subprocesses the formula for the subtracted real emission cross section is
very similar.

In the case of the gluon induced subprocesses, the contribution is alike, but only one
counter term has to be subtracted from the real emission matrix element squared.
The subtracted real emission cross section for the first gluon induced subprocess is
then given by:

Real

o (9(pa) a(ps) — VVV + Q(py))

/ dxa/ dzb/d¢7 Do+ Db — ki, ...ke, Py)

< forp (€a; 1) fosp (x0; 1)
' [ | M (g(pa) a(pp) — VVV + Q(py) ) |* — DIP)Qps)alpe) ]

Wy | =

(A.15)

Again, analogous expressions are obtained for the other gluon induced subprocesses.

Up to now, only the calculation of subtracted real emission cross sections for proton-
proton interactions has been discussed. However, the procedure described in this
Section is completely general in the way, that by simple taking antiproton parton
distribution functions instead of proton pdfs, the protons can be interchanged by
their antiparticles.

A.2 Virtual contribution and the integrated dipole

The infrared divergencies of the virtual contribution are analytically canceled against
the integrated dipole. In the notation of Catani and Seymour this cancellation reads,

NLO,{6—particles}
Tab (Pas Pb)

_ / 4% [ doly(pa py) + Aoty (paspe) ©T] (A.16)

= [ 06 (2 Re(Mrotoy Mi) + (psin [KE) [ 2 }),

with the insertion operator I defined as:
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Qs 1 1 drp® \©
I(pa, poi€) = —5= > = Vil > Ty-T
(p Pb 6) o7 F(l _ E) - TIQ I(E) 1 J ( ] )

7 2pr - py
a 1 1 4\
- — T..T (A.17)
2 T'(1 —¢) [Tg Va(e) (Ty - Ta) <2pb-pa>
1 47
— T, -1,
4o 0 (1) (2pb'pa) |

Here, indices a and b refer to the (anti) quarks in the initial state. No gluons in the
initial state appear in this expressions for the virtual counter term.
Thus, inserting

1 7 1
VO =V =12 (=7 )+t 4+ Ky + O (A18)
with v, and K, defined as
3 7 7
Ye =Yg = §CF7 Kq:Kq: §—€ CF, (Alg)

the final result for the insertion operator in dimensional regularization up to O(e)
is then given by:

<paapb | I(E) | Pas Pb >

.1 dm\[2 3
- Cr (L) |2 +2 -2+ 10| - M2
) e €

T T(1—e Q2

Qv 47T,u2 € 9 3 ) 7T2 ) (A20)
=—C I'(1 -+ - - 10— —1| - |M

om F(@) e {* R

Qg 4\ 2 3 4 72 ) 9
_%CF<Q2> I'(1+e) [6—2+Z+8—T+cv1rt}-|MB|.
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In these expressions, the partonic center of mass energy squared Q* = (p, + pi) =
2p, - py is used and |[Mp|? denotes the full Born matrix element squared, i.e. the sum
of gQ-initiated matrix elements and Qg-initiated ones squared. The variable cvirt
depends on the regularization procedure. In dimensional regularization it is given
by cvirt = 2 and in dimensional reduction this factor is given by cvirt = 1.

The e-poles in Eq. (A.20) are then canceled against the virtual contributions given
in Eq. (3.27) as described in Section 3.2.4.

A.3 Additional finite collinear terms

Collinear divergencies, arising if the angle between emitted parton and initial-state
parton becomes too small, are absorbed into the parton distribution functions leav-
ing a finite remainder. In the algorithm proposed by Catani and Seymour, they are
collected in the formula:

1
/ dx [a—a]iw’{‘)}(:c, wPas pyi %) + 60O (@, pa, e u%)}
0
1 /
= Z/ dx [ do 2y (2pa, p) @ (K 4 P)* (ff)]
a’ 0
1 /
+ Z/ dx [ Ao, (pa, xpy) ® (K + P)® (:c)} (A.21)
y 0
1 , ,
= Z/ dx ( xpe, py |(K™ (2) + P (2pa, 25 pi7)) | 2pa, po )
a’ 0

1
3 / 0z { poapy [(KY () + P (apy, 7 12)) | pasams ).
b/ 0

For all the different types of subprocesses given in Section A.1, the corresponding
finite collinear terms are developed in this section. At the end of the section compact
formulas of these additional finite collinear contributions are given.

