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Zusammenfassung

An einem Hadron Beschleuniger wie dem LHC oder dem Tevatron spielt die Prozessklasse der
Produktion eine Photons in Kombination mit einem leptonisch zerfallenden massiven Eich-
bosons eine wichtige Rolle. Die Griinde fiir die grofle Bedeutung sind zum einen die klare
Signatur aus einem Photon und zwei Leptonen als auch der direkte Zugang zu den Kopplun-
gen des Photons an die massiven Eichbosonen und damit die Moglichkeit den Eichsektor des
Standard-Modells der Elementarteilchenphysik zu testen.

Um die Prézision der theoretischen Vorhersagen weiter zu erhohen wurde im Rahmen dieser
Arbeit eine vollsténdige Berechnung der Korrekturen in néchstfithrender Ordnung durchgefiihrt.
Diese umfassen alle Korrekturen der starken Wechselwirkung von O (a5) sowie die elektroschwa-
chen Korrekturen von O («) inklusive aller photon-induzierten Beitrége. Zur Erzeugung von Ma-
trixelementen wurde dabei auf Feynman-Diagramm basierte Methoden zuriickgegriffen. Fiir die
Behandlung der IR-Divergenzen wurde die Dipolesubtraktion verwendet wobei die Separation
von kollinearen Photon—Jet-Konfigurationen mithilfe der Quark-Photon-Fragmentationsfunktion
a la Glover / Morgan oder des Frixione-Kriteriums erfolgte. Auflerdem wurden zwei expe-
rimentell motivierte Szenarien fiir die Behandlung von geladenen Leptonen im Endzustand
beriicksichtigt. In einem Fall werden kollineare Photon—Lepton-Paare zu einem Quasiteilchen
zusammengefasst. Dieses Szenario entspricht der experimentellen Behandlung von Elektronen,
die im Falle eines kollinearen Photons im elektromagnetischen Kalorimeter nicht von diesem
getrennt werden konnen. Im zweiten Szenario werden Myonen und Photonen als experimen-
tell separierbar angenommen, sodass Myon und Photon getrennt von einander im Detektor
rekonstruiert werden koénnen.

Fiir die Berechnung der Korrekturen wurden alle Beitrédge in einem flexiblen Monte Car-
lo Programm implementiert, das neben der Berechnung des totalen Wirkungsquerschnittes
auch die Erzeugung von Histogrammen fiir verschiedenste experimentell motivierte Observablen
ermoglicht. Neben den typischen groflen elektroschwachen Korrekturen bei hohen Transversa-
limpulsen sowie in Bereichen der Resonanzregion von transversaler beziehungsweise invarianter
Masse zeigt sich, dass auch die photon-induzierten Korrekturen in der Gréflenordnung von ei-
nigen 10% bei hohen Transversalimpulsen beitragen. Die experimentelle Genauigkeit fiir Vv
Produktion in Run I mit 7/8 TeV am LHC lag bei etwa 10%. Aufgrund der gesteigerten Lu-
minositédt in Run II wird diese Genauigkeit noch weiter verbessert werden, sodass Korrekturen
von ~ 5% innerhalb der theoretischen Vorhersagen nicht mehr vernachléssigt werden konnen.
In dieser Arbeit zeigen wir Ergebnisse fiir den totalen Wirkungsquerschnitt am LHC fiir 7, 8
und 14 TeV sowie die dazugehorigen Verteilungen fiir 14 TeV.
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Abstract

At a hadron collider as the LHC or the Tevatron the production of a photon in association
with a leptonically decaying vector boson represents an important class of processes. These
processes stand out due to a very clean signal of a photon and two leptons. Furthermore they
provide direct access to the photon—vector-boson couplings and thus an easy opportunity to
test the gauge sector of the Standard Model.

Within the scope of this work we present a full calculation of the next-to-leading-order cor-
rections which include the O (as) corrections of the strong interaction as well as the electroweak
corrections of O («) including all photon-induced contributions. For the creation of matrix ele-
ments we use methods based on Feynman diagrams. The IR singularities are treated with the
dipole subtraction technique. In order to separate photons from jets, a quark-to-photon frag-
mentation function & la Glover / Morgan or Frixione’s cone isolation is employed. Moreover,
two different scenarios for charged leptons in the final state were considered. The first scenario
for dressed leptons assumes that a charged lepton and a photon will be recombined if they are
collinear. In the second scenario for bare muons it is assumed that leptons and photon can be
separated in a detector also if they are collinear.

For our calculation we implemented all corrections into a flexible Monte Carlo program. Be-
sides the computation of the total cross section this program is also able to generate differential
distributions of several experimentally motivated observables. Apart from the expected large
electroweak corrections in the high transverse-momentum regions and sizeable corrections in
the resonance regions of the transverse or the invariant masses we found photon-induced correc-
tions up to several 10% for high transverse momenta. Within run I at the LHC for 7/8 TeV the
experimental accuracy for V~ production was roughly 10%. Due to the higher luminosity at
run II this accuracy will be reduced to the level of a few percent so that corrections of the same
order within the theoretical predictions might become relevant. In this work we present results
for the total cross section at the LHC for 7, 8 and 14 TeV and the corresponding distributions
for 14 TeV.

il



v



Contents

(Introduction|

(1

Theoretical background|

(1.1 "The Standard Model of particle physics| . . . . . . . . ... ... ... ... ...
(1.1.1  The Yang—Mills sector| . . . . . . .. ... ... .. ... ... .. ....
[LI.2  The fermionic sector] . . . . . . . . . ... L
(1.1.3  The Higgs sector| . . . . . . . . . . . . . ... ... ... ...
(1.1.4  Physical fields| . . . . . . . ... ... . ..
(1.1.5  QCD Lagrangian| . . . . . . . . . . . .. ...
[1.1.6  Gauge hxing, Faddeev-Popov ghosts and quantization| . . . . . . . . . ..

(1.2  Renormalizationl. . . . . . . . . . . ...
(1.2.1 General procedure] . . . . . . . . . ... ...
(1.2.2  The complex-mass scheme| . . . . . . . .. ... ... ... ...

(1.3 The parton model|. . . . . . . . .. ...
(1.3.1 Hadronic cross section| . . . . . . . . . . . ...

[2.4.1 Real quark—antiquark-induced EW corrections| . . . . . . ... ... ...
2.4.2 Real QCD corrections] . . . .. ... ... ... ... ... ... ...
[2.4.3  Real photon-induced EW corrections| . . . . . ... ... ... .. ....

Dipole subtraction in NLO calcuations|

[3.1 General strategy| . . . . . . .
3.2 Photon radiation off fermiond . . . . . ... .. ... o oL
[3.2.1 Initial-state emitter and initial-state spectator| . . . . . . . .. . ... ..
[3.2.2 Initial-state emitter and final-state spectator| . . . . . . . ... ... ...
[3.2.3  Non-collinear-sate photon radiation of final-state fermions|. . . . . . . . .
[3.2.4  Final-state emitter and initial-state spectator] . . . . . . ... ... ...
[3.2.5  Final-state emitter and final-state spectator| . . . . . . . ... ... ...
(3.3 Collinear singularities of v — ff* splittings| . . . . . . . . . .. ... ... ...
[3.3.1 Imitial-state spectator|. . . . . . . . . . ...
[3.4  Collinear singularities of f — f~* splittings| . . . . . ... ... ... ......
[3.4.1 Initial-state spectator|. . . . . . . . ...
[3.5  Collinear photon-jet configurations| . . . . . . . . .. .. ... ... ... ....

21
21
22
25
25
26
27
29



[3.5.1 Quark-to-photon fragmentation function and democratic clustering ot |

| photons and jets| . . . . . . . ... 41
[B.5.2  Trixione isolation scheme . . . . . . . . . . .. ... 43

[4 Numerical results for V + ~ production| 45
[4.1  General setup| . . . . . . . .. 45
[4.2  Input parameters| . . . . . . ... 46
4.3 Phase-space cuts and event selection| . . . . ... ... 000000000 48
M4 Resultsforpp = 1T vy + X, . . . . 49
[4.4.1  Results on total cross sectionl . . . . . .. .. ... ... ... ... ... 49

4.4.2 Results on transverse-momentum distributionsl . . . . . . . .. ... . .. 50

443  Results on transverse-mass distributionsl . . . . .. .. ... ... 53

[4.4.4  Results on rapidity and angular distributions|. . . . . . . ... ... ... 53

M5 Resultsforpp— 1" v+ X|. ... . 57
[4.5.1  Results on total cross sectionl . . . .. . ... . ... . ... ... ... 57

4.5.2 Results on transverse-momentum and transverse-mass distributions| . 58

4.6 Dilepton + photon production: pp = (T [ ~v+ X| . . . . ... ... ... ... 58
4.6.1 Results on transverse-momentum distributionsl . . . . . . . . ... .. .. 61

4.6.2 Results on invariant-mass distributions . . . . . . . .. ... ... ... 64

[4.6.3  Results on rapidity and angular distributions|. . . . . . . ... ... ... 64

[4.7  Invisible Z 4+~ production: pp v vy + X| . . ... 67
M.71  Results on total cross sectionl . . . . . . . .. ... ... ... 67

4.2 Results on transverse-momentum distributionsl . . . . . . . . . ... ... 67

4.3 Results on transverse-mass distributionsl . . . . . ... ... ... ... 70

[4.7.4  Results on rapidity distributions{. . . . . . .. ... ... L. 72
Conclusions! 73
[A° Monte Carlo phase-space integration| 75
[A.1 Basic concept| . . . . . . . . 75
[A.2  Generic phase-space decomposition| . . . . . .. . ... oL 7

(B Loop integrals| 81
[B.1 General structure of tensor integrals|. . . . . . . . ... ... ... ... .. ... 81
[B.2 Explicit calculation of tensor integrals|. . . . . . . ... ... ... ... ... .. 82

|C Distributions for p p — "1, v + X| 85
[D Distributions for pp — [T [~ v + X]| 93
[List of publications| 107
[Danksagung| 109

vi



Introduction

With the shutdown of the Large Hadron Collider (LHC) at the end of 2014 one of the most
exciting and successful time frames in particle physics ended. The first run at 7/8 TeV resulted
in the discovery of the Higgs Boson [1] an so the particle content of the Standard Model (SM)
of particle physics was completely approved by experiments. Until now, the SM represents
the most successful theory in elementary particle physics so far. Mathematically it is a gauge
theory of the strong interactions [2-4] and the electroweak (EW) interaction [5-8] including
spontaneous symmetry breaking [9-13]. However, in spite of the success of the SM there are
still open questions where the SM can not give an answer and it is broadly accepted that the
SM is embedded as a low-energy approximation in a more fundamental description of nature.
One important argument for such an approach is the possible unification of the electroweak
and strong interaction or even a description of all four fundamental forces as part of one theory.
Besides the unification of the electroweak and strong force and a potential connection to general
relativity these beyond SM theories usually provide additional heavier particles which might
be found at the LHC. In the summer of 2015 LHC started again with run II with an energy of
13 TeV. Scrutinising the properties of the Higgs boson is the most pressing task in this run but
with the higher centre-of-mass energy the search of new particles beyond the SM is also possible
in an unprecedented energy regime. In search of new physics beyond the SM one possible entry
should be a continued detailed investigation of the EW gauge bosons. Besides the single gauge
boson production in Drell-Yang processes the production of a gauge-boson pair provides an
excellent possibility for various tests of the EW gauge-boson sector in the SM. The simplest
gauge-boson-pair processes are the production of a vector boson in association with a photon

pp > V+y+X = i+ foty+X, V=W,Z, (1)

where the vector boson decays leptonically. Therein the final-state fermions are fi, fo =
€, [y Ve, Vyy Vr.

The W + v production process allows for direct tests of the photon coupling to W bosons
and, additionally, it is an important background process to new physics searches. Since W + ~
production has a total cross section in the picobarn range, it has already been measured at the
Tevatron |14}/15] and the LHC [16-19]. Therein the experimental accuracies are roughly 12%.

The production of a charged lepton pair and a photon represents the dominant background
to the Higgs-boson decay into a Z boson and a photon. Naturally, the Higgs-boson decay can
only be measured precisely if the background processes are well under control.

The second part of Z+ v production is the process where the Z boson decays invisibly in two
neutrinos. Accordingly, the experimental signature is mono-photon production in association
with missing transverse energy. Such signals are relevant to the search of new physics in many
exotic models (see e.g. Refs. [20-23]) and there are already several experimental analyses at the
Tevatron [24}25] and the LHC [26]27].

W~ and Z~ production are also important background processes for the search of narrow
heavy resonances [18] that decay to W~ and Z~ final states and as predicted in various new
physics models (e.g. see Refs. [28,29] for scalar particles and Ref. [30] for vector particles).
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Another possible approach for the investigation of new physics effects in the electroweak
gauge sector is the framework of anomalous triple gauge couplings (aTGCs). Therein the
WWV, ZZV and Z~V vertices are parametrized by a set of new parameters [31]. Besides several
theoretical studies (e.g. in Refs. [32,33]) the fact that so far no significant deviations between
the measurements and the theoretical predictions in the SM are seen can be directly translated
into limits on these parameters. Several experimental analyses reported such constraints at the
Tevatron [15,34,35] and at the LHC by the experiments ATLAS [17,|18] and CMS [16}36]. Due
to the higher energies and luminosities in run IT at the LHC an improvement of the theoretical
predictions is more important than ever. Since the expected experimental uncertainties will be
of the order of a few percent and because of the lacking evidence of new physics so far a further
precise investigation of the SM predictions up to percent level is required.

The first calculations for W + ~ [37] and Z + v [3§] production were already published
more than 30 years ago. Afterwards the NLO QCD corrections for on-shell (stable) vector
bosons were calculated in Refs. [39,40]. A further improvement due to the inclusion of leptonic
vector-boson decays in narrow-width approximation was then achieved in Refs. [41,42]. In this
approximation the NLO QCD corrections to W 4 v and Z + « production are also available in
the public program MCFM [43]. Since the NLO QCD corrections for W+~ and Z + v production
are of the order 150% and 50%, respectively, the NNLO QCD corrections are expected to be
sizeable. In Ref. [43] they were estimated to be of the order 5% due to a scale-variation analysis.
The full NNLO QCD corrections for V 4 v production were published in Refs. [44] and [45],
respectively. These calculations show a large impact of 19-26% for W+~ and a moderate effect
of 8-18% for Z~ production.

Since many years it is well known that at high energies EW corrections can cause impacts
of several 10%. The origin of these effects is the existence of logarithmically enhanced contribu-
tions, so-called Sudakov logarithms [46-51]. It was shown in Ref. [52] that these EW corrections
for W + v are negative and of the order 5-20%. In Ref. [53] the NLO EW corrections were
calculated for Z + v production with on-shell Z bosons and in Ref. [54] results for NLO EW
corrections to W+ and Z~ production including the decays of the massive vector bosons in pole
approximation were presented.

In this work we push the existing calculations of the EW corrections for pp — [Ty, /l"pj+v+
X and pp — 11~ /ov+~+ X production to the level of complete NLO EW corrections including
all off-shell effects and including all partonic channels with initial-state photons and we also
rederive the NLO QCD corrections. Since the treatment of collinear singularities connected
with photon emission of final-state leptons depends on the level of inclusiveness in the event
reconstruction we consider two different scenarios. While in one scenario for dressed leptons we
assume that collinear lepton—photon configurations can not be separated in a detector, in the
second case describing final-state muons we suppose that the collinear photon is absorbed in
the electromagnetic calorimeter and the muon is detected in the muon chamber. Finally, both
particles can be separated also if they are collinear. The calculation of photon-induced and QCD
corrections requires the separation of photons and jets in the final state. For an infrared-safe
separation we use the concept of democratic clustering in combination with a quark-to-photon
fragmentation function [55,/56] or alternatively the Frixione isolation criterion [57].

In order to calculate the necessary amplitudes in the 't Hooft—Feynman gauge we use tra-
ditional methods based on Feynman diagrams. We employ the Weyl-van-der-Waerden spinor
formalism as formulated in Ref. [58] for the numerical evaluation of the amplitudes. For the
numerical calculation of the loop integrals the COLLIER library [59] is used, which is based on
the results of Refs. |[60H62] and involves two different independent implementations of all one-
loop integrals. The amplitude calculation is based on the program POLE [52|, which internally
uses FEYNARTS 3 [63}(64] and FORMCALC [65] for the generation of the amplitudes. The numerical
integration is performed by the multi-channel phase-space generator LUSIFER [66] extended to

2



use VEGAS [67,/68] in order to optimize each phase-space mapping.

This thesis is organized as follows:

e In Chapter [1| we discuss the theoretical basics required for NLO calculations. We start
with the Lagrangian of the Standard Model of particle physics. Additionally, we outline
the procedure of renormalization. Therein we focus on the complex-mass scheme which
we consistently use in this work. Furthermore, we briefly outline the parton model and
we discuss its extension for the purpose of NLO calulations.

e Chapter [2| contains the definition of the partonic processes for W~ and Z~ production.
Starting from the leading-order processes and their partonic content we also discuss the
virtual and the real corrections. We show structural Feynman diagrams of the different
types of contributions and we discuss the difficulties of the respective contributions.

e One of the main challenges during a NLO calculation is the treatement of IR divergencies
which appear in the virtual and the real corrections. Since we consistently use the dipole
subtraction formalism in this work we summarize the basic concept of the procedure in
Chapter [3] Therein we discuss the different fermion—photon splittings and list the most
important formulae for the emitter-spectator combinations which are used in this work.
Finally, we outline our strategies for the treatment of collinear photon—jet configurations.

e In Chapter [4] we present the results of our work. First, we introduce the setup in which the
calculation was performed and we define the different classes of QCD and EW corrections.
Afterwards we list results for the total cross section for 7, 8 and 14 TeV. Moreover, we
present several distributions for 14 TeV for W~ and Z~ production. Additionally, we
discuss the differences between Wt~ and the charge-conjugate process W~ production.
The results of this chapter have been published in Refs. [69] and [70].

e In Appendix [A] we outline the Monte Carlo method which is used for the numerical
phase-space integration. After summarizing the general procedure we discuss the explicit
phase-space decomposition which was used in all calculations.

e Appendix[B|contains a short overview about the numerical evaluation of one-loop integrals
as well as the reduction of tensor integrals as it is implemented in the library COLLIER [59]
and which we used in this work.

e In Appendix[C|we list distributions for W=+ production. The distributions of this charge-
conjugated process show very similar shapes as the ones for W~ production. As an
addendum we show in the comparison of W~ and W~ production for additional ob-
servables.

e Appendix [D] presents further distributions for the dilepton + photon production which
also might be relevant for experimental analyses.






Chapter 1

Theoretical background

1.1 The Standard Model of particle physics

Due to its great accordance with experimental measurements the Standard Model (SM) of
particle physics is one of the most established theories so far. It is a relativistic quantum field
theory which describes the strong and electroweak interaction between elementary particles and
it is formulated as a local non-Abelian gauge theory with the underlying gauge group

SU3)e x SU(2)y x U(1)y. (1.1)

Therein SU(3)¢ indicates the gauge group of the strong force whose fundamental theory is
quantum chromodynamics (QCD) [2-4]. It describes the interaction between quarks and gluons
as well as the gluon self-interaction which is a result of the non-Abelian structure of the group.
The group SU(2),, x U(1)y is the gauge group of the electroweak (EW) interaction which is
the unification of the electromagnetic and the weak forces. The fundamental theory is the
Glashow-Salam-Weinberg (GSW) Model [5,7,8]. The particle content of the SM is summarized
in Table [L1]

Fermions Bosons
Family |1 2 3 g
Quarks | u ¢ ¢ W+

d s b Z
Leptons | e pu 7 ¥
Ve Vy Vs H

Table 1.1: Particle content of the Standard Model of particle physics. Fermions are divided
in quarks and leptons and are organized in three families. While quarks interact via QCD and
EW interactions the leptons only couple to the gauge bosons of the EW interaction.

The fermionic fields of matter appear in three generations for quarks and leptons where
the number is not predicted by the SM, but from experiments we know that there are exactly
three light neutrinos [71]. The particles of each row only differ in its masses but have the same
quantum numbers. While the masses for the quarks and charged leptons increase from left to
right all neutrinos in high-energy experiments are considered to be massless[[] The gauge boson

1Since in the SM right-handed neutrinos do not exist even with a Yukawa coupling neutrinos remain massless.
However, from the observation of solar neutrinos and their oscillation between the different flavour eigenstates
it is known, that neutrinos have non-vanishing masses. One solution would be to simply add right-handed
neutrinos leading up to usual Dirac mass terms. There is also the possibility that neutrinos fulfil the Majorana
equation resulting in Majorana mass terms which would be an indication for physics beyond the SM.



fields are the mediator particles of the strong (gluons) and electroweak (W#, Z, «) interaction.