A.3.1 Quark induced subprocesses

Both types of subprocesses with emission of a gluon from the quark lines necessitate
two different dipoles in order to absorb their divergencies. Correspondingly two finite
collinear terms need to be calculated. For the first type of diagrams with a gluon
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emitted from the upper line, ¢(p,) Q(ps) — VVV + g(py), the general expression for
the finite remainder in the notation of Catani and Seymour is:

( 2pa,po | (K(x) + P (2xps, z;13) ) | TPas b )

o 1 —x)?
:%C’F(xpa,pﬂxpa,pw-{1—z—(1+:c) 1n<( ))

X

+o(1—x) (2%2—5)+( . 1n(1_“"))+ (A.22)

1—=x T

2 1 2 2
(i) - () n(pA )}
1—=x n 11—z N 22pg - Py

Taking the convolution with the parton distribution functions into account and
performing a variable substitution (z = xz,) one obtains:

1 1
/ iz, / 02y fogp (@ai 12) T (005 13)
0 0
1
g
/0 dx { xpa, Dy | TDas Do ) o Cr {}

1 1
:/ dy / dz fop (@i 13) { 2PLin, Dy | 2PLin, Dy )
0 0
Uda z Qs (1—z)?
/O;fq/p (;N%) %CF{l_f_(1+x) hl( - )
272 2 1—2
81— 1) <7-5)+<1_x m( - ))+
2 1+ a2 %
+<1_$1n(1—x))+—<1_$)+1n<Q—I;)}9(1’—2)

The variable Q% appearing in this expression is the partonic center of mass energy
in the new variables Q? = 2 z P, ;, - p,. The z-integration can then partly be carried
out and the + - distributions defined as
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(A.24)

can be eliminated using Eqs. (A.41), (A.43), and (A.44) in Section A.4,

/0 d_:ch/p (i) {1-2-(1+2) 1n<(1—x$>2)
ro-a) (=) (12 1“<1;x>)+
(s moma) - (322), () e
:/Z d (fq/p( M%)‘Ifq@ (Z;“%D
{11 (1= + m(%”
5 ) [ e ()
)

. 1
2 2
+fq/p zuF ln<Q—2>+2ln1—zln<Q)
W ,UF
2

+2In?(1—2) + %— ]

(A.25)

For the emission of a gluon from the lower line, the expression which has to be
computed is
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(poropy | (K@) + PO apy,23123) ) | posom )

s

B (1—z)?
—%Cﬂpa,wpblpa,pr%{ l—z—(1+ux) m(T

(1 — 1) <%7T2_5) N (13@ ln<1;x)> (A.26)
+<1Exmmfm0+—(ﬂtf)+m(ﬂ§%ﬁ)}_

Thus the relevant Born matrix element is different. Otherwise the expression is the

same as before. Taking the convolution with the parton distribution functions into
account and performing a variable substitution (z = zx;) one obtains:

1 1
/m/mmewmmm
0 0

1
g
/0 dz  pa, TPy | PasTDs ) b Cr {} (A.27)

1 1
- / dxa / dz fq/p (xa; :u%) < Pas 2P2,in | Pa 2P2,in >
0 0

/01 dx_x Tam <§aﬂ%> ;—; Cr {} oz — 7).

The z-integration is exactly the same already performed in Eq. (A.25) with z re-
placed by z and 2p, - py, replaced by 2p, - pp.

In a completely analogous way the finite collinear expressions for the second sub-
process Q(pa) ¢(py) — VVV + g(ps) are determined.

A.3.2 Subprocesses with an initial-state gluon

For the subprocess depicted in Fig. A.2c a gluon splits into a quark and an an-
tiquark. This splitting causes collinear divergencies, which are absorbed into the
parton distribution functions and leads to finite collinear remnants. In the notation
of Catani and Seymour we get:
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( @pa; po |(K9(x) + P9 (2pa, 25 1)) | 2pas s )
s
— TR < LPas Pb ‘ TPas Pb > (A28)

2T

{293(1 — )+ (22 + (1 —2)?) (m (“ ;‘“>2) “In (m’f pb)) }

In the same way as before, a variable transformation (z = xz,) is performed, which
can directly be evaluated since no complicated + - distributions appear,

1 1
/ dz, / dzy forp (Tas 1) fop (203 17)
0 0
1 a.
A dl’ < TPay Po | TPay Po > % TR {}
1 1
=/ dxy fg/p (%;M%)/ dz ( 2P1in, Do | 2Prin, Py ) (A.29)
0 0
Vdx z Qg
/Z ; fg/p (;M%) Gy Tg {295 (1-m)

F @+ (1-2)?) In (w) }

2
T E

For all the other subprocesses with a gluon in the initial state the expressions are
very much alike, hence they won’t be calculated here in detail.

A.3.3 Compact expressions and implementation

Collecting all the expressions for the finite collinear remnants, one obtains:
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oniC = / dl‘a/ dxy, /d(bﬁ ki, ..., ke; pa + Db) g

' [ a/p (a3 i) fasm (@0 15) + fosp (a3 1) faw (v; 117
Q 2
‘ M%orn kl? sy kﬁ;paapb) ‘

1
1
"‘/ dl’a/ dl‘b /dq)ﬁ (lﬁ,...,kﬁ;pa +pb) g
0 0

: [fé/p (Tas 1) Sarp (6 15) + forp (Tai 17) for, (23 u%)]

(A.30)

Q 2
‘ MBgrn kl"“?kﬁ;paapb) ‘

where the terms calculated in Egs. (A.25) and (A.29) have been absorbed into the
modified pdfs,

+ [fc)l-/p (%u%) — 2 fQup (%ufw)] B(x) (A.31)

ZT; Qg
+ fau (Zid) C@)}+5 faup (i 1) D),
™
with integration kernels,

A(r) =Tg {Qx(l —)+ (P +(1-2)?) I <%)}
p =i [ 2 m (L]

C) = Cp {1 s 2 @) -(+2) I (M)} (A.32)

—x T

D(z;) = Cr B ln<Q2) +2In(1—2) In (Q2)

1 G

+2 ln2(1—:ci)] +%2—5].
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Though, in principal these expressions can be integrated over the m-particle phase
space, in the actual implementation of a NLO Monte Carlo program, it is optimal, if
these terms are calculated together with the real emission and subtraction terms. In
order to do that, the relation between the 7-particle phase space and the 6-particle
tilde kinematics given in Egs. (3.23),

1
2pa'pb

d¢7 (pga kla sy kG;pa + pb) =

1 -2 1 02 B
/ dx/ dv —— dgs (K1, e, kig; Pa + Do),
0 0 2 pa Po 8w

(A.33)

is an essential ingredient. The parameter v needed in this expression is defined as

pa pg

or 0 < Dy). A.34
P (Pa < 1) (A.34)

The finite collinear terms can then be reformulated as part of the 7-particle phase
space. In the case of the quark induced subprocesses, the additional finite collinear
terms are then given by:

Tt (a(pa) Qp) — 6€+9(pg))

/ dz, / dmb

47 o I
. {— faw (xo; 13) ‘ M (ky, .. kg: Pas ps)

dq)'?(kh ceey k67pg;pa +pb)

Q? ‘2 1 i x
[ eaisi) (B)+ @) 4o fp o) ()~ ) )
o

— X

47 o = -
R fapp (Ta; 107) ‘M%ffm(kl,---ke;pa,pb)

1—:155(3(,

[far sa) (B + 0 + 0 gy omiai) (P22 — i) | }
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for the collinear terms proportional to the ¢Q-type Born matrix elements, and

o5 (Q(pa) a(ps) — 6¢ + g(p,))

1
= / dflfa/ dxb 5 d(b'?(kl)"'akﬁ?pg;pa _l_pb)
0 0 Pa - Pb

47 ag ~ 2 1
{ 02 Fapo (20; 10%) ‘Mgfm(kl,---kﬁ;pmpb)‘ 12

(S aisi) (Blo)+ €l + o g omaind) (2222 — ) ) |

1—xx,
47 ay ) N )
ga fQ/p (xa”uF } Mggrn(kla ---kﬁ;paapb) }2 : 1—»
: oy [ Dlxas)
[ osai) B+ € 2 fy (i) (20— ) ) }