From experiments it is known that W and Z boson are massive, but the naive introduction
of mass terms for gauge bosons in the Lagrangian would violate the gauge symmetry. Therefore
the generation of gauge-boson masses in the EW sector of the SM is performed by the Higgs—
Kibble mechanism [9-13]. Therein the SU(2),, x U(1)y gauge symmetry is spontaneously broken
by the introduction of a scalar field with non-vanishing vacuum expectation value whereby an
invariance under the electromagnetic subgroup U(1)ey, is preserved. According to the Goldstone
theorem [72] three of the four gauge bosons become massive and the remaining massless boson
can be identified with the photon.

In order to generate fermion masses the naive way would be the addition of fermion mass
terms to the Lagrangian. Since such terms are not invariant under SU(2),, x U(1)y transforma-
tion these terms are forbidden. The generation of fermion masses is implemented by so-called
Yukawa-interaction terms which provide the most general renormalizable interaction between
fermions and the Higgs field. The couplings of the Higgs field with the massive W and Z bosons
are generated automatically by the covariant derivative in Ly.

Finally, the EW Lagrangian Lgw for the SM is given by

Lew = Lym + Ly + L, (1.2)

where the Yang-Mills part Ly, the fermionic part Lr and the Higgs part Ly are separately
gauge invariant. Thereby the Yukawa-interaction terms are included in Ly. Following the
conventions in Ref. [73] each of the parts will be discussed in one of the following sections.
Note, that the fermion part Lg only contains the EW interaction of fermions. The interaction
of quarks and of gluons via QCD is included in Lqcp and will be discussed in Section [L.1.5]
separately.

1.1.1 The Yang—Mills sector

The Yang-Mills part Ly describes the kinematical properties of the four gauge fields W, (a =
1,2,3) and B, of the gauge group SU(2),, x U(1)y. Thereby W denotes the isotriplet of the
weak isospin group SU(2),, with its generators I§,. B, indicates the isosinglet of U(1)y with
the hypercharge Yy. The electric charge operator @ is related to I3, and Yy via the Gell-
Mann—Nishijima relation

%
Q:]%V+TW_ (1.3)

The corresponding Lagrangian of the Yang-Mills part is given by

1
Lyn = _Z(@NWS - (()VWS + 925abCW£Wuc)2 (0uBy — 3,,BM)2 ) (1.4)

1

4
where gy and £%¢ are the coupling constant and the total antisymmetric structure constant of
SU(2)y. The covariant derivative reads

: a a .
D, =8, —igIo,We + zngWBH, (1.5)
where g; is the coupling constant of U(1)y.

1.1.2 The fermionic sector

In the SM weakly interacting left-handed fermions are arranged as isospin doublets ¥, =
(W] 4, W] ) of the weak isospin group SU(2),,. The index + is only used to distinguish between
the two entries in the doublet and ¢ indicates one of the three lepton or quark families. Each
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right-handed fermion field is arranged in a one-dimensional trivial representation of SU(2),,.
The prime in our notation at WU’ denotes the explicit basis where the covariant derivative (defined
in Eq. (1.5) is diagonal. In general, the ¥’ are not mandatory mass eigenstates.
We introduce left-handed and right-handed fermion fields as
1L 1 / 'R 1 /
where left-handed fields live in the fundamental two-dimensional representation of SU(2),, with
the generator [, = 0%/2 and ¢® denote the Pauli matrices given by

ol = <(1) (1)> , o2 = (? _OZ> , o = (é _01> . (1.7)

Right-handed fermions are associated with the trivial one-dimensional representation of SU(2)y,

with [, = 0 so that the go-term in Eq. vanishes. The hypercharge is chosen such that

the correct electric charge results from the Gell-Mann—Nishijima relation in Eq. .
Assuming the common convention where the left-handed doublets for leptons and quarks

are written as
/L VZ{L /L UQL
Li = l{L ) Qz - {L (18)

and the right-handed singlets are I/?, u/® and d/® the fermionic Lagrangian reads

i

Lr =Y (LHDLF + QLipQF)

(2

+ Z (IR PUR + @B Pul® + dRipdF) (1.9)

where we used the common abbreviation ) = 4#D,, and i = 1,2,3 denotes the generation
index for leptons or quarks.

1.1.3 The Higgs sector

In the previous section we outlined the interaction between gauge bosons and fermions and
we also mentioned before that naive mass terms of these particles are forbidden. In order
to generate masses of gauge bosons and fermions we use the so-called Higgs mechanism to
break the SU(2),, x U(1)y symmetry in such a way that the electromagnetic symmetry U(1)epn
remains. Therefore we introduce a complex scalar weak-isospin doublet, the Higgs doublet.
In order to achieve one neutral component of this doublet the hypercharge has to be Yy £ 1
(following directly from Eq. (L.3)). We use the common choice of Yy + 1 so that the Higgs
doublet contains a positive and a neutral component

O(z) = (23(%)) . (1.10)

The generation of gauge-boson masses is then implemented through the gauge-invariant cou-
pling of the Higgs doublet with the gauge bosons. Additionally it also couples to the fermion
via Yukawa couplings and creates the masses of all leptons and quarks. The corresponding
Higgs part of the Lagrangian reads

Ly =(D,®) (D'®) — V(d)
=) (DGR + QRGO + QPGNP + e (1.11)
2

1j7j (5] 1jg



where we introduced the Higgs potential

V(p) = 2 (®f0)” — 2old A >0, (1.12)
which describes the self-interaction of the scalar Higgs doublet with the coupling A and the
mass term p2. The Glfj denote the Yukawa coupling matrices of the fermion f and the charged
conjugated Higgs doublet is defined by ®¢ = ic?®* = (¢**(x), ¢ (x)). The covariant derivative
D,, was already introduced in Eq. .

The Higgs self-interaction (see Eq. ) leads to a non-vanishing vacuum expectation
value (vev)
242
By
To ensure that after breaking the SU(2),, x U(1)y symmetry a U(1)ey, is still preserved the non-
vanishing vev should only appear in the neutral component of the Higgs doublet. Therefore we

demand ,
QP = (% + Y7W> Py = ((1) 8) (Zg;) =0, (1.14)

Dy = (\%) , (1.15)

where the global complex phase was set to one. The solution ®q is neither invariant under
SU(2)y nor under U(1)y. With the aid of Eq. (1.15]) the Higgs doublet in Eq. (1.10]) can be
expanded as

(@) = %= =5 #0. (1.13)

with the solution

o) = (1 b)) 0@ =@ (1.16)
Lo+ na) + ix(@)] )
Therein the fields n(x) and x(z) as well as ¢*(z) and ¢~ (x) have vanishing vev. x(x), ¢*(z)
and ¢~ (x) are the unphysical degrees of freedom called would-be Goldstone fields which can
be eliminated by choosing the unitary gauge. n(z) represents the physical massive scalar Higgs
particle which is part of the SM particle content.

1.1.4 Physical fields

The easiest way to determine the particle content of the electroweak SM is to choose the unitary
gauge ¢© = 0 and y = 0 where all unphysical degrees of freedom vanish. In this gauge the
physical ones can be indentified with the eigenstates of mass and charge. Therefore we insert
O (z) from Eq. using the unitary gauge into the Higgs part of the Lagrangian (|1.11])

1 1
Ly ZZUQgSW,IWW + §02(92W3 + ngM)@QWSM +91B")

1
+ 5(@7})(8"77) — p*n? + trillinear and quadrilinear terms

1 - 1L v =
- E(v +) Y (FGLUR + w G 4+ dF G + hie) . (1.17)
1,

Hence, we can directly read off from the second term in line 2 the mass of the Higgs boson as
My = /2. We used the charge eigenstates W/f instead of W,}/ ? which are defined as

Wt =

I

(W, TiW3]. (1.18)
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The physical states of the neutral bosons can be determined by diagonalizing the mass matrix
via
AN [ Cw —Sw BIJ
()= (o =) (). o

g2
NS R

Finally, for the masses of the gauge bosons we obtain

v o/ v
MZ:§ g%—f—g%, M,\/EMA:O, MW:gg§, (121)

where A, is massless and can be identified with the photon, Z is the massive neutral gauge
boson with mass My and My, denotes the masses of the charged W bosons following directly
from the first term of line 1 in Eq. .

The generation of fermion masses is also induced by spontaneous symmetry breaking. The
fermion fields fl-/L/ R denote the eigenstates for lepton, up-type quarks and down-type quarks of

with the Weinberg angle

cw = cos by = Sw = sin By . (1.20)

the EW interaction. The connection between fi/L/ R and the physical states is given by
Z URfE, =) URNRE (1.22)
k

Therein U;; IL/R Qenotes the matrices which diagonalizes the Yukawa couplings Gf so that the
fermion masses are

mp; = V/_jizlﬂfLGJ (UIRT (1.23)

From this equation it follows directly that due to the absence of right-handed neutrinos no
gauge-invariant Yukawa interaction term for neutrinos exists and so in the SM neutrinos remain
massless. Because of that we can choose an arbitrary neutrino matrix UZ;CL. We employ

vE=> Ui, (1.24)
k

in such a way that all lepton-W-boson interaction terms are diagonal in Ly. In contrast, the
interaction terms between up-type or down-type quarks and W bosons is altered by additional

factors
V= YU (125
k

This unitary matrix characterizes the mixing between different quark families and is known as
the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

With the relations summarized in this section the parameter set given by g1, go, A, 12, G',
G* and G can be transformed into an alternative collection

e, My, Mz, My, my;, Vij, (1.26)

whose values are directly accessible by experimental measurements. Thereby the electric charge
e is defined as e = v4ma and its relation to g; and go is given by

_ 9192
9 + 93

(1.27)



1.1.5 QCD Lagrangian

The gauge group of the SM given in Eq. also includes the colour group SU(3)¢ which de-
scribes the strong interaction between quarks and gluons known as quantum chromodynamics.
Gluons are the gauge bosons of the SU(3)¢ and quarks transform as triplets in the fundamental
representation. Because of the non-Abelian structure of the group SU(3)¢ self-interaction of
the gluons exists. The QCD Lagrangian reads

1 _
Lac = —7 (0,6}, — .G, + g, FGHG) + ) gelilh e — Mgbe g (1.28)

q,cc!

where the first term is a Yang-Mills Lagrangian describing the kinematic properties of gluons.
The strong coupling constant g, = /4ma; is defined analogous to e in Section [LT4l ¢ denote
the structure constants of the SU(3)¢ and their generators are the Gell-Mann matrices A* with
a = 1,...,8. Furthermore Lqcp contains a second term which characterizes the interaction
between quarks and gluons. Therein v, . indicates the quark fields with flavour ¢ = u, d, s, ¢, b,
and colour index c. The quark mass is labeled by m, and the covariant derivative is defined as

-gs a a
D,u,cc/ = auécc/ - Z§ACC/GN7 (129)

where in Locp we used D = YD, . Note that since we discuss the QCD and EW La-
grangians separately the partial derivative 0, appears two times in Eqs. (1.5) and (1.29)). How-
ever, in the total Lagrangian (which combines the EW and the QCD part) it only appears
once.

1.1.6 Gauge fixing, Faddeev-Popov ghosts and quantization

Theoretical predictions in perturbation theory require to define Feynman propagators for gauge
bosons. Therefore we have to choose a specific gauge for the gauge bosons which leads to an
additional gauge-fixing term Lg, in the Lagrangian. In order to ensure the independence of
the specific gauge fixing we follow the procedure introduced by Faddeev and Popov [74] where
a second term Lpp is added to the Lagrangian. Then, the effective renormalizable Lagrangian
for EW and QCD are given by

Lewet. = Lew + Lew fix + Lew FP
Lacpe. = Laep + Laep,ix + Loep,Fp (1.30)

with Legw and Lqocp defined in Egs. (1.2)) and (1.28).

EW theory
Choosing the linear gauge fixing (R¢-gauge)

FE = (V) 20" Wi F iMw (&) 26*,

F? = (¢0)720"2" — My(&5)2x

F7 = ()20 A, , (1.31)
and the 't Hooft gauge with £ = £5 = 1 leads to the gauge fixing Lagrangian

1
Lew ix = -3 (F')? 4+ (F%? 4 2FTF | . (1.32)
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The effects of the Lgw sx Will be compensated by the Faddeev—Popov term

oF“
_ g B
where 4*(x) and v’ (z) (o, 8 = £,7,7) denote the Grassmann-valued ghost fields which are
independent of each other. §F'* indicates the variation of the gauge fixing operator under an
infinitesimal transformation §6°.

QCD
Following the same strategy as for the EW theory we choose a specific gauge fixing
FO = (£9)720"G,, (1.34)
with the corresponding Lagrangian
1
Lqcp fix = Q(FG)2 - (1.35)

The Faddeev—Popov term in QCD is
Lqoppe = —u® (2)0" DiPut(x) (1.36)
where we introduced Dy¢ (a,c=1,...,8) as

D = 8,8% — g, [ G, (1.37)

1.2 Renormalization

In Section [LI] we discussed the Lagrangian of the SM which depends on a set of parameters
defined in Eq. . At tree-level these parameters are directly accessible by experimental
measurements. However, going to next-to-leading order (NLO) this is no longer the case. More
specifically, this means: the original “bare” parameters appearing in the Lagrangian and the
measured values differ by a UV-divergent part and finite contributions depending on the explicit
scheme. In order to make the parameters in the Lagrangian again accessible by experimental
measurements it is necessary to redefine them. This redefinition is called renormalization.

1.2.1 General procedure

A priori, two steps have to be done during the renormalization procedure:
1. redefinition of fields and parameters and
2. solve renormalization conditions

leading to finite propagators and Green’s functions. For the functional relation between the
bare parameter and the renormalized one we use the counterterm approach

Po =P+ 6P, (1.38)

where Py is the original unrenormalized parameter. P is the renormalized one which can be
related to the experimentally measured value and 0P denotes the renormalization constant
(counterterm) which contains the UV-divergent component and finite contributions, depending

11



on the renormalization scheme. The counterterm will be fixed by a renormalization condition
which relates the bare parameter and the renormalized parameter. In general, this condition can
be chosen in a wide range but the choice of the renormalization condition affects the physical
predictions. Finally, after applying the counterterm approach to all parameters and fields a
renormalized Lagrangian can be deployed via

Lo=L+0L. (1.39)

Therein Ly and £ have the same form but £ depends on the renormalized parameters and fields
instead of the unrenormalized ones. dL£ contains the additional contribution resulting from the
renormalization constants.

1.2.2 The complex-mass scheme

In this thesis we focus on the W~ and Z~v production processes including the leptonic decay
of the vector bosons so that W and Z bosons only appear as intermediate unstable particles.
Therefore we need a description of particle resonances in perturbation theory. This requires a
Dyson summation of self-energy insertions which automatically leads to a mixing of different
orders in perturbation theory, thus, potentially breaking gauge invariance. For a proper descrip-
tion of the resonant vector-boson propagators we use the complex-mass scheme (CMS) [75-77]
where the masses of the vector bosons are consistently treated as complex quantities

defined as the propagator poles in the complex plane. These complex values will be used in
all propagators and couplings of the Lagrangian. The CMS fully respects gauge invariance and
consequently the underlying Ward identities are fulfilled and no dependence on the gauge fixing
procedure remains. As a consequence of Eq. the EW mixing angle becomes complex as

well

113y

fizz

The application of the CMS at tree-level by using Egs. and in the Born amplitudes
leads to additional terms of O(I'yv/My) = O(a) (see Ref. [76]) which are formally part of the
NLO contribution.

We now follow the procedure explained in Section [[.2.] Initially, the real bare parame-
ters of the vector-boson masses are expressed by renormalized complex masses and complex
counterterms

2 _ 29 _ 2 _
cyw =cos” Oy =1— sy =

(1.41)

Mgy o = iy + 01y Mg o = pi + dpy (1.42)

and the vector boson fields also are split in a complex field and a complex renormalization
constant

+ o + ZO o 1 + %5ZZZ %(5ZZA Z
Wi = (1+0Zw)W*, (Ao =z 12z A) (1.43)

We outline the renormalization procedure in the CMS for all values which are used in the
explicit calculation of W~ and Z~ production. Since the renormalization of the Higgs mass,
the Higgs field and the mass of the top quark are not relevant for our needs, we will not discuss
their renormalization. As a first step we introduce the renormalized transverse (T) gauge-boson

12



self-energies X as

SV (k) = SV (k) — opdy + (K% — 1y)6 2w
SR = SE (k) — opg + (K — 13)0 22z,
SAA(E?) = SAMK?) + k25ZAA,
SAZ(K?) = A% (K?) IyrE 50Zaz + (k* — u%)%(szm, (1.44)

where Y denotes the corresponding unrenormalized self-energy. The photon field is labeled
as A. pdy/pg and dud;/opz describe the renormalized complex vector-boson masses and the
complex counterterms, respectively, which are defined in Eq. .

The mass counterterms are fixed by the following renormalization conditions

SY(u) =0, SF(uz) =0, (1.45)

so that the renormalized masses are equal to the location of the propagator poles in the complex
plane of the momenta. The solutions of these conditions are

Oy = 58 (), Opy =S (u3) . (1.46)
The following conditions
£37(0) =0, S¥%(puz) =0,
S ) =0, EPGp) =0,  NpA0)=0, (1.47)

fix the field renormalization constants. The explicit results are

2 2
0277 = EE%Z(O) ) 0Zpz = __QE%Z(/‘L%) )
Z z
02w = —E&W(M%\/) ) 0277 = —E/TZZ(M%) ) 0Zpn = —ZITAA(O) ’ (1.48)

where we used the abbreviation ¥ (z) = 0% JOp?|2=r. 62w applies to Wt and W~ fields
because the sign of its imaginary part is fixed by the conditions in Eq. and does not
change when going from W+ to W~.

The renormalization of the complex weak mixing angle is applied via

Cw,0 = Cw + 5Cw s SW,0 = SW + 58w . (149)

From its definition in Eq. (1.41]) it can be easily derived that

o 2,0 2 [ 0ud Sz
W DWW _w <’“‘2w_ "QZ) (1.50)
Sw Sy Cw 25y \ Hay 17
For the renormalization of the fermion fields we use
1
fg=>0+ §5Zf,g)f", oc=LR, (1.51)
where the explicit renormalization constants read
021, = =X (m2) — m? [2 PR(m2) + 2Pl (m2) + 2Z/f’s(m?)] . o=LR. (152

Therein the calculation of the self-energies is applied with the complex weak mixing and complex
vector-boson masses from Eqs. (1.41)) and (1.40) so that 02, becomes complex itself. In
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Eq. the superscripts R, L and S describe the right-handed, left-handed and scalar parts
of the self-energies. Note, that even in the limit m? — 0 the second term in Eq. leads to
finite contributions due to terms oc 1/m7 in '/ 7 (m3).

For the renormalization of the electric charge we start with

co=c+de=c(l+0Z,). (1.53)

The renormalization constant can be derived from the eey-vertex in the Thomson limit (sub-
script a(0)). In CMS it reads

e
_6

1
a(0) - EZTAA(O) B

sw 237(0)

02,
|a(0) w2

(1.54)

The masses and couplings are treated as complex quantities in the loop integrals and so § Z, also
becomes complex. Assuming that the bare value of the electric charge e is real the imaginary
part has to vanish and therefore the imaginary part of §Z, is directly related to the imaginary
part of the self-energies. While the dominant contributions to W~ and Zv production arise
from regions of the phase space where the vector bosons are on their mass-shell the Thomson
limit describes the energy region with p*> — 0. In order to consider the running of o from
this limit to the EW scale p* = Mg, we have to deal with logarithms of the fermion masses
inducing large corrections proportional to o In(m?/5) (for more details see Ref. [76]). Following
Ref. [76,78] we use the Gp-scheme where a can be derived from the experimental measured G,

by
2 M3
ag, = £GMJW\%V (1 - —Vg) =a(0)(1+Ar), (1.55)
T M;
where we introduce (for details see Ref. [79])

s - S (S SR0R)) | O )

s\ Hg Hiv v
YAZ(() 7 — 453
+ o W =1 2( ) + 042 (6 —ZSW In C%v)
Swo My 4msiy 2535y
2
c
=Aa — STWAp + Ariem (1.56)

w

where A« contains the corrections proportional to aln(mfe /8), Ap denotes the corrections to
the p-parameter which contains corrections oc m? from a large mass splitting in the top-bottom
isospin doublet. All other terms are represented by the remainder Ar,.,,. In our calculation we
then use the modified renormalization constant

1
0Ze| o) = 02| gy = 0Ze] g = 5AT (1.57)
which considers the effect of the running a from the Thomson limit to the EW scale.
In this thesis we assume external leptons and quarks as massless stable particles so that we

do not have to renormalize their masses. Since W~ and Z~ production are purely EW processes
at LLO we do not discuss the renormalization of the strong coupling constant c.

1.3 The parton model

The empiric fact that quarks and gluons can never appear as asymptotic states (colour con-
finement) allows scattering experiments only between colourless external bound states of the
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Figure 1.1: A schematic representation of the hadronic scattering process defined in ((1.58)),
where f denotes the FS configuration of interest and X captures any additional activity from
the hadron remnants. Image taken from Ref. [82].

strong interaction. The description of the structure of these bound states, called hadrons, is not
possible within perturbation theory and the knowledge about their constituents results from
experimental measurements. However, a theoretical description is provided by the so-called
parton model [80,81], where hadrons are assumed to be strongly coupled, composite objects.
Their point-like constituents are called partons and can by identified with quarks and gluons.
Theoretical predictions about scattering processes with external hadrons then also require the
precise description of the hard scattering process which defines the perturbatively accessible
interaction between the hadron constituents (quarks and gluons).

1.3.1 Hadronic cross section

In high-energy collisions the masses of the hadrons and the partons can be neglected and
the parton model allows to factorise the hadronic cross section into process-independent non-
perturbative contributions capturing the structure of the hadrons and a partonic cross section
of the hard scattering process which can be calculated with purely perturbative methods. In
order to describe the calculation of the hadronic cross section we start with the following generic
process

A(pa)+ B(pp) = [+ X, (1.58)

where the two incoming hadrons A and B with momenta p4 and pg are moving fast along the
beam axis so that their transverse momenta are zero. f denotes the final-state (FS) particles of
the hard scattering process and X represents the remnants of the two initial-state (IS) hadrons.
The hadronic scattering process is illustrated in Fig. [1.1]

The momenta of the incoming partons a and b are related to the hadron momenta via

Pa = TaPA, Po = TvPB , (1.59)

where z,, 3, describe the momentum factions x5 € [0, 1]. At leading-order (LO) the hadronic
cross section is defined as

1 1
doap—r(pa,pB) = Z/ dﬂca/ dxy [fé?/);(%)fb(ﬁ;(xb) dc}gb—n‘(paapb) ; (1.60)
7 Jo 0

where 67, ,; denotes the Born-level partonic cross section of the process ab — f which is

(0

free of any IR singularities. f ‘2‘ and fb(ﬁ; represent the non-perturbative parton distribution

functions (PDFs) describing the number density for finding a parton a/b with the momentum
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fraction z,/x; of the corresponding hadron. The PDFs are universal meaning that they are
completely independent of the actual scattering process. They can be extracted e.g. from
lepton—nucleon deep-inelastic scattering (DIS) experiments and then can be used to calculate
theoretical predictions of proton—proton collisions at the LHC. In Eq. the integration
over z,/y is done over the range [0,1] and the sum }__, considers all possible pairs {a, b} of
IS partons.

1.3.2 Labratory and partonic centre-of-mass frame

Since we choose the beam axis along the x3-direction the four-momenta of the IS hadrons can
be parametrized in the centre-of-mass frame of the hadrons via
S \/g

pl‘g = 7(1,0,0, +1), p/é = 7(1,0,0, —1), (161)

QI

where s = (pa + pg)? denotes the squared hadronic centre-of-mass energy. With the partonic
momenta defined in Eq. ((1.59) it follows

P :xa§(1,0,0,+1), P :xbg(l,0,0,—l). (1.62)

The centre-of-mass frame of the hadrons is also called laboratory (lab) frame and the momenta
in this frame are used for the event selection and the histogram binning. However, usually
the partonic cross section is calculated in the centre-of-mass frame of the partons. In order to
transform the momenta between both frameworks, the lab frame and the partonic centre-of-
mass frame we define the boost parameter

kR

ﬁab_kg‘i‘kg,

(1.63)

where k,/, describe the momenta of the partons a and b in the lab frame and the superscript
“0” and “3” indicate the zeroth and third component. The momenta k! of the FS particles
then can be transformed from the lab frame to the centre-of-mass frame of the partons via

RO = yap (K0 = Bu k2)

[p—_
B2 = k2
k2 = ap (K — B kY) (1.64)

where the centre-of-mass momenta are labeled by a hat and ~,, = \/1 — 2,. For the momenta
of the IS partons we find

ﬁg = é(]‘?O?O?_'_]‘)? ﬁg: §(170707_1)7 (165)

where the partonic centre-of-mass energy is defined by § = x,x,5 = 7s.

1.3.3 Partonic cross section

On the experimental side the differential partonic cross section dgy, , ; introduced in Eq. (1.60)
can be formulated as a purely phenomenological quantity with
d&ab_”c _ 1 dnf((’)])
dO; Ly, dO;

(1.66)
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where L;, represents the luminosity of the incoming particles and the quantity O; describes an
experimentally well-defined observable derived from the momenta of the F'S particles in the lab
frame. n; denotes the number of events per time which is directly related to the integrated
cross section via

d&ab f ~
ny = Eln/dO] |: d@j :| = »Cin Oab—f - (167)
On the theoretical side the unpolarized integrated partonic cross section can be expressed as
. 1 —— - N
Uab—)f(paapb> = 2_§/d¢(n)(pa;pb;kl7°"akn)|Mab—>f(pa7pb;k17"'7kn)|2F( )({O]}) ) (168)

where 8 = (p, + py)? denotes the squared partonic centre-of-mass energy. The function F)
symbolizes the application of the event selection cuts acting on a set of well-defined observables
{O,}. It equals one if an event passes the cuts and equals zero otherwise. The phase space
integration (based on the parton momenta in the lab frame) is described by @,y and is usu-
ally performed by Monte Carlo methods (for technical details see Chapter [A]). In Eq.
| M b s|? represents the scattering amplitudes,

M., .2 = 1 2
[ Manssl? = n(cq)n(cp)n(oq)n(op) Z Z Z Z Mool (1.69)

CasCh Cf Oay0p OFf

averaged over colours (cq;,) and helicities (0,/5) of the IS partons and summed over colours and
polarizations of the FS particles. In case that the final state contains m identical particles the
r.h.s. of Eq. (1.69) has to be multiplied by (1/m!).

1.3.4 Parton model for NLO calculations

The naive parton model described so far proceeds on the assumption that all IS partons are
considered to be massless. However, in calculations beyond LO this would lead to IR singu-
larities originating from collinear splittings of IS partons so that the hadronic cross section
defined in Eq. with an NLO partonic cross section including IR singularities is not IR-
safe. The cancellation of the IR singularities as specified by the KLN theorem [83}84] requires
an inclusive treatment of all external states. Since in the naive parton model the case where IS
hadrons cause collinear splittings in the initial state is not captured a fully inclusive treatment
is not possible. Accordingly this would result in an incomplete cancellation of singularities with
collinear origin.

The singular structure of IS collinear divergences turns out to be universal, meaning that
they are independent of the specific scattering process. Therefore they can be attributed to the
partonic structure of the hadrons by a redefinition of the PDFs. This procedure is similar to
the renormalization discussed in Section [L2] The PDFs fg| 4 introduced in Eq. then are
considered to be bare distributions and the collinear singularities are absorbed by a redefinition
faa(@a) = fiF (e, ui). In order to illustrate the shape of PDFs we show in Fig. [[.2] the
distributions x f,p(x, uf) for the factorization scale up = Mz provided by the NNPDF2.3QED
NLO set [85].

The hadronic cross section then can be generalized to

1 1
daAB%f(pAapB) - Z / dxa / dxb [ffiﬁ.(xa7 M%‘)flﬁ‘BS(xm :U’%‘) da’ab%f(paapln MI%‘)] ) (170)
ab 0 0

where “F.S.” indicates the factorization scheme and i is the factorization scale. The IR-safe
partonic cross section is denoted by 4. It can be derived from the “bare” partonic cross
section via

a-ab—>f<pa7pb7 MI%‘) - Uab%f(paapb) + O-Sb*)f(ptmpba M%‘) . (]—71)
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Figure 1.2: The momentum distribution of the parton inside the proton as described by the
NNPDF2.3QED NLO PDF set. Image taken from Ref. [82].

Therein the long-distance contributions o s t(Pa> P, p2) caused by IS singularities were re-
moved from the “bare” partonic cross section and absorbed into the redefinition of the PDFs.
The redefinition of the PDFs (f, and f,) is then given by

2T z

2 1
Jar @) = Jyp (2, 15) = aQq/ = pg (Zo02)
2

fin (1) 1Py (), = 1Py () @I (1= 2) 4 DL, + O ()

q
- 3—27: / - fyip (;,u%) {ln (EFQ) Py, (2) + Cﬁf} , (1.72)
r q

for quarks and the analogous redefinition for antiquarks. The redefinition of the photon-PDF
reads

aQ? Ladz x
@)= e o) = 52 3 [ ()

X {m (7’;—%) Py (z) = Py (2) (2In(1 = 2) + 1) + C55 (z)} . (1.73)

q

Therein z is the energy fraction carried by the parton coming from a proton, m, and @, are
the mass and the charge of the quarks, respectively. The splitting functions are defined as

1 2 1 1—2)?
O It Nt LY VIS e SR Y
and [...]+ denotes the usual (+)-distribution prescription

/de[f(l’)hg(x):/o dz f(z)lg(z) —g(1)], (1.75)
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with g(z) representing a smooth test function. The coefficients C]}’;fs', C?;YS' and CE fS' define the
factorization scheme. In this work we consistently use the NNPDF2.3QED [85]. Actually the
O(a)-corrected NLO PDF set NNPDF23 is only of LO with respect to QED corrections, i.e.
they do not uniquely define a factorization scheme, but they should be most adequately used
in a DIS-like factorization scheme for QED corrections (see Ref. [86] for arguments), so that

1—2 3 9+ 5z
cCPBS = |p 1 - =

1—
C?&S:va(z)ln 2—822+8z—1,
eI — _omis, (1.76)
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Chapter 2

Gauge-boson production in association
with a photon at NLO

2.1 Process definitions at LO

The production of a leptonically decaying gauge boson in association with a photon includes
four types of processes. For the W production the corresponding partonic LO process is

w;dj — 1Ty, (2.1)
and for the charge conjugated process of W~ production we find
U; dj — l_ﬂl . (22)

Therein w;, 4;, d; and d; indicate up-type quarks and antiquarks and down-type quarks and
antiquarks of the first two generations (i,7 = 1,2). The charged lepton as well as the corre-
sponding neutrino/antineutrino are labeled as [ and v;/7;, where [ = e, u. The LO Feynman
diagrams for process are shown in Fig.

The production of a Z boson in association with a photon includes two types of processes.

GG — 1717, (2.3)
QG —> vy

While in process the final state contains two charged leptons as decay products of an
intermediate Z boson or photon in process the Z boson decays in two neutrinos. ¢;/g;
indicate quarks and antiquarks of the five light quarks ¢; = u, d, s, c,b. The corresponding LO
Feynman diagrams are shown in Figs. and While for the process defined in Eq.
we assume [ = e, j for the process defined in Eq. the final state includes three families of
neutrinos v, = Ve, Vy, Vr.

Figure 2.1: LO Feynman diagrams for the partonic process ({2.1)).
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Figure 2.3: LO Feynman diagrams for the partonic process (12.4)).

2.2 Virtual corrections

We compute the virtual QCD one-loop contributions to order O(a3as) and the virtual EW one-
loop diagrams to order O(a?). Technical details about the calculation of the emerging one-loop
integrals will be discussed in App. The QCD corrections to the partonic processes defined in
f include contributions from self-energy, vertex and box (4-point) diagrams only. For
W~ production as well as for the neutrino process there are 10 QCD one-loop diagrams.
The Z~ production process with two charged leptons in the final state includes 26 QCD one-
loop diagrams. The virtual EW one-loop diagrams additionally involve pentagon diagrams.
The structural diagrams for self-energies, vertices and boxes of the EW NLO corrections for
processes and ([2.3)) are given in Figs. and Figs. , respectively the pentagons
are shown explicitly in Figs. 2.7 and 2.11]

For the W~ production processes there are about 280 virtual EW one-loop diagrams. The
Z~ production where the final state contains two charged lepton comprises roughly twice as
much diagrams because for almost all internal Z bosons the identical diagram with an internal
photon exists. Due to the uncharged final state of process the number of virtual diagrams
is much lower than for process . The number of virtual one-loop diagrams for all processes
are summarized in Table .11

Figure 2.4: Self-energy corrections to the partonic process (2.1)).
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’ Process \ Self-energy Vertex Box Pentagon \ Total ‘

W~ QCD 2 6 2 10
W~ EW 124 90 50 16 280
Zy(IM17) QCD 4 20 4 28
Zn (1) EW 220 216 81 19 536
Z~(vv) QCD 2 8 2 12
Zr(v) EW 60 04 37 6 197

Table 2.1: Number of virtual one-loop Feynman diagrams for the partonic processes defined in
—. We show the total number of virtual diagrams as well as the number of self-energy,
vertex, box and pentagon diagrams separately. Therein triangles with an effective gZ~ and
gy (which only appears for Zy(I*17)) vertex are included in the QCD vertex corrections of
Z~ production. W+ indicates the W~ production or the charged conjugated W=~ production
separatly.

Figure 2.5: Vertex corrections to the partonic process (2.1)).

I+ It It I+
U
l U 14/
u v d vy u
d d d
Y p d - Y

Figure 2.6: Box corrections to the partonic process (2.1]).
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Figure 2.9: Vertex corrections to the partonic process ¢q — 717 7.
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Figure 2.11: Explicit pentagon diagrams for the partonic process ¢q — (11~ .

2.3 Photon—photon-induced contribution

The partonic process defined in (2.3 implies the final state [T/~ which also can be produced
by

vy =1y, (2.5)

which is a pure QED-process and does not include any intermediate vector boson. The Feynman
diagrams for this process are shown in Fig. Due to the two photons in the IS the partonic
cross section will be convoluted two times with the small photon-PDF's and these contributions
are expected to be small. For this reason we will give results for its contribution separately
and do not consider NLO EW corrections to this LO process. Since this process only contains
charged leptons as intermediate particle there are no QCD corrections.

2.4 Real corrections

In general, real corrections are induced by the radiation of an additional photon or QCD parton.
For W~ and Z~v production they can be divided in three sub-contributions: quark—antiquark-
induced EW, photon-induced and QCD corrections.
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Figure 2.12: 79-induced LO diagrams for the process (2.5)).

2.4.1 Real quark—antiquark-induced EW corrections

The quark—antiquark-induced EW corrections are given by the following partonic processes

wd; — Ty,
@G q — 1Ty,
q: qi —> iy .

The corresponding Feynman diagrams for the processes and are shown in Figs.
and [2.14] While the production of two charged leptons in [2.7] involves photon emission from IS
and FS radiation the photons in the neutrino production process ([2.8) result from IS radiation
only (corresponding to the first six diagrams in Fig. [2.14)).

Contributions from the partonic processes — contain singularities from soft photons
and collinear fermion—photon configurations. The soft divergences completely cancel against
corresponding contributions from virtual corrections. In contrast, the cancellation between
collinear divergences of real and virtual corrections is only partial. As discussed in Section [L3]

remaining collinear singularities from photon radiation off IS partons are absorbed into the
PDFs by a redefinition.

The cancellation of singularities due to photon radiation off F'S leptons depends on the event
reconstruction procedure. Hence, two cases should be considered. The first case describes a
F'S electron which can not be separated from collinear photons at the LHC because a collinear
electron—photon system will be detected as only one shower in the electromagnetic calorimeter.
In order to simulate this circumstance the electron and the photon will be recombined in the
collinear phase-space region which results in a complete cancellation of the IR singularities
(as specified by the KLN theorem [83,[84]). This case is called the collinear-safe (CS) case.
The second scenario describes a FS muon. While the photon again will be absorbed in the
electromagnetic calorimeter the muon leads to a signal in the muon chamber. Since muon
and photon can be separated also if they are collinear they should not be recombined in the
calculation. This scenario with a separation of “bare” muons and photons is called the non-
collinear-safe case (NCS). Here, the KLN theorem can not be applied and the subtraction
procedure has to be extended. As we will point out in detail in Sections [3.2.3] this leads
to additional logarithms of the lepton mass which remain in the cross section. The technical

details about the formalism we use to treat the soft and collinear singularities are outlined in
Section 3.2
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Figure 2.13: Feynman diagrams of the quark-antiquark-induced real EW corrections for the
partonic process ud — [ty 7.

2.4.2 Real QCD corrections

The real QCD corrections at NLO include quark—antiquark induced and gluon-induced contri-
butions. The corresponding channels for Wt~ production are given by

uicfj —)l+Vl’yg,
u; g — l+V17dj,

dig— 1Ty (2.9)

and the Feynman diagrams for the quark—antiquark induced partonic process are shown in
Fig. [2.15] The gluon-induced diagrams can be derived via crossing. The partonic processes for
Z~ production with two charged leptons in the final state are

@ — 1" g,

a9 =1 v,
With the Feynman diagrams for the partonic process ¢ g —— (71~ ~ shown in Fig. gluon-
induced diagrams are again related by crossing symmetries. The partonic channels for Zvy with
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Figure 2.14: Feynman diagrams of the quark—antiquark-induced real EW corrections for the
partonic process qq — [T1™ .

two neutrinos in the final state read

q: q;i > g,
49— vy g;,
qGig— vy Q. (2.11)

The Feynman diagrams for the first partonic process in (2.11]) results from the diagrams with
intermediate Z bosons in Fig. by replacing charged leptons with neutrinos. Since photons
do not couple to neutrinos the corresponding diagrams in Fig. do not exist for the neutrino
process. Finally, Z~ production with two neutrinos contains half as much diagrams as the
process with two charged leptons in final state. The diagrams for the gluon-induced can be
derived via crossing symmetries.

For the treatment of IR singularities and its extraction from the real amplitudes the dipole-
subtraction formalism a la Catani-Seymour [87,88| is applied. All channels of the partonic
processes given in Eqn. ([2.9), and have the similarity that the final state contains
a photon and a jet which potentially can become collinear. Experimentally there is no way
to distinguish if a collinear photon is a result of the partonic process or generated during the
hadronization process. Therefore a well-defined procedure for the handling of photons and
jets is necessary. In this thesis we apply two methods for this aspect, namely, the method of
democratic clustering in combination with a quark-to-photon fragmentation function and the
Frixione isolation scheme. Both methods will be discussed in detail in Section 3.5
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Figure 2.15: Feynman diagrams of the quark—antiquark-induced real QCD corrections for the
partonic process ud — [ty 7.

Jr
g Z/y!

Figure 2.16: Feynman diagrams of the quark—antiquark-induced real QCD corrections for the
partonic process qq — [T1™ .
2.4.3 Real photon-induced EW corrections

The real photon-induced EW corrections include the following partonic channels for Wt~y
production

u; vy — l+ylvdj,
diy — vy, (2.12)

For Z~ production contributions from

@Gy = U v,

Gy =Ty G. (2.13)
respectively

Gy — Ny g,

Gy — U G- (2.14)

have to be taken into account. All these channels can be derived from the quark—antiquark
induced EW corrections by crossing one of the photons to the initial state and the quark or
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antiquark to the final state. Since the FS signature for photon-induced corrections is the same
as for the partonic processes of the real QCD corrections the identical treatment of collinear
photon—jet configurations (mentioned in Section and discussed in detail in Section B.5]) will
be applied. The real matrix elements of the processes (2.12)) and (2.14)) include singularities from
the splittings discussed in Section B.2land collinear splittings v — ff* discussed in Sections 3.3l
For process we additionally have to consider the f — f~* splitting which leads to a
photon entering the LO matrix element as IS particle. However, due to charge conservation
a corresponding LO process with IS photons does not exist for W~ production and due to
the absence of a photon—neutrino coupling there is also no LO process with IS photons for
pp — vvy. The f — f~* splitting is discussed in Section 3.4]
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Chapter 3

Dipole subtraction in NLO calcuations

In this chapter we review the basic concept of the dipole subtraction formalism and summarize
the most important formulae. Therefore, we briefly outline the basic concept of this formalism
in Section 3.1l In Sections 3.2, and the different types of fermion—photon splittings and
their explicit subtraction functions will be discussed. Section .5 is dedicated to the aspect of
collinear photons and jets in the final state. Therein we present two different methods for the
treatment of this issue.