(A.36)

for terms proportional to Qg-induced Born matrix elements. For the gluon induced
subprocesses, the corresponding expressions are:

N (g(pa) a(py) — 6L+ Q(py))

1
1
:/ dl’a/ dxb 5 d(b'?(kl)"'akﬁ?pg;pa _l_pb)
0

Pa - Db
, (A.37)

47 o ~
Q fq/p (xb7uF) ‘ Mggrn(klw“kﬁ;paapb)

1

1—2a’

[ (w3 A@)] -

o (9(pa) Q(ps) — 60+ 4(py))

1 1
1
=/ dz, [ dxy 5 d®7(ki, ..., k6, Dg: Pa + Db)
0

0 Pa - Pb
. 2 (A.38)
Q fQ/p (xbwU’F ‘ M%Cogrn(klv---kﬁ;ﬁmpb)

1
1—2’

VS (@as ) Alw)] -
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oo’ (a(pa) ( ») — 60+ Q(p,))

/ dz, dxb

47Ta5 = N
o farp (Tas 13) ’M%%n(kl,---ke;pa,pb)

d®7(k1> ceey kﬁapg;pa + pb)
, (A.39)

1
1—2a’

Nt (i) A -

onii? (Qpa) g(py) — 6L+ q(py))

1 1
1
— dz, d dP;(ki, ..., ke, Pg; Pa
/ T / Tp ST 7(k1 65 g5 Pa + Db)
) (A.40)

47 o - ~
Q fQ/p (xawU’F ‘ Mggrn(klv---kﬁ;pmpb)

1
1—x

S @i 123) A@)] -

Inserting Eq. (3.23) into these expression, the original finite collinear term given in
Eq. (A.30) can then be obtained. In VBFNLO, for all the different subprocesses, the
formulae given in Eqgs. (A.35)- (A.40) are implemented and are integrated together
with the subtracted real emission terms.

A.4 List of relevant integrals

In the calculation of the finite collinear remnants according to the formalism devel-
oped by Catani and Seymour, various non-trivial integrals arise. Those, which are
needed for the calculation presented here are listed in the following.

The first integral needed in Eq. (A.25) is
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:/Zld?x (f (2) —x f(z)) 1111(1_—:;) _/Zld?x f(g) lln_(xz) (A1)

In the last step,

/01 dr 20 ) = —/10 PR Gl S Y —%2 (A.42)

1—=x U

has been used. The second integral, which is used in Eq. (A.25) is given by:

/olcft_x f@) (1:,,3 1n(1—517)) (x — 2)

_l’_

:/Zld?x (1 (%) - 1)) M—/Ozdx o =T (ay)

1—=x 1—2

= [F (G ) B s g

Finally, the last 4-distribution appearing in Eq. (A.25) can be solved in the following
way:
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Appendix B:

Symmetry factors

In the calculation of tri-boson processes in VBFNLO, three different lepton families
are assumed for the decay products of the vector bosons, i.e. the processes

WTW~Z: pp— vee p o, T T+ X,
ZZWT pp—e et u utu T+ X,
2ZW™ pp—e et u T v+ X,

are implemented. Phenomenologically more interesting are the cases of final states
with electrons and /or muons. All possible subprocesses with only leptons of the first
two families in the final state are given in Eq. (5.4) for the WWZ production and
in Eq. (5.5) for the ZZW production modes. The majority of those subprocesses
has identical leptons in the final state. Thus symmetry factors need to be taken
into account. In the chapter at hand, they are derived for the WWZ and the ZZW
production, separately.

B.1 WWZ production

In the WWZ production the two W-bosons always lead to distinguishable final
state leptons. Therefore, identical leptons can only appear if either one W-boson
and the Z-boson decay to the same lepton family or if all three vector bosons decay
to electrons and the corresponding neutrinos or if all of them decay to muons and
muon-neutrinos.