3.1 General strategy

The calculation of real NLO corrections necessitates the computation of the phase-space integral
[d®, |j\/lrea1]2. The real matrix element ]./\/l]rea1|2 in general contains soft and collinear singu-
larities which complicate the numerical integration. This difficulty is approached by the dipole
subtraction formalism. The basic idea is the introduction of a subtraction function ]./\/lsub|2
with the same asymptotic behaviour in the soft and collinear regions of the phase space as
the real matrix element. The generic procedure where the integral of the auxiliary function is
subtracted and re-added back is given by

/dq)l ‘Mreal|2 = /dq)l (|Mrea1’2 - |Msub|2) + /dq)l ’-/\/lsubl2 (31)
where ®; indicates the (N + 1)-particle phase space of the full real emission process. The

subtraction term f dd, |/\/lsub|2 has to fulfil two requirements:

1. It completely contains the singular behaviour of [d®; |/\/lrea1|2 so that the first term on
the r.h.s. of Eq. (3.1) is non-singular and can be integrated numerically easily.

2. It is possible to integrate out analytically the phase space of the radiated particle so that
the phase-space integral can be factorized into a non-radiative part f d®, and the part of
the additional radiated particle [[d k.

Therewith an analytical cancellation of singularities between the real and virtual corrections is
possible.

If the subtraction function fulfils the upper conditions the phase-space integral in the second
term on the r.h.s of Eq. can be factorized in the following way

/dcp1 = /dcbo ®/[dk], (3.2)

and so finally the integral of the real matrix elements transforms to
/dq)l |-/\/lreal|2 - /dq)1<|Mrea1’2 - |Msub|2> + /déo ® (/[d k]|Msub’2> ) (33)
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where @, denotes the (N)-particle phase space of the non-radiative process. In general, the
subtraction function [Mgy|” is constructed with a LO matrix element |Mo|* and a process-

independent auxiliary function g}sfu,b),

(sub
‘Msub,ff/‘ chff’) ’MO‘ ) (34)

where the pair of indices f f’ describes an arbitrary emitter—spectator combination. The emitter
[ is the charged particle which radiates the photon and the spectator is denoted by f.
Eq. (3.3)) the phase-space integrations [d®; and f d(IDO do not contain any singularities because

the complete singular behaviour is mduded in gf f After the analytic integration of [[d k]
the second term on the r.h.s of Eq. (3.3)) can be combmed with the virtual corrections. Thereby
the corresponding virtual Counterparts will compensate the singularities so that we end up with
finite contributions only. Each of them can be easily integrated with numerical methods.

In the following section based on Ref. [89] we provide an overview about the subtraction
procedure for photon radiation off fermions which is needed for the calculation of the quark—
antiquark-induced real EW corrections defined in Egs. (2.6)-(2.8). We will also summarize
the extension concerning photon radiation off F'S ferrmons to processes with non-collinear-safe
observables worked out in detail in Ref. [90]. Since we will need additional subtraction functions
for the calculation of the photon-induced EW corrections we provide an overview about the
most important formulae for v — ff* splittings and f — f~* splittings in Sections B.3 and
.4l This overview follows Sections 3 and 5 of Ref. [90].

3.2 Photon radiation off fermions

The subtraction function |Mgy|* can be constructed out of the squared Born-level matrix

element |/\/lo|2 and the generic dipole function g;sfu,b),

~ 2
(Mo (@1)[* = = >~ Qs0sQpope’ gy (ns,ppr, k) ‘Mo (‘Po,fffﬂ : (3.5)
AT

where py, py, and k are the emitter, the spectator, and the photon momenta, respectively. Q¢
and @)y describe the charges of emitter and spectator and the sign factors oy, indicate the
charge flows taking the values +1(—1) for incoming (outgoing) fermions or outgoing (incoming)
antifermions. Here, the projection of the (N + 1)-particle phase space ®; to the (IV)-particle
phase space is denoted as CI~>07 7 where the additional indices f f’ describe a specific combination
of emitter f and spectator f’. For each combination ff’ in general a different mapping is
necessary. If we denote the momenta of ®; by py, pyr, k and {k,} (all remaining momenta) and
the momenta of @ 1 by D, pyp and {k } the transition between the two phase spaces obeys

Py Pss Py Pt {k.} 0 ka (3.6)
in the soft limit and
) —> i k Da —> aPa 5 r — / ]%n — kn )
Di P + Do == ap Dy o P { }pfk—>0{ } (3.7)

in the collinear limit. Therein z, is the energy fraction of the IS fermion after photon emission
Pa — K
pa
Here and in the following sections we follow the common convention to use indices a, b only
for IS fermions and indices i, j only for FS fermions. As indicated in Eq. (3.7)) IS emitter and

Ty =

(3.8)
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Figure 3.1: Effective diagrams for photon radiation off fermions.

FS emitter result in different phase-space transitions. The different cases of emitter—spectator
combinations are also illustrated in Fig.[3.1 In this thesis we only take into account light
fermions which means that we neglect their masses whenever it is possible. In the following
sections we summarize the most important formulae for all emitter—spectator combinations.

3.2.1 Initial-state emitter and initial-state spectator

For an IS emitter a and an IS spectator b the schematic diagram is shown in the upper left
part of Fig. 3.1} In this section we strictly follow the conventions and ideas in Ref. [89).
Introducing the abbreviations

_ DaPb — Pak — Dok Pak
PaPb PaDb

(sub)

abr QL€ defined as

the dipole functions ¢

g(sub) _ 1 2 _q_ T
abrk (pak)xab 1— Lab ’
) = 0 (3.10)
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In the singular limits (k — 0) and (p,k — 0) we find the following asymptotic behaviour

Tap — 1, Yo — 0, Tap — Tg, Yoy — 0. (3.11)
k—0 k—0 Pak—0 Pak—0

The corresponding integrated counterpart where the phase space of the additional radiated
particle was integrated out analytically is given by

/ AP, | Mo (81)]° = — 2= Qa0 @i
< [ s D[} [ ot 0) [ Mo (5. 1))
~ [ abuants. ) [Mo (0. 1)
#6520 [ bt )Mo (700, (B0} . (3.12)

2

where we introduced the fine-structure constant o = e?/(47) and the momenta entering into
the matrix element are related to the momenta in the upper left part Fig. with p.(z) = ap,
and p, = pp. Therein we also indicate that the remaining momenta {k,(x)} of the phase
space Pg (s, z) implicitly depend on x. The distributions gﬁi“f )(s, x) and the endpoint parts
GE"™)(s) read

ab,T
G5 (5,2) = Pyy(e [ (5)-1] aea-i-e e
2
sub m 3 sub 1
G((zb,+)(s) = L(s,m;) — ? 5 Géb,,)(s) =5 (3.14)

with

2 2 2 2 2
2 2\ _ m ., my\ 1., (m 1 m
L(P*;m*) =1n (PQ) In (PQ) +1In <_P2) 21n (_P2) + 2111 (_PQ) (3.15)
)

and the Altarelli-Parisi splitting function Pys(z

. 3.16
— (3.16)
Since the mass smgularltles for vanishing photon and fermion masses are completely factorized
into Qazu_t) nd Gasbui and the CM energy s is fixed the convolution with x and the phase-space
integration in Eq. (| - can be done numerically.

3.2.2 Initial-state emitter and final-state spectator

As pointed out in Ref. [89] the cases IS emitter / FS spectator and FS emitter / IS spectator

always appear in combination. Since, the treatment of IS emitters and FS emitters strongly

differs in its complexity we first discuss the case of an IS emitter and a F'S spectator in this

section and the reverse case in the following section, separately. The corresponding effective

diagram for an IS emitter a and a F'S spectator ¢ is shown on the upper right side of Fig. [3.1]
The dipoles are given by

(sub) A 2 .
g(ll o (pmp“ ) (pak)xia 2 — Tig — Zia Fia |
95 (pa, pink) = 0, (3.17)
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where we introduced the variables

_ DaPi +pak — pik __ DPapi (3.18)
- PaPi + Dok ' papi+ pak
with the asymptotic limits
Tiag — 1, Zia — 1, Tia — Tg, Zia — 1. (3.19)
k—0 k—0 Pak—0 Pak—0
Therein z; is the energy fractions of the F'S fermion after the emission of the photon
0
Di
i+ kY (3:20)

and z, is defined in Eq. (3.8). The numerical evaluable integrated counterpart reads
2 «
/dq)l ’Msub,ai<q)1)| - __QaUaQiai
| [ o] [adonirzolon o \Mo( )52 ()}
0
- - 2
~ [ (P2 065 ) M (50,50 G0

- 2
N / 0o(P2, 1)GE (P2) } , (3.21)

M (ﬁaumu), {ka(1})

where we use
Pa(T) = Tpa, pi(z) = xp, — Py and Py =pi+k—ps =0 — Da, (3.22)

to connect the momenta p; and p, of the phase space éo,m(P x) With the momenta p;, p, and

a?

k in the upper right part of Fig. B.Il With Pss(x) from Eq. (3.16]) the explicit distributions
read

su ‘PZ?Z 2
G (P,0) = Pygto) [ (1) <1 = otz o)+ (14 a1 - ),

GE(P2a)=1—a (3.23)

and the endpoint parts are

2
3
G (sub) P2 _ . 7T_ 2
ai, + | a 6 2
1
G (p2) = 5 (3.24)

where £ defined in Eq. - The fermion mass singularities appear in the distribution
gc(ljU}:)( P2, ) as well as in the endpoint part G sub)( P2).

a’ at,+

3.2.3 Non-collinear-safe photon radiation of final-state fermions

In order to simulate the experimental setup at the LHC as close as possible we have to consider
two different scenarios for the approach of photon emission off F'S fermions. These two scenarios
are called the CS and NCS case and their experimental motivation was given in Section 2.4.1]
In this and the following two sections we follow Ref. [90] and focus on the NCS case because it
is the more general one and it effectively also covers the CS case.
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Since in the NCS case the FS fermion and the photon will not be recombined it is suitable
to define the energy fraction z; of the fermion f produced together with a photon in a fixed
collinear cone as

0

Py
P+ kY’

where p(} and kg are the energies of the fermion and photon, respectively. Starting from Eq.
the information on z; and its analogous variables z;; in the individual dipole contributions
should be kept explicitly during the whole subtraction procedure. Technically this means, that
the F'S momenta that enter the LO matrix element of the dipole contributions and are used for
the event-selection have to be transformed to an (N + 1)-particle phase space with the following
relations

~(ff ff ~(ff .
pr=2ppf" k== b= (R} ={R), (320)
where the momentum p~§cf ) of the emitter fermion is split into the momenta py and k of the
collinear fermion and photon. zs indicates the splitting for each individual dipole contribution
with emitter f and spectator f’ which pass into z; in the collinear limit.
Afterwards the first term in Eq. (3.3) can be written as

/ d(I)l |:|Mreal‘2®cut<pf7 k7pf’7 {kn}>

- Z M,/ 1*Ocus (sz/ﬁ}ff (1= 2y )p Jr ),ﬁsr{f {kn }ﬂ (3.27)
Ve

where the application of the event-selection cuts is formalized by introducing the step function
Ocut <p fok,pp { l;:n}> acting on the momenta given in Eq. (3.26]). The sum runs over all possible

emitter—spectator pairs with f # f’. The remaining additional particles in the final state are
indicated by {k,}. The subtraction function | Mg, ;> was introduced in Eq. (3-4).

During the analytic integration of the re-added counterpart the dependence on z; also
has to be kept explicit. Since these steps as well as the final result for the integrated dipole
contribution strongly differs between the IS spectator and the FS spectator case we discuss
the technical details and the final formulae in the following two sections, separately. From
Eq. it follows directly that the subtraction functions [Mgy ia|* for the CS and NCS case
are identical so that we can strictly follow Ref. [89]. There is only one difference between both
cases namely the momenta on which the event-selection cuts will be applied. The CS scenario
is already included in the NCS case assuming z;¢ = 1 so that Eq. simplifies to

py — 77, k=0, pp— i (3.28)

For the re-added counterparts we will find additional mass-singular terms o Inmy in the NCS
case which result from an incomplete cancellation of singularities during the subtraction pro-
cedure.

3.2.4 Final-state emitter and initial-state spectator

For a FS emitter ¢ and an IS spectator a the schematic diagram is shown in the lower left part
of Fig. 3.1} Using the abbreviations in Eq. (3.18)), the asymptotic behaviour for the soft limits
introduced in Eq. (3.19) as well as the collinear limits

Tia — 1, Zia — % (3.29)
pik—0 pik—0

36



the dipoles functions are given by

1 2
(sub) k) — 11—
gza+ (pl?pa? ) (pzk:)xza |:2 Tia — Zia Zza:| 9
9o (ps, pas k) = 0. (3.30)

The corresponding counterpart after analytic integration reads

/dq)1|Msub,ia((I) )| QzUzQaaa/ dx/dcb() ia za’ / dz

% O (i = 2pila). b = (1= 2)pi(a), {Fnl2)})
x G (PR (1 - )81~ 2) + G4 (PR, w)] 81— 2)

(z,2 - 2
FO 2] 60 -0+ 6] Mot ute), )| 330
where p;, p, and P? are introduced in Eq. - which connects the momenta of the phase space
éojw(Pw,x) with the momenta p;, p, and k in the lower left part of Fig. 3.1 Eq. (| also
includes the CS scenario where the ©-function has a much simpler structure After performlng
the z-integration only the z-independent terms in line 3 will contribute and the terms in line
4 will vanish. [...]J; indicate the usual (+)-distribution defined in Eq. The subtraction
procedure is constructed in such a way that for the NCS case in comparison to the CS scenario
we find additional terms (see line 4 of Eq. ( - which can be simply added. These terms

include a (+)-distribution acting on z and a double (+)-distribution defined as

/dx/ dy | f xy xy)g(x y) = /0dfcf(x,y)[g(:v,y)—g(l,y)—g(:v,l)Jrg(Ll)], (3.32)

where g(x) and g(m y) denote smooth test functions. T he endpoint part G (P2) and the
distribution g (Pﬁz, x) appearing in line 3 of Eq. (3.31)) are given by

2
su 3
G (PL) = L( P2l m?) - % +5,
sub) 1 2—x 3
gl(a ( za’x) = 1 — x |:2 ln (1 —r - 5):| 3 (333)

where £(P? m?) is defined in Eq. (3.15). The z-dependent functions from line 4 read
su 1 2
g, 2) = ( _1_2)’

l—a2\2—2—2

m;

su P?z 2In(2 —

GEN (P2 2) = Py(2) {m < z ) - 1} 2n@=2) | (14 2)In(1—2)+ (1—z), (3.34)
where the splitting function Pys(z) was already defined in Eq. . The remaining fermion-
mass dependence orlgmatmg from the incomplete cancellation of colhnear singularities is in-
cluded in the function G; Sub)(P2 z). For a meaningful theoretical prediction the value of this

a?

fermion mass has to be chosen as the physical value of the FS particle.

3.2.5 Final-state emitter and final-state spectator

The effective diagram for the case of a F'S emitter ¢ and a FS spectator j is shown in the lower
right part of Fig. 3.1} Introducing the abbreviations

pik Lo PiD
pipj + pik + pik’ Y pipj + ik’
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leads to the dipole functions

(sub) 1 2
[ pzap>k = _1_Zi' )
v (PP K) (pik) (1 = wij) 11— 2i;(1 — i) ’

With z; from Eq. 1) it can be easily checked that the soft and collinear limits are

Yis 20 i 21, Yig =0 0, Fij S i (3.37)
Analytic integration over the phase space of the additional radiated particle ends up in the
following expression for the re-added counterpart

1
/dq)1|Msub,ij((I>1)|2 = - ;Qiginaj/dq)OJj/ dz
{GEP o0 -2 + G50 (L))
X ‘Mﬂ(ﬁiaﬁja {%n})‘ @Cut (pz = Zﬁia k= (1 - Z)piapja {]%n}> ) (338)

where the phase space Cioyij is generated by the momenta p;, p; and {kn Y. pi, k, p; and {k,} can
be derived by the transformation relation given in Eq. (3.26]). The invariant P% is independent
of z and can be calculated via P% = (p; +p;)?. The O-function again formalizes the application
of the event-selection cuts based on the momenta of the (N + 1)-particle phase space. The first

term of Eq. (3.38) includes the z-independent distribution G 5" (P%) given by

13,T

(sub) / 2 2 2 ™ 3
Gij (]Dij):'c(|Pia|vmi)__+_

7 g (3.39)

where £ was defined in Eq. (3.15]). The additional z-dependent term which is only non-zero in
the NCS scenario includes the function

2

G20 = Py [ (27) <1 w0 ama - a2 )

i

with the splitting function defined in Eq. (3.16)).

3.3 Collinear singularities of v — ff* splittings

The photon-induced contributions of W~ and Zy production defined in Eqn. ([2.12)-(2.14)
include collinear singularities from v — ff* splittings. Following Section 3 of Ref. [90] we
assume a generic process defined by

V(k) + a(pa) = fps) + X, (3.41)

where a is the massles incoming particle and f is an outgoing light fermion. The momenta of
the particles are illustrated in the left part of Fig. and are also given in parenthesis. The
asymptotic behaviour of the squared matrix element can be expressed by

2 2

Massx (K, pa; py) . 0o Q7 W (k, py) | Mansx (Pf = ok pa) | (3.42)

where Qe indicates the electric charge of the fermion f and x is the energy fraction of the
fermion f in relation to the energy of the incoming photon . The matrix element Mgy, , x
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Figure 3.2: Effective diagrams for the collinear v — ff* splitting (left) and the collinear
f — f~* splitting (right) with IS spectator.

belongs to the LO processes which are defined for W~ and Z~ production in Eqn. ([2.1)—(2.4).
The collinear divergence in the squared matrix element |[M.,¢x(k,pa,ps)|* appears if the
angle ©f between f and 7 becomes small. The complete singular behaviour is included in one
single dipole function h?/(k,ps) with one arbitrary chosen spectator. Since we have used the
case with IS spectator a in our calculation we discuss the corresponding dipole functions in the
following.

3.3.1 Initial-state spectator

The corresponding effective diagram for the case with an IS spectator is shown in the left part
of Fig. 3.2] Using the splitting function Py, (z) defined in Eq. (1.74) and the abbreviation

Pak — sk — Papy
0= 3.43
{L.fz’y pak ( )
the dipole function h?7¢ is given by
pte — 1 (Pf (% f5a) + —gcf’mm?) (3.44)
Tpaalkpr) N7 kpy

As worked out in detail in Ref. [90] the expression for the re-added counterpart after analytic
integration then reads

2

su Qi ! a
O-t(z'y—b}fX(k?pa) = NC,f# / dr H’Yf’ (Sa l‘) O-fa—>X(pf - IlﬁPa) ) (345)
0

where the function H/%(s, ) is defined as

H (s, 2) = Ppy(x)In (T) +22(1 — ). (3.46)
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3.4 Collinear singularities of f — f~* splittings

As mentioned in Section 2.3] the process pp — (717~ includes a LO contribution with two IS
photons. Since this contribution exists the collinear splitting f — f~* (where the photon enters
the LO process) has to be considered for the photon-induced real EW corrections.

Following Section 5 of Ref. [90] we suppose a generic process defined by

f(ps) +a(pa) = flpp) + X . (3.47)

Therein a denotes a massless incoming particle and f represents the light fermion which radiates
a photon. The corresponding momenta are given in parenthesis in Eq. and are illustrated
in the right part of Fig. 3.2l For our purposes we use the average over the azimuthal angle ol
of the f — fv plane around the collinear axis so that the spin correlation drops out and the
asymptotic behaviour of the squared matrix element is given by

2 > 2
<|Mfya—>fX(k7pa7pf)| >¢}' ~ ONC,f Q?ezhff(pf7p/f)}M’ya—>X<k7pa)| . (348)

prp—

Technical details about the spin correlation and the averaging process of (b’f are discussed in
Ref. [90]. At this point we use the same arguments as already outlined in Section B.3l Since
the collinear divergence pfp} — 0 can be treated with one specific choice for the spectator we
choose the IS particle a and discuss the related formulae in the following Section.

3.4.1 Initial-state spectator

The case with an IS spectator is illustrated in the right part of Fig. Since we define the

the abbreviations , , ,
PaDf — PPy — Paly Prpy
Tf,fa = : Yf.fa = )

PaDy Paly

in analogy to Eq. (3.9)) with the replacements p, — py, k — P’ and use the splitting function
P, ¢(z) from Eq. (1.74) the dipole function h// in Eq. (3.48)) reads

1 227 fa(1 — T f ra) Mm% )
STy fa¥f.fa sYrfa(l = 2fta = Ysga) )

(3.49)

pffa —

(va(xf,fa) + (3.50)

with the energy squared defined as s = (p; + p,)?. The part of the re-added cross section is
given by

- Q%o (! . .
a;a—bng (pfapa) = 2];_ /(; dr /Hff’ (Sa .I') O-’YCLHX(k = xpfapa) ) (351)
where the distribution H/%* reads
2
fla B s(1 —x) 2 — 2z
H/ (s, x) = Pyp(x) In < po) - (3.52)

3.5 Collinear photon-jet configurations

The partonic processes for real QCD corrections and photon-induced corrections defined in
Sections 2.4.2 and include photons and quarks in the final state which can become poten-
tially collinear. Such a situation where a photon is radiated collinear to a FS quark leads to
additional divergences which only would cancel if photon and quarks are treated in the same
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way. However, this would imply that the recombination of photons with QCD partons has to
be included in the jet algorithm and only a combined cross section of W/Z + ~ production and
W/Z + jet production would give rise to IR-finite results. Technically, there are two methods
describing a well-defined procedure for the separation of the two upper process classes:

1. a combination of democratic clustering and the use of the quark-to-photon fragmentation
function as it was introduced in Refs. [55]/56];

2. the Frixione isolation scheme introduced in Ref. [57].

Both concepts will be used in our calculations and we will discuss the technical details of them
in the following sections.

3.5.1 Quark-to-photon fragmentation function and democratic clus-
tering of photons and jets
The concept of democratic clustering treats photons and jets on equal footing. If a photon and

a jet become collinear they are clustered to one pseudo-particle. Technically the momenta of
photon and jet are clustered if the rapidity—azimuthal-angle separation

Rejee = /(0 + 95)? + (0 — byr)? (3.53)
with the rapidity .
y=g[(E+p)/(E—p) (3.54)

is lower than a certain limit Ry. The parameter R is called cone size. Using the energy fraction

of the photon
E

g
Fot B (3.55)
a collinear photon-jet system is defined as a photon if z, is larger than the cut value zey,
otherwise the photon—jet system is defined as a jet. Since in this thesis we focus on W~ and
Z~ production the event will be discarded if a photon—jet system is defined as a jet. The
complementary strategy was applied for W + jet production in Ref. [91] and for Z + jet
production in Refs. [92,93].

The asymptotic behaviour of singularity originating from the collinear photon—quark con-
figuration is given by the following subtraction term

Z,y:

|Msub( )‘ Q2€2g7,lsub) (pzapb ‘MW/Z—H% (p’wph {k }) ‘ (356)

Therein we use the dipole subtraction function for the case of a FS emitter and a FS spectator
from Eq. . As FS spectator we choose the charged lepton so that we have to do the
replacements y;; — y; and z;; — 2. In the collinear limit (p;k) — 0 these values behave as
vy — 0, zy — 2z and 2y, = 1 — z;; — 2, where z; is the energy fraction of the quark in the
quark—photon system in the collinear limit

E;

Z:—:l_ y .
A= ETE 2, (3.57)

and z, is the corresponding energy fraction of the photon. In Eq. - 3.50) the momenta p;, p; and
{k: } represent the projected phase space <I>0 - Since we choose a F'S spectator no boost has to
be applied and the momenta {k,} equal the momenta {k,} of the (N 4 1)-particle phase space.
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’ Process

\ gluon-induced \ photon-induced ‘

Wjet wig— Tyd;y | uiy — 1Ty d;
djg— Uy | diy— Py

Ziet (IT17) | qog = 11" qi | iy = 1T g
Gg—= 1" q | Gy =171 g

Ziet (v) | g =g | Y = Ovg
g —=vVq | Gy — Vg

Table 3.1: Gluon-induced and photon-induced partonic LO processes for W + jet and Z +
jet production.

|M(\)N/ Zﬂet|2 denotes the matrix element squared of the corresponding partonic LO processes

for W/Z + jet production. These processes are listed in Table [3.1]
The subtraction procedure then works analogously as described in Section B.2.3 for the NCS
case. Since we want to cut on z,; we make its dependence explicit by using Eq. (3.57)

/ dq)l |:|Mrea1|2@cut<pi7 k,pl, {kn}) - |Msub|2@cut ((1 - Zvl)ﬁia Z"/lﬁiaﬁl) {];/‘n}>:| ) (358)

where the application of the event-selection cuts is again formalized by a step function O
acting on the (N + 1)-particle phase space. Following Refs. [90,(94] for the analytic integration
the contribution of the re-added counterpart to the partonic cross section reads

1
3 [ dviMans (@)

da—sub(zcuty mz) =

anLQ X ! 5(su
—oady [ de, G (PR )

Zcut

. -2 .
X ’MXV/Zﬂet(ﬁz‘,ﬁl, {kn})‘ Ocut (pz‘ = (1= 2y)pi, k = zyDi, D1, {kn}) , (3.59)
where 2y is defined as the lower limit of z, and 5 indicates the centre-of-mass energy squared
of the partonic process. Due to the application of the cut 2, > 2y the limit 2, — 0 is excluded
and Eq. does not include any endpoint contribution covering this soft-singular divergence.
The distribution ,C’;Z(ls ") is given by Eq. with the substitutions z — z; = 1—z, and j — [.
While the upper subtraction procedure only isolates the singularity but does not remove it,
additional contributions to the total cross section have to be considered. These extra terms are
motivated by the scenario where only a quark is produced in the hard scattering and the collinear
photon is the product of the hadronization process. This effect can be described by using the
non-perturbative quark-to-photon fragmentation function which is defined in Refs. [55,56] and
was experimentally measured by ALEPH [95]. The additional contribution to the cross section

reads )
A6 frag (2eus) = b / dzy DY° (2,)

Zcut

(3.60)

where dgy denotes the partonic LO cross section for the process without photon radiation.

The fragmentation function D;’i{‘;(zv) describes the probability density for a F'S quark which

fragments into a jet containing a photon with energy fraction z,. The singular contribution
regularized by the infinitesimal quark mass m; can be split off with the following equation [94]

Doz, =

+ D8 (2 mr) . (3.61)

aQ; m;
o Prr(1 — 2,) (lnu—% +2Inz, + 1)
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Therein we introduced the factorization scale ur which separates the perturbative from the non-
perturbative region. The label “MR” indicates the mass regularization. The additional collinear
singularity in Eq. (3.61]) now exactly compensates the singularities in the re-added counterpart

which is included in G5 It was worked out in Ref. [04] that the finite non-perturbative
contribution Dg/lj7 is equivalent to the standard MS scheme of dimensional regularization. We
implemented the parametrization used by the ALEPH collaboration [95]
ALEPH,MS O‘sz N%
D=5 (2 pp) = = = Prs(l = 2,) hlm +C), (3.62)
with the parameters set to
fo = 0.14GeV and C' = —13.26 (3.63)
and constrained by C' = —1 +In(2p2/M2). Summing up the contributions for the cross section

from Eq. (3.59) and Eq. (3.60) with DS/EY defined in Eq. (3.61) leads to (see Eq. (4.63) in
Ref. [94])

da—sub (Zcut7 mz) + da'frag (Zcuta mz)

OéQ2 = W/Z+jet / 5 2 L= zeu b MR 5(sub) 2
— S by | M ()| / Az (DY - 2) + G5 (P, =) )
0

As el !
2

_ oy & W/Z+jet /5 ‘2 ( Zcut) B
T (MO (Bo) { 14O+ 22 (1= zew)
1 Zeut P%
- . 1 — <cu 3 — <cu 21 cu 1 —
3
+ 2Lig(1 — zew) + 3 ln(zcut)} , (3.64)

which is finite and only depends on the value z.u.

3.5.2 Frixione isolation scheme

An alternative to the concept of democratic clustering in combination with the quark-to-photon
fragmentation function is the Frixione isolation scheme introduced in Ref. [57]. Here, we employ
an additional cut condition which ensures that specific phase-space regions containing potential
IR singularities of the photon—jet system are excluded. Events will be discarded if the rapidity—
azimuthal-angle difference R.;e; (defined in Eq. ) is smaller than the cone size Ry and the

condition
1 — cos (Rjet)
1 — cos (Ry)

does not hold. Therein prje and pr. indicate the transverse momenta of the jet and the
photon. The parameter ¢ controls the allowed range of the hadronic energy fraction in the cone
around the photon. This single condition treats singular configurations of photon and jets in
the following way:

PTjet < EPTy ( (3.65)

e If the photon and the jet become collinear, i.e. R,y — 0, relation (3.65)) is violated and
the event is discarded.

e If the photon becomes soft or collinear to the beam axis, i.e. pr, — 0, relation (3.65)) is
violated and the event is discarded.
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o If the jet becomes soft or collinear to the beam axis, i.e. prjy — 0, relation (3.65)) is
respected and the event is not discarded. This guarantees that IR singularities related to
gluons cancel between real and virtual corrections.

In order to compensate IR singularities from virtual QCD corrections (as predicted by the KLN
theorem [83.[84]) Eq. ensures that soft or collinear jets are treated inclusively while soft
and collinear photons are excluded.

Since we want to compare the results achieved with quark-to-photon fragmentation function
and Frixione isolation scheme, the parameters of both methods have to matched. Rearranging
Eq. results in

Pry > 1

prat e g clel)

(3.66)

and leads to a relation which is comparable with the definition of the photon energy fraction
in Eq. (3.55). Assuming the same value for the cone size Ry we find

1
1+e¢

(3.67)

Zeut ~

as a matching condition. We will used this relation in Chapter {4|to produce comparable results
for both schemes.
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Chapter 4

Numerical results for V + v production

In this chapter we present results on total cross sections and distributions in various setups.
First, in Section [4.1] we define the NLO cross section with contributions from QCD and EW
corrections. In Section [4.2] we discuss the relevant input parameters and in Section[ﬂ] we
outline the event selection and the application of the phase-space cuts. In Sections we
present results for a full NLO calculation to the processes defined in Egs. . Each
section includes results for the total cross section and a set of distributions for several kine-
matic observables depending on the explicit process. The results presented in this chapter are
published in Refs. [69] and [70].

4.1 General setup

NLO corrections to W + v and Z 4~ production can be divided in EW and QCD corrections of
the orders O(«) and O(ay), respectively. We denote the LO cross section calculated with LO
PDFs by ¢“©. The NLO-QCD-corrected cross section is obtained as

oNLOQCD _ 00 + AgNLOQeD.

NLOQCD _
Ac @ 1 + Uvn‘t + Ucol + Ufrag ’ (41)

rea

where all contributions, including the LO cross section ¢, are calculated with NLO PDFs.
The real and the virtual corrections are given by op; and oy;,, respectively, the contribution
0 originates from the redefinition of the PDFs (see Section[L3)), and oy;, represents the
contribution from fragmentation of a quark into a photon. All individual parts in the NLO
QCD contribution AgNOQED are IR divergent and only their sum is IR finite. The separa-
tion between W/Z + ~ and W/Z + jet production is evident at LO. Since the final states of
the processes defined in Egs. (2.9)—(2.11) and Eqs. (2.12)—(2.14)) also appear in the real NLO
corrections to W/Z + jet production these processes require special care. The technical details
of this aspect are discussed in Section [3.5]
Analogously to the QCD corrections, the EW corrections are given by

AUNLO oW O-((;q real + qu virt +o0 qq col »

AU};\LLO PV = c?'y real + O-q'y col + O-q'y frag »

Ao, = 037 , (4.2)
NLO EW

where the quark—antiquark-induced EW corrections Ao and the photon-induced correc-
tions AUNLO EW are finite, while their individual contrlbutlons are IR divergent. Additionally,
for the ny production process where the final state contains two charged leptons Ao, describes
the LO contribution from photon—photon-induced diagrams.
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Unlike the quark—antiquark- and the quark—gluon-induced channels in the QCD corrections,
APV and AopOFW can (in principle) be distinguished by their final states. Analogously
to the QCD case, in Eq. 05 real @A 0z oy denote the real and the virtual corrections,
respectively, and ij = ¢q, qy. Terms originating from the PDF redefinition furnish o7; ), and
the fragmentation contribution is described by oy ;.. Note that no fragmentation contribution
is required in the qg channel at NLO EW, because there is no jet in the final state in this order.

We choose to combine QCD and EW corrections using the naive product for QCD and
quark—antiquark EW corrections and we further linearly add contributions from photon-induced

and (if present) photon—photon-induced processes

(e

oNLO _ 1O [(1 +dqep) (1 + dpw.gg) + (5EW,q'y( + 577)}

— oNLOQCD 4 Srwa) _'_AO(II\IVLOEW(_i_AO-Ty)? (4.3)

where the relative QCD, EW and photon-—photon-induced corrections are defined by

sNLOQCD _ [ LO AGNLOEW
0qep = Y : OEW,q7 = pra—
NLO EW
oy = 00 5, = 20 (4.4)
EW,qv — gLO ) T gLO 7 :

respectively. While the relative QCD corrections are normalized to the LO cross section o™©,

calculated with LO PDFs, the quark—antiquark-induced EW corrections are normalized to the
LO cross section ¢, calculated with NLO PDFs. By this definition, Kqcp = 1 4 dqep s
the standard QCD factor, and the relative quark-antiquark-induced EW corrections dgw 4 are
practically independent of the PDF set.

In order to ensure the accuracy of our results a second independent calculation was per-
formed by Stefan Dittmaier and Markus Hecht. In this calculation the virtual amplitudes are
generated by FEYNARTS 1 [96] and algebraically reduced with an in-house MATHEMATICA pack-
age, automatically transferring the results into a FORTRAN code. For the numerical evaluation
of integrated and differential cross sections the amplitudes are implemented into a FORTRAN
program using the VEGAS algorithm for a proper numerical integration. In case of W/Z + ~
production sharp resonances appear, demanding additional phase-space mappings. Therefore,
analytical Breit-Wigner mappings are introduced in the phase-space parametrization, allowing
for a stable numerical integration by flattening the integrand.

4.2 Input parameters

The relevant SM input parameters are

G, = 11663787 x 1075GeV 2 «(0) = 1/137.035999074, ay(Myz) = 0.119

My = 125GeV, m, = 105.6583715MeV, my = 173.07GeV,
M = 80.385GeV, rSS = 2.085GeV,
MPS = 91.1876 GeV, 'S = 2.4952GeV,

|Vas| = |Vea| = 0.225, |Vaa| = |Ves| = /1 — [Vis|? -
(4.5)

All parameters but as(Mz) in (4.5)) are extracted from Ref. [97]. as(Mz) is provided by the PDF
set. The masses of all quarks but the top quark are set to zero. CKM mixing between the first
two quark generations is taken into account in all partonic cross sections, but mixing to the third
generation is not included, since it is negligible. For W+~ production this implies that there is
no contribution from bottom quarks in the initial state. Since the bb channel for Z~ production
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contributes only about 3% to the LO cross section, we omit the corresponding virtual EW
corrections which we expect to be in the sub per-mille level and therefore negligible. Bottom
quarks in the initial state are taken into account for QQCD and photon-induced corrections but
are neglected for the quark—antiquark-induced EW corrections. Additionally, the CKM matrix
drops out in the flavour sum of closed fermion loops, thus, the CKM matrix factorizes from
all amplitudes, so that only one generic amplitude has to be evaluated when convoluting the
squared matrix elements with the PDFs.

Owing to the presence of an on-shell external photon, we always take one electromagnetic
coupling constant « at zero momentum transfer, &« = «(0). For the other couplings, e.g. of the
W boson to fermions, we determine the electromagnetic coupling constant in the G, scheme,
where « is defined in terms of the Fermi constant (see Eq. ) Using this mixed scheme the
squared LO amplitude is proportional to a(())aé#. In the relative EW corrections we set the
additional coupling factor a to ag,, because this coupling is adequate for the most pronounced
EW corrections which are caused by soft/collinear weak gauge-boson exchange at high energies
(EW Sudakov logarithms, etc.).

We apply the complex-mass scheme [75-77] to describe the W-boson and Z-boson resonance
by introducing complex vector-boson masses (see Eq. ) with constant widths. However,
at LEP and the Tevatron the on-shell (OS) masses of the vector bosons were measured, which
correspond to running widths. The OS masses My>, MPS and widths T'QP, T'9® have to be
converted to the pole values using the relations [9§]

My = MO /\/1+ (PO /MOS)?, Dy =T /4/14 (TS /MYS?  (V=W,2), (46)
leading to

My = 80.3580... GeV,  DI'y=2.0843... GeV,
My =91.1535... GeV,  T'y=24943... GeV. (4.7)

Calculating the hadronic cross section, we use the O(a)-corrected NLO PDF set NNPDF23QED,
which includes the two-loop running of «; for five active flavours (ny = 5).

The factorization and the renormalization scales up, ugr are set equal throughout our calcu-
lation. Following Refs. [99,/100], we choose the scales as

N |

iy = i = 5 (M3 +pty + 01y + 01mse) V=W, Z), (4.8)

where pr v is the transverse momentum of the massive vector boson defined by

Pryv = |pT,l/V + pT,l/V| ) (49)

and pr, = |pr.«| denotes the absolute value of the transverse three-momentum pr , of particle
a. The photons ~; and 7, are assigned so that pr,, > pr,,. In LO the transverse momenta
DT /jet AT€ ZETO.

The QCD scale uncertainty of W~ and Zv production has already been investigated in
various publications such as in Refs. [32,33]. Varying the scale by a factor of two the scale
dependence is found to be of the order of 10% at NLO in Ref. [33], where the scale is defined
similarly as in our calculation. Imposing a jet veto significantly reduces the scale dependence
as found in both calculations [32,33] using slightly different jet definitions. Meanwhile NNLO
QCD corrections have been calculated and found to be 19% [101] and 6% [45] for W~ and Z~y
production, respectively. Consequently, a meaningful estimate of the residual scale dependence
should be performed including the NNLO QCD corrections.
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4.3 Phase-space cuts and event selection

The processes of W~y and Z~ production require the recombination of final-state (F'S) photons
with FS partons and, where appropriate, of FS photons with charged leptons in regimes of
phase space where photon and parton/lepton are collinear. Furthermore, we impose several
cuts to account for the detector acceptance. The phase-space cuts and the event selection are
inspired by the recent ATLAS and CMS papers [1618] analysing V' final states.

Recombination

To decide whether a photon and a FS particle need to be recombined we use the Euclidean

distance in the y—¢ plane, R;; = \/(yl — )’ + ¢3;, where y = TIn[(E +pL)/ (E — pL)] denotes
the rapidity. In this equation E is the energy and p;, the longitudinal momentum of the
respective particle with respect to the beam axis. The value ¢;; denotes the angle between
the particles ¢ and 7 in the plane perpendicular to the beams. The recombination proceeds as

follows:

1. If we consider “bare” muons, a photon and a charged (anti)lepton are never recombined.
Otherwise recombination is applied if R+, < 0.1, and the four-momenta of photon and
lepton are added. If the separation in R between the photon and each of the two leptons
is smaller than 0.1 at the same time, the photon is recombined with the lepton that has
a smaller 7, separation. In case of two photons in the final state, first the photon with
the smaller [+, is recombined.

2. Two photons are recombined if R, < 0.1.

3. Using the method of democratic clustering a photon and a jet are recombined if the
distance between them becomes R, < Ry = 0.5. After recombination, the energy
fraction z, = E,/ (E, + Eje) of the photon inside the photon-jet system is determined.
Using this value we decide if the event belongs to the process W/Z + v or W/Z + jet. If
2z is smaller than the cut value 2., = 0.9 the event is regarded as a part of the process
W /Z + jet and is therefore rejected.

The case where more than two particles are recombined is excluded by our basic cuts. Results
are presented for “bare” muons and for photon recombination with leptons. The latter results
hold for electrons as well as for muons, since the lepton-mass logarithms cancel as dictated by
the KLN theorem [83,84].

If alternatively the Frixione isolation scheme is applied, step 3 has to be replaced as follows:

3. If Ryjet < Ro = 0.5 the photon and the jet are recombined and the event is only accepted

if it respects the criterion (3.65)). Based on Eq. (3.67) we choose € = 0.11 corresponding
to zZew = 0.9.

Basic cuts

After recombination, we define W +  events by the following cut procedure:
1. We demand a charged lepton with transverse momentum pr; > 25 GeV and

2. missing transverse momentum pr miss > 25GeV, where pr s i equal to the neutrino
transverse momentum.
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3.

4.

5.

We demand at least one photon with transverse momentum pr, > 15 GeV that is isolated
from the charged lepton with a distance of R;, > 0.7.

The charged lepton and the photon passing the cuts at step 1 and step 3 have to be
central, i.e. their rapidities have to be in the range |y| < 2.5.