As an example for the first case, the subprocess pp — veet 17, e”e*+X is examined
in more detail. Since there are two positrons et in the final state, the cross section
for this subprocess has to be multiplied by a symmetry factor of % However, this
symmetry factor is compensated by twice the number of Feynman graphs compared
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W Ve
e+
+ = Tt NV
opp = veet p v, T TT) ~ 7,
Z T
.
2
W v W v
ef e;
+ -5 = ot W u W u
o(pp = veel p v, e ey) ~ s T 7,
7z e 7z e
e; ef

Figure B.1: Sketch of the different Feynman-graphs contributing to the WWZ cross
section with and without identical leptons in the final state.

to the case of three different lepton families in the final state. In Fig. B.1 an example
Feynman-graph for the case of electrons, muons and tau leptons in the final state
as well as the case of the W* and the Z-boson both decaying to leptons of the first
generation is given. In the latter case, the two electrons can swap their places in the
Feynman-graph. Since this holds not only for the special diagram given in Fig. B.1
but for all graphs appearing in the calculation, two times the number of diagrams
have to be taken into account in the calculation of the matrix elements.

Since for the calculation of the cross section, the matrix elements squared is the
relevant quantity, in addition to the matrix elements squared of the first and the
second graph, also interferences between them appear,

| My 4 My|? = | My > + | M2| 4 (M - M) + (M- M,). (B.1)

However, due to the resonance structure of the Feynman graphs, the two different
momentum configurations can not lead simultaneously to big contributions. There-
fore the interference terms are expected to be small. Neglecting these contributions,
the cross section for the subprocess with one W-boson and the Z-boson decaying to
the same type of leptons is therefore,

1
o(pp — vee™ o, e +X) = 3 2-0(pp— veet o, 7T+ X)  (B.2)
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and thus the same as in the case of three different lepton families in the final state.
In a very similar way one can also show that also the case with all vector bosons
decaying to the same lepton family yields the same cross section. Results for the sum
of all eight subprocesses given in Eq. (5.4) thus are given by multiplying cross sections
and differential cross sections obtained for the process pp — v.e™ v, 77+ + X by
a factor of eight.

B.2 Z7ZW production

In the ZZW production modes, the decay products of the two Z-bosons can be
interchanged in the Feynman-graphs without altering the final state. Thus, two
different orderings of the leptons are possible. Both of them are taken into account
in the calculation implemented in VBFNLO and for both of them an example diagram
symbolizing the sum of all possible matrix elements is drawn in Fig. B.2.

If only one of the W-bosons and one Z-boson would lead to identical particles in
the final state, the argumentation applied in the WWZ case can be adapted and the
symmetry factors are exactly absorbed into twice the number of Feynman graphs,
yielding cross sections,

olpp — e e u ptve’) =o(pp — e e u ")

olpp — e e p ptupt) =olpp — e e T pt ).

For the case of both Z-bosons decaying for instance to electrons, the relevant Feyn-
man diagrams are shown in Fig. B.2. Here, only twice the number of graphs is
possible without double counting. The symmetry factor for two electrons and two
positrons in the final state, however is i. Thus, neglecting any interference effects
due to identical particles in the final state, the cross section of both Z-bosons decay-
ing to electrons or both of them decaying to muons is only half of the cross section
with no identical leptons in the final state. A similar argumentation can also be

applied to the case with all vector boson decaying to the same lepton generation.

In total, the sum of all subprocesses contributing to the 5¢ + p,. final state with
¢ = e, yield a cross section, which is four times larger than the cross section
calculated in the program. Therefore, all results for the ZZW production modes
presented in Chapter 5 are multiplied with this combinatorial factor of four.
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7 e Z H
et wh
o(pp — e etp ptvTh) ~ Z 5+ + Z e;
&
WV W v
= e
z % z %
ef ey
-t =t + Z €y zZ e
o(pp —ejefey e Vup ) ~ ot + et
W vy W vy
u* u*
z 9 z i |
ey ef
Z €y Z er
+ ot + o
W Y W Y
wr wh

Figure B.2: Sketch of the different Feynman-graphs contributing to the ZZW™ cross
section with and without identical leptons in the final state.
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