Only events with a transverse mass of the lepton pair My ;+, > 40GeV are accepted,
where

M+, = \/2pT,l+ PTmiss (1 — €08 (A@r+ miss)) (4.10)

and Ay miss 1s the azimuthal-angle separation between the directions of the charged lepton and
the missing transverse momentum.
For a Z + v event where the final state contains two charged leptons the basic cuts are:

1.

2.

We demand two charged leptons with transverse momentum pr ; > 25 GeV.

At least one photon with transverse momentum pr ., > 15GeV has to be isolated from
the two charged leptons with a distance of R, > 0.7.

The charged leptons and the photon have to be central, i.e. their rapidities have to be in
the range |y| < 2.5.

Only events with an invariant mass of the charged lepton pair M;+;- > 40 GeV are
accepted, where

M- = \/(p?+ + )2 — (pir +pi-)2. (4.11)

A Z + ~ event, where the Z boson decays in two neutrinos, is defined by the following cuts:

1.

We demand a missing transverse momentum pr miss > 90 GeV, where pr miss is defined as

PT miss = ‘pT,ul + pT,u2| . (412)

At least one photon has to be central with |y,| < 2.5 and has to possess transverse
momentum pr, > 100 GeV.

We demand the photon passing step 2 has to fulfil A¢pnss, > 2.6, with the azimuthal-
angle difference

AQzﬁmiss,'y = acos (w) . (413)

PT,y PT,miss

For all processes we present results with and without applying a jet veto. Applying a jet veto
means that all events including a F'S jet with prjer > 100 GeV are discarded. Experimentally
a jet is required to lie in the rapidity range |y| < 4.4. However, in our calculation we do not
restrict the rapidity range of the vetoed jets, since the impact on the cross section is very small
and lies within the theoretical error.

4.4 Resultsforpp = [Ty~ + X

4.4.1 Results on total cross section

In Table 1] we present the LO cross sections o™© for different pp centre-of-mass energies /s
and the different types of relative corrections ¢ defined in Eq. (4.4)). For the EW corrections
resulting from the quark—antiquark channels we show results for CS and NCS observables.
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Vs/ TeV 7 8 14
oO/th | 846.40(12) 940.20(14) 1448.00(23)

g&vsqq/% —3.14 —3.14 —3.12
O g0/ %o —1.94 —1.94 ~1.95
Ovue g/ %o 1.28 1.35 1.62
Oiur e/ % 0.90 0.94 1.05
Opw. v/ J0 1.29 1.36 1.63
Ot/ %o 0.91 0.95 1.06
Socky/% | 121.90(13) 128.00(14)  153.90(15)
Ooyens /% | 112.00(17)  116.80(17)  135.90(19)
o8I /% | 123.50(23)  129.90(21)  156.40(25)
Ooen ™ /% | 113.70(23)  118.70(21)  138.70(25)

Table 4.1: Integrated cross sections and relative corrections for W+ production at different
LHC energies. The EW corrections to the quark—antiquark annihilation channels are provided
with (CS) and without (NCS) lepton—photon recombination. EW corrections from the photon-
induced channels and QCD corrections are shown with a jet veto (veto) as well as without a
jet veto using democratic clustering and fragmentation function (frag) or the Frixione isolation
criterion (Frix) to separate photons and jets. The numbers in parentheses denote the integration
error in the last digits. This error is negligible for the relative EW corrections at the given
accuracy.

Results for the EW corrections originating from photon-induced channels and for the QCD
corrections are listed with and without a jet veto. Furthermore, we present results obtained by
applying democratic clustering in combination with a quark-to-photon fragmentation function
and the Frixione isolation scheme indicated by “frag” and “Frix”, respectively. The different
relative corrections depend only weakly on the collider energy. By far the largest effect (~
120—150%) comes from the QCD corrections, even in case of a jet veto. About two thirds of
the relative QCD corrections are due to gluon-induced channels. The results obtained with the
fragmentation function and the Frixione isolation scheme differ by 2 — 3% and 0 — 1% in case
of the QCD and the photon-induced EW corrections, respectively. The EW corrections to the
quark—antiquark channels are about —2% and —3% for the CS and the NCS case, respectively.
The photon-induced corrections contribute between 0.7% and 1.3% with and without a jet
veto. Summing up, the total EW corrections to the integrated cross section are small and
not significant for the most-recent experimental cross-section measurements. However, larger
corrections show up in differential distributions, as demonstrated in the next sections.

4.4.2 Results on transverse-momentum distributions

In the following we present the distributions including EW and QCD corrections for various
observables in separate plots for a centre-of-mass energy of 14 TeV. For each distribution we
also show the relative EW corrections of the ¢g for the CS and the NCS case and ¢y channels
as well as the QCD corrections with and without a jet veto. Since the difference between the
quark-to-photon fragmentation function and the Frixione isolation scheme is of the order of
2%, we only present results obtained with the fragmentation function in the following. Note
that diminishing the cut on the energy fraction of the photon inside a jet to 2., = 0.7 doubles
the difference between the two methods.
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Figure 4.1: Distributions in the transverse momentum pr of the photon (left) and the charged
lepton (right), including EW (top) and QCD corrections (bottom). For all corrections absolute
(upper box) and relative corrections (lower boxes) are shown.
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In Fig. [4.1] we show results for transverse-momentum distributions. Focusing on the pr , dis-
tribution of the photon (within cuts) with the highest transverse momentum we can see
(Fig. left, bottom) that the QCD corrections without a jet veto reach 650% for large
transverse momenta (scaled down by a factor 10 in Fig. [4.I)). This is due to the fact that
new production channels occur (gg — lv+yq) at NLO QCD causing large corrections (550%
for large pr.). However, these large corrections come from events with hard jets, meaning
that they should better be considered as part of W + jet rather than W + ~ production. For
this reason we also present results for the case of a jet veto, where all events with jets with
Prjet > 100 GeV are discarded. In this case the QCD corrections become small for large pr 5,
since the jet veto suppresses the contribution of the real QCD corrections and especially of the
gluon-induced channels.

Owing to the so-called EW Sudakov logarithms the EW corrections (Fig. [4.1] left, top)
contribute with large negative corrections in the high-pr range, though one order of magnitude
smaller than the QCD corrections. The CS and the NCS cases hardly differ in the pt distribu-
tion of the hardest photon, since the recombination of another photon collinearly emitted off
the lepton only marginally effects the pr of the hard photon.

The photon-induced corrections are positive and become surprisingly large for large trans-
verse momenta, reaching the same order of magnitude as the QCD corrections. In fact in the
discussion of the relative impact of the photon-induced corrections it would be more appro-
priate to normalize to the NLO QCD cross section, which is dominated by the new channels
for hard jet emission at high scales. With this normalization the ¢y channels still contribute
some tens of percent at high pr . with a rising tendency for growing pr,, which can be un-
derstood by the increasing /g PDF ratio for high Bjorken-z (see Fig. and the decrease
in the strong coupling constant driven by the dynamical renormalization scale. Note, how-
ever, that the photon PDF at large Bjorken-z suffers from huge uncertainties of up to 100%,
so that we have to conclude that the high-pr tail of the pr, distribution in the TeV range
is plagued by PDF uncertainties which are of the size of the gy contribution itself. Similarly
to the huge QCD corrections, the large impact of the photon-induced corrections at high pr
is reduced to the level of 10—15% by a jet veto, showing that those large effects are caused
by hard jet emission. The jet veto, thus, helps to suppress the impact of the ¢y contribution
and the corresponding large uncertainties in the high-pr regime. After applying the veto, in
fact the quark—antiquark-induced EW corrections become the dominating corrections for large
transverse momenta.

In case of the pr distribution of the charged lepton (Fig. .1} right) the QCD corrections
without jet veto are large in the small-pr range and become small for large transverse momenta.
In contrast the EW corrections become sizeable in the region of large transverse momenta. The
corrections are roughly 5% smaller in the CS case than in the NCS case. Collinear photon
emission reduces the lepton momentum, so that events with large pr;+ before the emission
migrate to smaller pp;+, leading to negative corrections on the falling distribution in pp+.
Photon recombination damps this effect upon shifting the major part of these migrating events
back to the pp;+ value before photon emission. For the case without jet veto the quark-
antiquark and photon-induced EW corrections are of the same order of magnitude, but of
opposite sign, and accidentally compensate each other to a large extent. In case of a jet veto the
QCD corrections become large and negative for large py;+. The large negative corrections result
from the quark-antiquark-induced channels, while the corrections due to the gluon-induced
channels remain small also for a jet veto. This fits well to the fact that the photon-induced
corrections become negligible everywhere.
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4.4.3 Results on transverse-mass distributions

The transverse mass of the W boson is defined in Eq. (4.10) and the transverse three-body
mass of the W-decay products and the photon by

2

2
2
Mr g4y = \/(\/JWZ2+7 + ‘pT,H + pT,y‘ + pT,miss) — |pT,l+ + Py + PTmiss| > (4.14)

where M+, is the invariant mass of the charged lepton and the photon, defined analogous to
Eq. . The corresponding distributions are shown in Fig.[4.2] The smaller peak in the
M+, distribution at 60 GeV appearing already at LO originates from events where the three-
body invariant mass M+, lies in the resonance region and the photon is radiated by the
charged FS lepton shifting the peak to smaller transverse masses. Since events with photons
close to the FS lepton are discarded, a dip appears above the lower peak. As can be seen in
Fig. the QCD corrections are dominating the My +, distribution with and without a jet
veto. At the W-mass peak, the EW corrections reach —4% with photon recombination and
—8% in the NCS case, where the photon radiated collinear to the charged lepton carries away
energy, shifting more events to regions of smaller transverse mass, where those events posi-
tively contribute to the EW corrections below the W-boson resonance. The photon-induced
corrections are negligible with and without a jet veto. We note in passing that previous cal-
culations [5254] of EW corrections to W + « production, which treat the W boson in pole
approximation, cannot predict the range in My ;+, exceeding My which forces the W boson
to go off its mass shell, while our calculation covers resonant and non-resonant regions in NLO
accuracy.

We turn to the Mt +,, distribution analysed experimentally in Ref. [18]. While the QCD
corrections are dominating the region of small transverse masses, the EW and photon-induced
corrections are small and have opposite signs there. In the high-Mr;+,, region the situation
is different. Here the QCD corrections reduce to 50% and in case of a jet veto almost tend to
zero. In contrast, the EW and the photon-induced corrections without a jet veto are about
20%, but accidentally compensate each other partly. However, imposing a jet veto reduces the
photon-induced corrections to 5%. As a result, the EW corrections are not compensated by
the photonic corrections anymore, becoming the dominant contribution.

4.4.4 Results on rapidity and angular distributions

In Fig. we show the rapidity distributions of the photon and the charged lepton. In both
distributions the relative EW corrections are small and almost constant over the whole range,
and thus essentially given by the corrections to the total cross section. The photon-induced
contributions are of comparable magnitude, but have opposite sign so that they partially cancel
the EW corrections. The QCD corrections amount to 100—180% for the rapidity distribution
of the photon and to 140—160% for the one of the charged lepton and lead to sizeable shape
distortions. EW corrections are completely swamped by QCD uncertainties in these observ-
ables.

In Fig. 4.4 we present the distributions in rapidity and the azimuthal-angle difference be-
tween the charged lepton and the photon. Note that the shape of the LO rapidity-difference
distribution is highly sensitive to the chosen phase-space cuts. A potential dip at Ay+, = 0
indicating the radiation zero [33,[37,/102] is not present in the setup described in Section (4.3,
but becomes visible for cuts pr, > 20GeV or ppmiss > 40 GeV (not shown explicitly). The
kink around 40° in the Ag;+, distribution is a result of the isolation cut R+, > 0.7 which sup-
presses the phase-space region with small azimuthal angle between charged lepton and photon.
The EW and photon-induced corrections in Fig. are at the level of 5% and affect the shape
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Figure 4.3: Distributions in the rapidity y, of the photon (left) and the rapidity v+ of the
charged lepton (right), including EW (top) and QCD corrections (bottom). For all corrections
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pp =l y+X

s/ TeV 7 8 14
o0/ th 620.00(10)  707.50(12)  1200.00(21)
O g/ %o —3.01 —3.01 —3.01
0w qz/ %o —1.85 —1.85 —1.86
Ot g/ %o 1.34 1.39 1.56
O e | % 0.98 1.00 1.06
Opw gy / Y0 1.35 1.40 1.57
Ot/ %o 1.00 1.02 1.07
Socss/% | 139.80(14)  145.70(9)  167.00(11)
Ooyens ™ /% | 130.90(14)  135.50(9)  150.40(11)
doan/ % 143.30(14)  149.30(9)  171.10(10)
Ooyens ™ /% | 134.40(14)  139.00(9)  154.50(10)

Table 4.2: Integrated cross sections and relative corrections for W™ production at different
LHC energies. The EW corrections to the quark—antiquark annihilation channels are provided
with (CS) and without (NCS) lepton—photon recombination. EW corrections from the photon-
induced channels and QCD corrections are shown with a jet veto (veto) as well as without a
jet veto using democratic clustering and fragmentation function (frag) or the Frixione isolation
criterion (Frix) to separate photons and jets. The numbers in parentheses denote the integration
error in the last digits. This error is negligible for the relative EW corrections at the given
accuracy.

of the distributions at the level of a few per cent, whereas the QCD corrections cause large
shape distortions and reach 200% in the Ay;+, and 300% in the A¢y+, distribution. The shape
distortion in the Ay;+, distribution originates essentially from the gluon-induced corrections,
which do not have a radiation zero. Especially in the rapidity-difference distribution, effects
of anomalous couplings are expected to be visible as pointed out in Ref. |33]. Similarly to the
rapidity distributions discussed before, the EW corrections are overwhelmed by QCD effects
and the corresponding uncertainties here.

4.5 Resultsforpp — 1" v+ X

4.5.1 Results on total cross section

Besides the W~ production with the final state (1,7, the charge-conjugate process of W~
production with the final state [~y is also accessible at the LHC. In Table [4.2] we present
the LO cross sections o' for different pp centre-of-mass energies /s for the charge-conjugate
process of W™~ production. We use again the definitions of relative corrections ¢ from Eq. .
Due to the different PDF factors the LO cross section for W™~ production is smaller than for
W~ production. The results on relative corrections look very similar to the ones for Wy
production, discussed in Section 4.1
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4.5.2 Results on transverse-momentum and transverse-mass distri-
butions

In this section we discuss qualitative similarities and differences in the distributions for the two
processes W + ~ and W~ + v production. In Fig. we present the pr distribution of the
charged lepton and the transverse-mass distribution of the W boson. In this plots we show
results for W* + ~ and W~ + ~ production together and we focus on the NCS case without a
jet veto.

The pr, distribution (Fig. left) shows characteristic differences between the two pro-
cesses. While the shape of relative electroweak corrections for the quark—antiquark-induced
channels is almost identical for both Wt~ and W~ production, for photon-induced correc-
tions the shape of the relative corrections clearly differs. Whereas for W~ production these
corrections increase slightly from 20% at 200 GeV to 50% at 1500 GeV the growth for W~ is
much larger and reaches 120% at 1500 GeV. Also for the QCD corrections differences are visi-
ble. In the W~ case the relative corrections show a maximum of about 500% around 100 GeV
and decrease almost to zero at large transverse momenta. For W™~ on the other hand, we find
a maximum of approximately 1000% near 200 GeV and a decline to 200% at 1500 GeV. While
the shapes of the relative QCD corrections from the quark—antiquark-induced contributions for
Wt~y and W™ look very similar those from gluon-induced contributions differ significantly.
This difference can be understood as follows: For large pr; the cross section receives a large
contribution from the partonic processes qg — ¢'W~. As pointed out in Ref. [103], in the
related process qg — ¢'W the W+ and W~ bosons are primarily polarized left-handed with an
increase of this polarization for higher prw. The WT boson emits the left-handed neutrino
preferentially parallel to its flight direction and the right-handed positron antiparallel. On av-
erage, this results in a larger transverse momentum of the neutrino and a smaller transverse
momentum of the positron leading to an enhancement in the pr ;s distribution of the neutrino
and a reduction in the pr distribution of the positron. For the W~ boson the situation is vice
versa. A left-handed electron is emitted forward and a right-handed anti-neutrino backward
with respect to the W~ momentum so that the pr distribution of the electron is enhanced
and the prmiss distribution is reduced (for a detailed explanation see Refs. [103}/104]). This
behaviour also appears in the large photon- and gluon-induced corrections to W + production
and causes the observed differences between W+ + v and W~ + ~ production.

In the distribution of the transverse mass of the W boson (Fig. [£.5] right) the situation is
different. In the quark—antiquark-induced relative electroweak corrections there is no qualitative
difference between the processes W~ and W+ visible. For the QCD and the photon-induced
corrections the only difference between Wt~y and W™~ is in the size of the maximum near
40 GeV. Apart from this, the shapes of the relative photon-induced and QCD corrections are
quite similar for the two different processes.

We have also considered other differential distributions, but show only the two distributions
with the largest and smallest discrepancies between the two processes in Fig. [4.5] The differ-
ences are mostly small where the cross sections are sizeable. Differences of the same size as for
the pr, distribution are, however, also found for the pr ., distribution.

Figs. list further distributions for W~ 4 v production including the CS case and
the corrections with the application of jet veto. The comparison between Wt 4+~ and W~ + v
production for other observables can be found in Figs.

4.6 Dilepton + photon production: pp — [T [ v + X

In Table 3] we present the LO cross sections o™© for different pp centre-of-mass energies /s
and different types of relative corrections ¢ defined in (4.4)) for pp — Z/v*+~v — 71" + v+ X.
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Figure 4.5: Comparison of W~y and W~ production in the transverse-momentum distribu-
tion of the charged lepton (left) and the transverse-mass distribution of the charged lepton and
the neutrino (right), including EW (top) and QCD corrections (bottom). For all corrections
absolute (upper box) and relative corrections (lower boxes) are shown.
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pp— It v+ X

Vs/ TeV 7 8 14
o0/ b 728.90(7) 818.40(8)  1317.00(14)
8y /% 0.27 0.26 0.22
O g/ 70 —5.50 —5.49(7) —5.43
g qq/ 7o —3.46 —3.46(7) —3.43
O g/ % 0.03 0.03 0.04
S /% | 0.01 0.02 0.02
OE g/ %6 0.05 0.05 0.06
O /% | 0.04 0.04 0.04
Seres /% 61.47(5) 62.78(5) 67.91(7)
Soens ™ /% | 58.67(5) 59.63(5) 63.17(7)
058 /% 60.57(5) 61.92(5) 67.18(7)
Sen /% | 57.77(5) 58.76(5) 62.44(7)

Table 4.3: Integrated cross sections and relative corrections for pp — [T17v + X at different
LHC energies. The EW corrections to the quark—antiquark annihilation channels are provided
with (CS) and without (NCS) lepton—photon recombination. Contributions from the photon-
induced channels and QCD corrections are shown with a jet veto (veto) as well as without a
jet veto using democratic clustering and fragmentation function (frag) or the Frixione isolation
criterion (Frix) to separate photons and jets. The numbers in parentheses denote the integration
errors in the last digits. This error is omitted if it is negligible at the given accuracy.

For the EW corrections resulting from the quark—antiquark-induced channels we show re-
sults for the CS and NCS scenarios. Results for the EW corrections originating from photon-
induced channels and for the QCD corrections are listed with and without a jet veto. Fur-
thermore, we present results obtained by applying democratic clustering in combination with a
quark-to-photon fragmentation function and the Frixione isolation scheme indicated by “frag”
and “Frix”, respectively. The different relative corrections are not particularly sensitive to the
collider energy. The largest variation (~ 60—68%) occurs in the QCD corrections. A jet veto al-
lowing a maximal jet transverse momentum of 100 GeV does not diminish the QCD corrections
considerably, since energy scales dominating the integrated cross section are much lower for our
setup, which allows for photons (leptons) down to transverse-momentum values of 15 (25) GeV.
The gluon-induced channels (not separately shown) contribute only about a tenth to the QCD
corrections at an energy of 14 TeV and even less at lower collider energies. The results obtained
with the fragmentation function and the Frixione isolation scheme differ by 0.5—1% for the QCD
corrections. The EW corrections to the quark—antiquark channels are about —3.4% and —5.5%
for the CS and the NCS case, respectively. The quark—photon-induced corrections contribute
less than 0.06% with and without a jet veto and, thus, are phenomenologically negligible. The
photon—photon-induced channel contributes with ~ 0.25%.

In summary, the quark—antiquark-induced EW corrections to the integrated cross sections
are small compared to the NLO QCD corrections. Nevertheless, they might become relevant
in future analyses, since they are of the order of several percent, i.e. larger than the residual
scale uncertainty of the NNLO QCD corrections. The photon-induced EW corrections are at
the per-mille level and not significant for experimental cross-section measurements. However,
larger effects appear in differential distributions, as demonstrated in the following. Besides the
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observables which will be discussed in detail in the following further distributions are listed in

Figs. 0.1

4.6.1 Results on transverse-momentum distributions

In the following we present differential distributions including QCD and EW corrections to
pp = Z/v*+~v — 1Tl +~v+ X for a pp centre-of-mass energy of 14 TeV. For each distribution
the relative EW corrections of the ¢g, ¢7, and vy channels as well as the QCD corrections
with and without a jet veto are shown. Since the difference between Frixione isolation and the
quark-to-photon fragmentation function is of the order of 1% for the integrated cross section
and distributions, and therefore not very significant, we only show results obtained with the
quark-to-photon

In Fig. [4.6] we show results on the transverse-momentum distributions of the hardest photon
(within cuts) and of the Z boson (defined in Eq. (4.9)). Both distributions receive large QCD
corrections in the region of high transverse momenta. This is due to the fact that at NLO
QCD new channels appear (qg — [T17vq) causing large corrections, especially in the high-
pr tails. However, these large corrections originate from events with hard jets. These events
should preferably be considered as part of Z + jet rather than Z + v production. Therefore
we additionally show distributions for the case of a jet veto discarding events with pr jer >
100 GeV. The jet veto suppresses the large QCD corrections at high transverse momenta. The
pr distributions of the photon and the Z boson receive large negative EW corrections, which
predominantly originate from so-called EW Sudakov logarithms. In case of the pr , distribution
the CS and the NCS cases hardly differ, since the recombination of the second photon and a
collinear lepton hardly influences the transverse momentum of the hardest photon. In contrast,
the CS and the NCS cases differ in the prz distribution. This is due to the fact that the
transverse momentum of the Z boson is reconstructed from the momenta of the charged leptons
which are sensitive to the recombination with a collinearly radiated photon. The quark-photon-
induced corrections are below 10% in both distributions and almost vanish in case of a jet veto.
The photon—photon-induced corrections grow up to 4% at prz = 1 TeV. They are not affected
by the jet veto, since there is no jet in the final state. In summary, the EW corrections are
much smaller than the QCD corrections if no jet veto is applied, but sizeable. In case of a jet
veto they even become the leading corrections in the high-transverse-momentum tails.

The transverse-momentum distributions of the two charged leptons are shown in Fig. [4.7]
The QCD corrections turn out to be of the order of 150% at 100 GeV and decrease to 50%
at 1 TeV if no jet veto is applied. In case of a jet veto the corrections are still large (100%)
in the low pr-range and drop to —50% at 1TeV. The transverse-momentum distribution of
each charged lepton receives large negative weak corrections originating from the Sudakov loga-
rithms, reaching —15% at 1 TeV. The difference between the CS and the NCS EW corrections is
roughly 6%. The collinear radiation of photons off F'S charged leptons shifts the lepton trans-
verse momentum to smaller values, causing negative corrections. Recombining the charged
lepton with the collinear photon partly compensates this effect, which is why the CS correc-
tions are smaller. The quark—photon-induced corrections are below 5% and almost vanish in
case of a jet veto. The photon—photon-induced correction grows up to more than 10% at 1 TeV.
Note, however, that at large Bjorken-x the photon-PDF carries large uncertainties of the order
of 100%. We see that in the high-pr tail the EW corrections are of the same order of magnitude
as the QCD corrections with and without a jet veto. The transverse-momentum distributions
of the two charged leptons and the corresponding corrections do not differ significantly.
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Figure 4.6: Distributions in the transverse momentum pr of the hardest photon (left) and
the Z boson (right), including EW (top) and QCD corrections (bottom). The upper boxes show
absolute predictions, the lower ones relative corrections.
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4.6.2 Results on invariant-mass distributions

The invariant mass of the Z boson, M+, is defined in (4.8)), and the invariant three-body mass
of the Z-decay products and the photon is defined by

M- = \/(pH + Di- +p7)2, (4.15)

where p;+, p-, and p, are the four-vectors of the charged leptons and the hardest photon,
respectively. We always take the momentum of the hardest photon if there are two photons.
The corresponding distributions are shown in Fig. 4.8

The invariant-mass distribution of the two charged leptons exhibits two peaks already at
LO. The larger one corresponds to the Z resonance originating from the propagator that is
resonant in the invariant mass of the two charged leptons M;+,- at M;+,- = My. The smaller
one comes from the resonance in the invariant three-body mass M;+;-,, where the photon is
radiated by one of the F'S charged leptons leading to a shift of the peak. The location of the
smaller peak mainly depends on the cut on the transverse momentum of the photon. With
decreasing values of the cut on pr, the peak becomes less pronounced and moves towards the
larger peak until they fuse. The QCD corrections are the leading corrections in this distribution.
They are particularly large at low invariant masses and below the resonance with and without
a jet veto. This is to some extent a result of our basic cuts, which allow invariant masses M;+,-
down to 40 GeV, but at the same time demand transverse momenta pp ;= > 25GeV. At LO,
this leads to a strong suppression of the cross section at low M;+;—, but at NLO QCD a jet
recoil (with intermediate prje, < 100GeV) in the real QCD corrections can lift such events
over the cuts on pp;+, leading to particularly large positive QCD corrections there. In the
resonance region the EW corrections coming from the ¢g channel reach 20% in the CS and 40%
in the NCS cases. Without photon recombination the shape distortion of the Z resonance is
larger, since more events appear where the photon carries away energy and shifts events from
higher to lower energies. The quark—photon-induced EW corrections are almost zero for low
invariant masses and reach 1% at 300 GeV. In case of a jet veto they are well below one percent
everywhere. The photon—photon-induced corrections are also tiny for invariant masses below
100 GeV, but grow up to 5% at 300 GeV.

Focusing on the invariant three-body mass we see that the QCD corrections are the domi-
nating contribution in the region of low invariant masses, but decrease with and without a jet
veto to 50% and 0%, respectively, for M+;-, = 2TeV. In this region, the M+,-, distribution
receives large negative corrections between —23% and —28% from the EW corrections for the
CS and the NCS case, respectively. The quark—photon-induced EW corrections are of the order
of 1-2% and practically vanish in case of a jet veto, while the photon—photon-induced correc-
tions reach 10% at 2 TeV. At high invariant mass the EW corrections are of the same order of
magnitude as the QCD corrections and become the leading corrections in case of a jet veto.

4.6.3 Results on rapidity and angular distributions

In the following we present some rapidity and angular distributions along with the corresponding
NLO corrections. As for the integrated cross section the QCD corrections yield typically the
largest contributions and in most cases a jet veto has no sizeable impact. We only show the
most interesting distributions in this section. Further distributions are listed in Appendix [D}

Although the distributions in the rapidity differences Ayz, and Ay;+, shown in Fig. are
different in their absolute values, the relative QCD and EW corrections are very similar in the
two cases.

The QCD corrections are about 50% at zero rapidity distance and grow to 110% at |Ay| = 4.
The quark—antiquark-induced EW corrections amount to roughly —3% in the CS case and vary
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65



pp — 1717y (v/jet) pp — 1717y (v/jet)

1200 , , , , , , , 1000 . . . . . . .
—_ (INLU QCD —_ ”NL() QCD
1000} — A& = — oo
NLO QCD 8001 N\I(L:) Qcp
veto — veto
— 800} ONCSveto — —  ONGS.yeto
€ £ 600l 1
S 600} | =
3 3
3 I 400t <
< 400f g <=
200l | 200} <
0 0 i i i i i
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
—1F - - — — . . - —2.0F : : —— : : -
2L - 55’;1\(\"% I éégi,,ﬁ i -2. 5+ I 5!!:\1\5"(,7 I 6]§\§'.qﬁ T
— — —3.0F <
8 —3“ & -3.5} !
'§ 's —4.0f g
-3r i -5.5} §
_6 L L L L L L L _60 L L L i i i i
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
0.8 : : : . . . .

O,/ 0, [%]

O,/ 0y [%]
o o
N D

Ay, Ay,
pp — 17177 (jet) pp — 171 (jet)
1200 : : : : : : : 1000 : : : : : : :
) — S0
| — GNLO QCD i P UNLO QCD
1000 —_ U?’\{“O QCD 800 o ?{L() QCD
— 800| {1 =
RS € 600l 1
S 600} 15
: 5
3 < 400t 1
< 400f g S|
>00l | 200/ 1
0 0 1 1 1 1 1
4 -3 -2 -1 o0 1 2 3 4 -4 -3 -2 -1 o 1 2 3 4
8 9
a 2

AyzA, Ay, *y

Figure 4.9: Distributions in the rapidity difference Ay, between the hardest photon and the
Z boson (left), and the rapidity difference Ay;+., between the charged lepton and the hardest
photon (right), including EW (top) and QCD corrections (bottom). The upper boxes show
absolute predictions, the lower ones relative corrections.

66



between —4% and —6% in the NCS case. The photon-induced corrections stay below 1% and
are phenomenologically unimportant.

Next we focus on the rapidity difference and the azimuthal-angular difference between the
charged leptons shown in Fig. [£.10] Starting with the rapidity difference we see that the EW
corrections to the ¢¢ channel have a minimum at zero rapidity difference and increase up to
—12% and —14% at |Ay+,-| = 4 in the CS and the NCS case, respectively. The corrections
from the ¢y channels are below 4% and 2% with and without a jet veto, respectively. The
photon—photon-induced corrections are below 5% for |Ay;+;-| < 2 and increase steeply to 30%
for |Ay;+,-| ~ 4. However, in this region the cross section is very small.

The azimuthal-angular difference between the charged leptons has a peak around 160°. This
peak is caused by the cut on the transverse momentum of the photon which eliminates events
with back-to-back leptons in the transverse plane. Increasing this cut shifts the peak to smaller
azimuthal angles. The NLO QCD corrections cause a very significant broadening of the peak,
because jet recoil effects strongly influence the angle between the leptons when the decaying
7 bosons receives a boost. The effect is strongest in the limit where the leptons are nearly
collinear, a region that is rarely populated at LO, but receives large contributions from hard
jet emission where the jet recoil and the boost of the Z boson are strongest. This also explains
the sensitivity of this region to the jet veto. The EW corrections from the ¢g channels are of
the order of —6% and —7% in the CS and the NCS cases, respectively, in the region of small
angle differences and decrease at larger ones. The photon-induced corrections lie below about
1% and are phenomenologically unimportant.

In summary, in angular and rapidity distributions the EW corrections are suppressed with
respect to the QCD corrections.

4.7 Invisible Z 4 v production: pp - v v v+ X

4.7.1 Results on total cross section

In Table 4] we present the LO cross sections o™© for different pp centre-of-mass energies /s
and different types of relative corrections ¢ defined in forpp —>Z+~v—>v+v+X.

Recall that we sum over all three lepton generations. Similar to the results in Table [4.3]
we find that the relative corrections only marginally vary for the different collider energies.
Here again the QCD corrections give the dominant contributions with ~ 40—50%, but with
26% the amount of the gluon-induced channels is much larger than for 71~ production.
Owing to the neutral final state the dominant contribution inside the quark—antiquark-induced
EW corrections results from pure weak corrections with —4.5% and the photonic corrections
only contribute 0.3%. Again the quark-photon-induced corrections are phenomenologically
negligible.

4.7.2 Results on transverse-momentum distributions

In the following we present differential distributions including QCD and EW corrections to
pp — Z+ v — vvy + X for a pp centre-of-mass energy of 14TeV. In Fig. we show
distributions in the transverse-momentum of the photon and the missing transverse momentum.
First we notice that the two distributions as well as the corresponding corrections are almost
identical.

Since the photon neither couples to the Z boson nor to the neutrinos, the photon and the
7 boson are always back to back in their centre-of-mass frame at LO. Corrections from the real
radiation of jets or photons off the initial-state partons hardly distinguish between the produced
Z boson or the hard photon, so that even the NLO corrections (both QCD and EW) almost
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pp —mvvy+ X

V/'s/ TeV 7 8 14
oO/fh | 74.93(1) 91.03(1) 185.30(2)
Spwaa/% | —4.15  —4.26 —4.68
Ove g/ % 0.03 0.03 0.03
Oiwan®/% | 0.02 0.02 0.02
opes ) % 0.03 0.03 0.03
S /% | 0.02 0.02 0.02
oesy/% | 46.24(3)  46.91(3)  51.46(4)
Ooyens™® /% | 42.46(3)  42.52(3)  44.05(4)
0oan/ % 45.42(4)  46.08(3)  50.71(3)
Oen ™ /% | 41.63(4)  41.69(3)  43.31(3)

Table 4.4: Integrated cross sections and relative corrections for pp — vry+X at different LHC
energies. Contributions from the photon-induced channels and QCD corrections are shown with
a jet veto (veto) as well as without a jet veto using democratic clustering and fragmentation
function (frag) or the Frixione isolation criterion (Frix) to separate photons and jets. The
numbers in parentheses denote the integration error in the last digits. This error is omitted if
it is negligible at the given accuracy.

coincide for the pry (which is equivalent to prmiss) and pr, distributions. Furthermore the
NLO corrections closely resemble the ones shown in Fig. (left) for the pr, distribution for
the [T~ final state. The QCD corrections are similar, because they only affect the IS quarks
and do not depend on the final state. The EW corrections corresponding to the qq channel
are identical with the weak corrections including the large Sudakov logarithms and turn out
to be of similar size quite independent of the final state. The photonic corrections, which
only involve the IS quarks, are negligible for vy production, i.e. they are almost completely
absorbed into the PDFs. The quark—photon-induced corrections roughly differ by a factor of
two in the cases of 71~y and pv~v production, since they depend on the FS particles: In the
visible decay channel the IS photon (discussed in Section .6 can also couple to the FS charged
leptons, whereas in the invisible decay channel it can only couple to the IS quarks.

4.7.3 Results on transverse-mass distributions

The transverse three-body mass of the neutrinos and the photon is given by

MT,DV’y - \/(pT,miss + pT,7>2 - (pT,miss + pT,w)2 ) (416)

where we always take the hardest photon if there are two. The corresponding distribution
is shown on the left side of Fig. [£.12] Comparing this with the invariant three-body mass of
the charged leptons and the photon given in Fig. we see that the QCD corrections are
flat and have the same trend in both distributions. This can be explained with the same
argument as in case of the transverse-momentum distributions, since the QCD corrections only
act on the IS quarks and do not depend on the FS leptons. Note that in the invisible decay
channel the distribution only starts at 190 GeV at NLO and at 200 GeV at LO owing to the
larger pr cuts. The EW corrections to the ¢¢ channel are considerably larger in the invisible
channel which is due to the fact that we consider the transverse three-body mass instead of
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corrections.
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the full three-body mass. If the latter gets large, there is still the possibility that all transverse
momenta are moderate or small. By contrast a large transverse three-body mass requires some
large transverse momenta, so that the kinematical configuration is closer to the Sudakov regime
where all Minkowski products of momenta are large and EW corrections are strongly enhanced.
The corrections from the quark—photon channel are below 1% with and without jet veto and
therefore negligible.

4.7.4 Results on rapidity distributions

The rapidity distribution of the hardest photon is shown on the right side of Fig. It receives
large QCD corrections between 30% and 60%. The jet veto diminishes the QCD corrections
by 5—10%. The EW corrections to the ¢¢ channel mainly originating from the purely weak
corrections are of the order of —5% and almost flat and therefore reflecting the corrections to
the integrated cross section. The EW corrections are small compared to the QCD corrections,
but not completely negligible.
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Conclusions

The production of a photon in association with a massive vector boson including the leptonic
decays is one of the simplest processes to probe the EW gauge sector of the SM. As a part of
the gauge-boson pair production processes it is of great interest in several phenomenological
studies at a hadron collider as the LHC. W + ~ production allows direct access to the coupling
of the photon to the W boson and facilitates the investigation of deviations from the standard
form of the WW~ vertex. The production of a charged lepton pair and a photon constitutes
the main background process for the Higgs decay into a Z boson and a photon and is also used
for the study of non-standard effects resulting in ZZ~ and Z~~ couplings. The sub-process of
Z + ~ production where the Z boson decays invisibly in two neutrinos is an important signal
within the searches of many exotic new-physics models.

In this work we presented a full calculation of QCD and EW NLO corrections for W+ + ~
production and for the charge-conjugated process of W~ + ~ production as well as for Z + ~
production. This calculation includes the leptonic decay of the vector bosons, and all off-shell
effects of the intermediate states have taken into account by using the complex-mass scheme.
Each of the V 4 v production processes includes quark—antiquark-, gluon- and photon-induced
channels. Additionally, the dilepton plus photon production involves contributions with two
initial-state photons. A detailed discussion of the partonic channels can be found in Chapter [2|
For the treatment of IR singularities we have applied the dipole subtraction formalism. Within
the calculation of quark—antiquark-induced EW corrections we are faced with final-state photon
radiation off fermions where we have considered two different scenarios. In one case we assume
that a collinear photon—lepton system can not be separated in a detector so that such a config-
uration is treated as one quasi-particle. In a second scenario mimicking final-state muons we
proceed from the assumption that the photon will be absorbed in the electromagnetic calorime-
ter of the detector and the muon is measured in the muon chamber. In that case photon and
muon can be separated also if they are collinear. The final states of the partonic processes
for photon-induced and QCD corrections contain photons and jets. For the actual distinction
between hard photons and hard jets in their overlap region we applied two different implemen-
tations. We used the concept of democratic clustering in combination with a quark-to-photon
fragmentation function or the Frixione isolation scheme. The details of the applied techniques
are outlined in Chapter [3] For the QCD corrections we found large corrections which result
from the appearance of new production channels (gluon-induced contributions). However, these
large corrections come from events with hard jets, meaning that they should better considered
as part of V + jet production rather than V 4 v production. For this reason we also calculated
these contributions including the application of a jet veto.

Focussing on W + ~ production we found that the QCD corrections give the dominating
contribution ~ 150% to the total cross section. The EW corrections only contribute with
2 — 3% and around 1% for the ¢¢ and ¢y channel, respectively, and partially compensate
each other. However, in several distributions the picture is different. Reflecting the general
features of EW corrections we found that in the TeV range (Sudakov logarithms) the ¢g channel
contributes with several 10% and significant corrections appear in the resonance region of the
transverse mass distribution of the lepton pair. Additionally, the ¢y channel also contributes
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with several 10% in case of no jet veto and, thus, partially compensates the QCD corrections.
The application of a jet veto reduces the ¢y channel to almost zero but also the QCD corrections
so that the EW quark—antiquark-induced corrections become the dominant contributions.

For the charge-conjugated process of W™+ production we found very similar results. While
the difference in total cross section at leading-order originates from the different PDF factors due
the charge-conjugated initial state, the numerical values of the relative EW and QCD corrections
to the total cross section are almost identical. In most oft the studied distributions we found
no significant deviations in the shape of the distributions. However, in the pr distributions of
the charged leptons and the photon a difference is visible.

For the dilepton production in association with a photon we observe that again the QCD
corrections of O (60%) give the dominant contribution to the total cross section. The quark—
antiquark-induced EW corrections contribute with around —3% and —5% for the case of dressed
leptons and final-state muons, respectively. Here, the contributions from the ¢ and v~ channels
are negligible. In some of the distributions the ¢y channel contributes up to a few percent
but can not compensate the QCD corrections in the same order of magnitude as for W +
~v production. The ~v channel is negligible in the regions of large cross section. However,
one should remember that the interpretation of photon-induced and, especially, double-photon
induced contributions should be treated with caution due to the large uncertainties ~100% of
the photon PDF's at large Bjorken-z.

The Z + ~ production process where the Z boson decays invisibly in two neutrinos has a
much smaller total cross section at LO due the strong cuts on prmiss and pr,. The QCD
corrections around 50% give the dominant contribution. The quark—antiquark-induced EW
corrections are found to be of the order —5%. The ¢y channel is again negligible in the total
cross section and also in the distributions it contributes less than 1%.

The numerical results presented in Chapter [4] of this thesis push the existing calculation of
EW corrections to the level of complete EW NLO calculations for V++ production including the
leptonic decays of the vector bosons and all off-shell effects. The contributions from all channels
with initial-state photons are also included. The calculation of NLO corrections presented in
this work have been implemented in a highly flexible Monte Carlo program which allows to
calculate predictions for total cross sections and also arbitrary distributions in the form of
histograms.
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Appendix A

Monte Carlo phase-space integration

In this work we mostly discussed the partonic cross section, the PDFs and the treatment of
various types of singularities inside them. In the end, the calculation of the hadronic cross
section defined in Eq. requires an integration which (due to the complicated structure of
the integrand) can not be worked out analytically. For the numerical evaluation of the integrand
we use the so-called Monte Carlo method. In this chapter we outline the technical details about
this method and its application to the phase-space integration. In Section we summarize
the basic strategy and present the global formulae which are applied and in Section [A.2] we
discuss the explicit parametrization of the phase space.

A.1 Basic concept

The basic idea of the Monte Carlo method is based on the law of large numbers. This law says
that for a large set of n randomly created numbers u; the sum of function values for a function
f divided by N converges to the expectation of the function f

N b

%Zf (u;) — ﬁ du f (u) , (A1)

=1

so that the integrals can be calculated by a discrete finite sum. A rather detailed overview
about the theory and practical applications of the Monte Carlo method can be found e.g. in
Ref. [105].

In order to apply the Monte Carlo method to the calculation of the total cross section we
start with the definition of the hadronic cross section at NLO (as introduced in Eq. (1.70]) for
an general process A (pa) + B (pg) = f+ X

1 1
doap.r = dz, | d ala(Tq Aoy r(qzpS)| - A.
oins =3 [ [ [fuate s ) a6 i) (42)

Therein we omit arguments since they are not relevant for the phase-space integration. oqp, s
represents the IR-safe partonic cross section where all IR singularities are already treated with
dipole subtraction or absorbed to the PDF's via a redefinition. 45, is defined as

1
22,155

doap—yp =

/d<I> IM (D) 2, (A.3)

where S is the hadronic centre-of-mass energy which is related with the partonic energy via
§ = xaxpS. P represents the generic phase space and the various contributions from squared
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amplitudes are denoted by |[M]?. In summary, two different types of integrations dz,/dz;, and
d® have to be performed.

The integration over the parton energy fractions z,/x;, leads to a complication: From the
so-called flux factor 1/(x,x,S) in Eq. it follows directly that the hadronic cross section
shows a peak at the low-energy limits z,,, — 0. This peak can be avoided by introducing a
lower cut Sy, on the level of the partonic centre-of-mass energy §. In order to illustrate the
consequences of this cut we introduce the following substitutions

Ty —> T = Loy = Ty — T =y, (A.4)

N »

so that Eq. (A.2) transforms to
dr dx .
doapy = 35 Z/Tmm / fa|A fb|B( x) doap— s (TS)] : (A.5)

Therein the cut on the lower energy is included in Ty = Smin/S. Choosing a non zero value
for S, and so for 7, directly excludes the singular regions x, = x;, = 0. In Eq. we end
up with the factor 1/(7z) in the integrand leading to a non-flat structure. The flattening of
this factor is done by a specific choice for the mapping between a generated random number r
and x or 7, respectively. In order to derive this mapping we start with the x-integration which

can be rewritten as q
T
) A.
/ / dr x( (A-6)

In order to flatten the singularity 1/x we suppose the followmg relation for the mapping

dz(r)
dr X

x(r). (A7)

Assuming the boundary conditions x(0) = 7 and z(1) = 1 (defined by the integration limits in
Eq. (A.5))) this relation can be fulfilled by

TS () S s

where g, (z) denotes the inverse Jacobian related to the substitution  — 7. Here we use the
random number r; instead of the generic r to indicate that the random numbers for the z- and
7-mapping are different. The mapping x(r1) is chosen such that the Monte Carlo integration
is achieved over a flat integrand.

From Egs. and it follows directly that the integrand of the 7-integration includes
the form (log 7)/7. Applying the same procedure as described for x we find for the 7-mapping

1
Y == [ d7(r) . 2 log T A
T Tmin o g-(7) = ( dry ) a log®(Tmin) T (A.9)

where T = Smin/S and g¢.(7) represents the corresponding inverse Jacobian. Finally, the
random numbers r; and r, can be translated to x, and z; with

_ 7(r2)
©a(n)

, xp = (1), (A.10)

and the phase-space density

2 1
2,7\ La) LTp) = , A1l
S o 8] = o) —
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which is the product of the inverse Jacobians in and expressed in terms of x, and
Tp.

The mapping discussed so far reflects the easiest choice to flatten the flux-factor in Eq. .
However, in order to optimize the convergence of the numerical integration there are possibilities
to adapt the mapping to the corresponding partonic process. In case of vector-boson production
in association with a photon the dominant contribution to the total cross section arise from
events related to the energy region around the mass of the vector boson. Finally, we use the
knowledge about the shape of the cross section in addition to the mapping discussed in this
section. Therewith we are able to achieve a concentration of events to the phase-space region
where the integrand contributes most.

A.2 Generic phase-space decomposition

In general, the calculation of scattering amplitudes necessitates the calculation of several Feyn-
man diagrams. These diagrams have various propagator structures which peak in different
regions of the phase space. As it is worked out in detail in Appendix C of Ref. [106] the various
phase-space parametrizations which are necessary to ensure a proper numerical integration can
be constructed by the use of universal building blocks. This procedure will be outlined in the
following.

In order to describe the construction of the phase space we consider a generic 2 — n partonic
scattering process described by

a(pa) + b(py) = cr(ky) + ...+ cu(kn), (A.12)

where the momenta of the incoming particles p,, p, and the momenta of the outgoing particles
ki, © = 1,2,...,n were given in parenthesis. In four dimensions the corresponding differential
phase space is defined by

Aoy = 2m) " | [] d"ki6 (K] —m?) 0 (k?)] o (pa +p— ) k) , (A.13)
=1

i=1

where the IS particles are assumed to be massless and the masses of the F'S particles are denoted
by m; = \/k?. The phase-space integral [ d®_,,) then can be constructed by three different
types of building blocks:

1. The phase-space integration over invariant where a resonant propagator occurs in the
s-channel.

2. The phase-space integration of a particle decay: i(p12) — fi(k1) + fo(kz).
3. The phase-space integration of a t-channel 2 — 2 scattering process:

i1(p1) +12(p2) = fi(k1) + fa(k2).

For a partonic process with an intermediate vector boson decaying in the s-channel the squared
amplitude has the following Breit—Wigner structure

1
P = IR IR

IM[* o (A.14)

Starting from the generic phase-space integration in Eq. ((A.3]) we introduce a generic map-
ping h (r) transforming a set of random numbers r with 0 <7, <landi=1,...,3n; —4 to
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the phase-space elements in ®

1 3ny—4

/ dd |M (p (@) = /0 H dr; MZ (%((1111 ((:;))))’ . (A.15)

Therein we made the dependence of the particle momenta from the phase-space elements ®
or the random numbers r explicit. In case of a multidimensional function h (r) the general
transformation of the variables reads

1

dh dh (r)
— — 4 Al
/h /r dr |h()’ (A.16)
where |...| denotes the determinant. Therewith the density in Eq. (A.15]) is given by
dh (r) |
(o0 (6)) = B (A17)
For our purposes we choose the following specific mapping
hprop (7’) = Mvrv tan [y1 + (yg - yl)r] + M\2/ s <A18)
where we introduce the abbreviations
2 2
pmin/max - MV
Y1/2 = arctan . A.19
1/2 < MyTy ) (A.19)

The values pupin and puax describe the limits of the phase-space integration. The mapping
hprop (1) chosen in Eq. (A.18)) results in the phase-space density

MyTy
y2 — y0)[(p? (1) — M3)? 4+ MITT]

which will exactly cancel the denominator in (A.14]) so that the total integrand in Eq. is
flat. Finally, this mapping ensures is that during the Monte Carlo phase-space integration most
of the random numbers will be sampled in regions of the phase space where the propagator
becomes resonant and which give the dominant contribution to the total cross section.

Gprop (Pprop (T) D (r) = ( (A.20)

For the description of the decay of particle ¢ we first introduce the total energy squared of the
decay products

s12 = (ki + ka)?. (A.21)

Therewith the particle decay is described in the rest frame of i by the use of the polar angle ¢
and the azimuthal angle 6 (the hat indicates: rest frame of 7). The phase-space integral then
reads

/ A (12, 12, 12) = / dhy / By 6 (K2 — m2) 0 (k) 5 (k2 — m2) 0 (k) 69 (pra — ky — ko)

— )\1/2 (8127k%7k§) \/27T dq@/l dCOSé
0 -1

8812

1 1 1
= dr / dry, A.22
9d(812,k%ak§)/0 ' 0 ? ( )
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where the first line shows the differential phase space derived from Eq. ( m In line 2 we
introduce the integration values qﬁ and cos 0 and we use the Kaellen function

MNa,y,2) =2 + v+ 2% — 2y + 12 +yz). (A.23)

The integration of the values QAﬁ and cos@ is then transformed to an integration of random
numbers in line 3. The application of the Monte Carlo method (as discussed at the beginning
of Section [A.T]) uses the simple mappings

~

¢ =2mry, cosh =2ry — 1, (A.24)

where 715 € [0, 1] represent two different random numbers. Therewith the corresponding density
ga (812, k%, k3) is given by

2512
k7 k3) = . A2
9d (5127 1 2) 7T/\1/2 (812, k%, k%) ( 5)
The momenta of the decay products are then defined as
= (k) k= (k) (A.26)

where the energy k: 1/2 and the absolute value of the three-momentum |k1 /2| are given by

fo_ S1o + k¥ — k2 ey | — A2 (519, k3, K3)
! 2\/812 ’ ! 2\/ S12 ’
) ]f2 - k2 N )\1/2 /{2 k2
kg _ S12 + 2 1 ’ |k2| _ (3127 29 1) 7 (AQ?)

2,/512 2\/512

with s1o defined in Eq. . Since the momenta l%l /2 are calculated in the rest frame of
particle ¢ they have to be boosted to the laboratory frame. This boost is described by the
matrix B(Q% Q) transforming an arbitrary four-vector k* to the rest frame of Q* and its
inverse transformation B (Q", —Q) is then used for the Lorentz transformation from rest frame
to laboratory frame

~

o ) bk A
0 = 4k° + bk, k:k+bm+bk°, (A.28)

where we introduce b = Q/m, v = Q°/m and m = /Q?. Since the decay of the particle i is
isotropic the coordinate system can be chosen arbitrarily. If we choose the flight direction of
particle f; as the zs-axes the momenta of the decay products f; and fy are given by

p%g +l€% —k:g

24/p%,
. A 0
kl =B (p(1)27 —plg) R <§b, COS 0) 0 s k’g = P12 — ]{?1 s <A29)
A2 (p2y k3 ,43)
2 P%z
in the laboratory frame. Therein the rotation matrix R <g§ 0s 9) is given by
1 0 0 0 1 0 0 0
~ A 0 cos gz3 sin ngﬁ 0 0 cosf 0 sinf
R ( , 9) - . Sne A.30
b, cos 0 —sing cos¢p 0 0 o 1 0 ( )
0 0 0 1 0 —sinf 0 cosf
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For the description of the 2 — 2 scattering process mentioned in point 3 two particle with
momenta p; and py transform in two particles with momenta k; and k. The phase-space
integration can be parametrized by an integration of the polar angle (13 and the Mandelstam
variable t = (p; — k1)2 in the rest frame of p1s = p; + ps. The x3-axes is chosen in p; direction
so that the momenta are given by

plyt+pi—p3 p2o+k2—k2
2\/1% 2 p%Q
. 0 . R . 0
P2 = 0 , ki=R (¢, cos 6) 0 , (A.31)
RS Gt A2 (p2y k3 K3
24/92, 2y/p1s

and 12;2 =p1 + P2 — 1%1. The integral then reads

/ 49, (p1, pa K2, 12) = / d'hy / Ay (12— m2) 0 (k) 5 (12— m2) 0 () 6 (pro — y — ko)

1 27 “ tmax
_ d / dt, A.32
4)\1/2 (512,]7%7]7%) /0 gb tmin ( )

where the variable ¢ is defined as

k2 — k2 2 _ 2} _ \1/2 k2 E2) \1/2 2 .2 é
t=k2+p?— (s12 + ki — k3)(s12 + p1 — p3) 5 (s12, ki, k3) (s12, P1, P3) coS (A.33)

and exclusively depends on the azimuthal angle 6. s1o is defined Eq. (A.21)). The integration
limits #pyax/min Teflecting the values cos 6 = F1 read

tmax/min _ k% _i_p% - (512 + k’% — k%)(sﬁ +p% - p%);: A\1/2 (512; kj%) k%) \1/2 (812,]7%,173) . <A34)
S12

In analogy to Eq. (A.28) the momenta of the FS particles f; and fy in the laboratory frame
can be derived from the momenta in the rest frame with a Lorentz boost and a rotation

k12 = B (p}y, —P12) R (—(JB, cos 9~> /%1/2 : (A.35)

where the angles ¢ and 6 have to be calculated from the boosted incoming momentum p; =
B (pYy, p12) p1 with the following relations

=2
_ arctan (@) if pt >0 R &
= Pi 2\ j : cosf = 21 (A.36)
T 4 arctan (ﬁ) if p; <0 1]

The tilde indicates the rest frame of p = p; + po.
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Appendix B

Loop integrals

In this chapter we discuss the numerical evaluation of one-loop integrals used for the calculation
of virtual QCD and EW corrections to the processes defined in Eqgs. , and .
In Section [B.I] we introduce the common conventions to describe one-loop integrals and in
Section [B.2] we outline the technical details of the reduction of tensor integrals.

B.1 General structure of tensor integrals

The calculation of one-loop diagrams with M external legs requires the computation of N-point
tensor integrals with N < M. The general form of a N-point tensor integral with rank P is
given by [61]

2mp)iP gt ... ghr

TNHLHP () DN, TG, e TN :<— dP , B.1
(1, P10 n-1) in2 "DoD; ... Dy (B-1)
where the momenta py, po —p1, p3—po, . .., PnN_2 —pn_1 indicate the incoming external momenta

(see Fig. [B.I). The denominator factors are defined as
Dy = (qg+pp)> —mi +ie, k=01,....N—1, py=0. (B.2)

Therein p; and my indicate the momentum and the mass of the particle of the k-th loop
propagator. The tensor integrals are totally symmetric in the Lorentz indices u and they are
invariant under permutations of the propagators Dy. ie (where € > 0) is an infinitesimally small
imaginary part which is used for regularising singularities of the integrand. The tensor integrals
are defined with an analytical continuation in D = 4 — 2¢ dimensions which is necessary to
allow regularization of the UV divergences. In order to conserve the correct mass dimension of
the integral this necessitates the introduction of the mass scale pu.

The 1-, 2-, 3-, 4- and 5-point functions which appear in the calculation of one-loop ampli-
tudes for a general 2 — 3 process are commonly labeled with 7' = A, T? = B, T* = C, T* = D
and 7% = E. The case P = 0 in Eq. defines the scalar N-point integral T where no
integration momenta appear in the numerator of the loop integral.

Due to Lorentz covariance a tensor decomposition of the following structure is possible

TN,H1~~~HP (pl, ey PN—1,Mg, ..., MN_ 1 Z i1 ppum -+ Pipup > (BS)

.,ip=0

the tensor coefficients Tl]lv ., are totally symmetric. The correct terms depending on the external
momenta p; and the metric tensor g,, can be derived from Eq. (B.3) in the following way: we
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reject all term with an odd number of py’s and we replace products with even numbers of pg

according to the following scheme

Poui Pops ? G o

P01 Pop2 Pops Popy 7 Guip2pspa + GuipsGuapa + Gpapa9pops -

P2 — P1

Figure B.1: General N-point tensor integral.

Therewith the decompositions for the lowest order integrals are

B/L - pluBl ’
B,uu = g;wBOO + pl,uplvBll )

2
Cp, = sz,uoz )
=1
2
Cuw = GuwCoo + Z PipPjvCij
ij=1
2
C;wp = Z(gw/pip + GvpDPip + guﬂpiu) OiOO )
=1

2
+ Z PipbjvPrpCijk -

1,7,k=1

B.2 Explicit calculation of tensor integrals

(B.4)

(B.5)

For the explicit calculation of one-loop integrals we use the fortran-library COLLIER [59]. The
applied method for the reduction of tensor integrals and the calculation of scalar integrals

depends on the number of external momenta of the one-loop integral.

For the numerical evaluation of 1-point and 2-point functions we use explicit analytical
expressions from Refs. [61],107]. For N = 3,4 the tensor integrals will be reduced via Passarino—
Veltman algorithm [107] to integrals with lower rank P and integrals with lower N which

formally can be written as

ATN#L--#P — [TN“U‘l-uHPfl 7 TN#ln-quz , TN—l,m...uP]

)
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where on the r.h.s. a linear combination of reduced tensor integrals is indicated by [...] and
A = det(Z) denotes the the determinant of the Gram matrix

2pip1r ... 2pipN—a

7 = (B.7)

2pN—1P1 .- 2PN-1PN-1

The system of linear equations given in Eq. can be solved by calculating the inverse of the
determinant A. In regions of the phase space where A becomes small this leads to instabilities.
Finally, it would result in a linear dependence of the equations. Since this linear dependence
appears even for the scalar integrals this issue also persists for other reduction methods. For
critical phase-space points where the determinant of the Gram matrix is small the strategy of
solving the system of linear equations is the following: we substitute the rank in Eq. by
P — P + 1 which results in

ATN,,m...,up_H — I:TN7IJ’1"'IJ’P’ TNy,Ul-u/lP—l,TN*LMlmMP] ) (BS)

Note, that tensor integral T™:#1#P now arises on the L.h.s. At zeroth order we neglect terms
of O(A) and then Eq. (B.8)) simplifies to

O — [TN“LLl..A,up7 TN,/un.HPfl’TNfluul..A,U«P] , (BQ)

where TN#1#P can be calculated from integrals of lower rank P and integrals with a lower
number of external legs N. For higher precision the expansion in A then can be enhanced to
O(AF) which necessitates the calculation of tensor integrals with higher rank up to TN:#1-Hp+k,
Various expansion methods were proposed in Ref. [61] and all of them are implemented in
COLLIER.
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Appendix C

Distributions for pp — "y, v + X

In this chapter we list distributions in various observables for the W~ + ~ production at a
collider energy of 14 TeV. For each observable we show absolute plots for complete NLO and
NLO QCD corrections (large boxes). The corresponding cross sections are defined in Eqs.
and , respectively. We also show relative EW corrections for the ¢¢g and the ¢y channel
as well as relative QCD corrections (small boxes). The relative corrections are defined in
Eq. . For the quark—antiquark-induced correction we show results for the collinear-safe
and the non-collinear-safe case. For photon-induced and QCD corrections we present results
with and without a jet veto at 100 GeV.

We show distributions in the transverse momenta of the hardest photon and the charged
lepton in Fig. [C.1] Fig. displays distributions in the transverse mass of the charged lepton
and the neutrino and the transverse three-body mass of the charged lepton, the neutrino and
the hardest photon. In Figs. and we present various distributions on rapidity y and
the azimuthal-angle ¢. While the absolute values for the differential cross section for Wt~
(presented in Section [L.4]) and W~ differ due to different PDF factors the shape of the relative
corrections look very similar.

In order to illustrate the explicit difference in the relative corrections between W'~ and
W™~ production we compared in Section [4.5 the distributions of the transverse momentum for
the charged lepton and the transverse mass of the lepton—neutrino-pair. These two distributions
demonstrate the largest and smallest deviation between W'~ and W~ production. In addition

to Fig. we show in Figs. the comparison of both processes for further observables.
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Figure C.1: Distributions in the transverse momentum pr of the photon (left) and the
charged lepton (right), including EW (top) and QCD corrections (bottom). For all corrections
absolute (upper box) and relative corrections (lower boxes) are shown.
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(right), including EW (top) and QCD corrections (bottom). For all corrections absolute (large
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Figure C.7: Distributions in the rapidity difference Ay, (left) and the azimuthal-angle
difference A¢y, (right) of the charged lepton and the photon, including EW (top) and QCD
corrections (bottom). For all corrections absolute (large box) and relative corrections (small
boxes) are shown.
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Appendix D

Distributions for pp — [T 7 v + X

In this chapter we list further distributions in various observables for pp — [Tl at a collider
energy of 14 TeV. For each observable we show absolute plots for complete NLO and NLO QCD
corrections (large boxes). The QCD NLO cross section and the complete NLO cross section are
defined in Egs. and ([{.1]), respectively. In addition, we also present relative corrections for
EW and QCD corrections. Due to the different final state of the qq and the ¢y channel we show
these contributions apart from each other. The relative corrections are defined in Eq. . In
case of the quark—antiquark-induced correction we show results for the collinear-safe and the
non-collinear-safe case. For photon-induced and QCD corrections results are presented with
and without the application of a jet veto at 100 GeV
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Figure D.1: Distributions in the rapidity y of the hardest photon (left) and the Z boson
(right), including EW (top) and QCD corrections (bottom). The upper boxes show absolute
predictions, the lower relative.
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