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Abstract

Scrutinizing the properties of the newly discovered boson at the Large Hadron Collider
is a challenging endeavor. A rather clean environment for such measurements is provided
by vector-boson fusion (VBF) processes. To give reliable predictions for distributions, we
have matched several VBF processes to parton showers at next-to-leading order (NLO)
accuracy.

The processes under consideration are electroweak gauge-boson production, Higgs boson
production with anomalous couplings and Standard Model (SM) Higgs boson production
in association with three jets, all via VBF. We match the NLO calculation available within
the parton-level Monte Carlo generator Vbfnlo to the parton shower in Pythia 6, to the
standard angular-ordered Herwig++ parton shower and to the transverse-momentum-
ordered dipole shower implemented in Herwig++. We employ the Powheg matching
scheme by using the program package Powheg-Box. Sizable parton shower corrections
to the sub-leading jets are found.

In addition, we discuss the program Repolo, which has been developed in order to
reweight SM VBF Higgs events to account for two different scenarios of physics beyond
the SM and to calculate signal-background interference effects needed in heavy Higgs
boson searches.

Zusammenfassung

Nach der Entdeckung eines higgsartigen Teilchens am Large Hadron Collider ist es wichtig,
die Eigenschaften dieses Teilchens genau zu bestimmen. Einen wichtigen Produktion-
skanal für solche Messungen bildet hierbei die Vektorboson-Fusion (VBF), da sich durch
die charakteristische Detektorsignatur viele Untergründe effektiv unterdrücken lassen.

Um möglichst verlässliche Vorhersagen für Verteilungen zu ermöglichen wurden in dieser
Arbeit mehrere VBF-Prozesse auf nächst-führender Ordnung mit drei verschiedenen Par-
tonschauern kombiniert, nämlich die VBF-Produktion elektroschwacher Eichbosonen, eines
Higgsbosons mit anomalen Kopplungen und eines Standardmodell-Higgsbosons (SM) in
Verbindung mit drei Jets. Dazu wurden die Vorhersagen, die mit NLO-Genauigkeit auf
Partonniveau in dem Monte-Carlo-Programmpaket Vbfnlo verfügbar sind, mit dem Par-
tonschauer in Pythia 6, mit dem winkelgeordneten Herwig++-Partonschauer und dem
transversalimpuls-geordneten Dipolschauer, der auch in Herwig++ implementiert ist,
verbunden. Hierfür wurde das Powheg-Matchingschema verwendet, das in dem Pro-
grammpaket Powheg-Box verfügbar ist. Bei der Untersuchung der Prozesse wurden
beträchtliche Korrekturen der Partonschauer zu Verteilungen der nicht-führenden Jets
gefunden.

Zusätzlich wird das Program Repolo diskutiert, das entwickelt wurde, um SM-Higgs-
boson-Ereignisse in VBF umzugewichten. Dadurch können unter anderem anomale Kop-
plungen des Higgsbosons an SM-Teilchen simuliert oder Signal-Untergrund-Interferenz-
effekte berücksichtigt werden, die bei der Suche nach schweren Higgsbosonen eine Rolle
spielen.





CONTENTS

1. Introduction 1

2. The Standard Model of Particle Physics 5
2.1. The Electroweak Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1. The Higgs Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2. Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1. Asymptotic Freedom and Confinement . . . . . . . . . . . . . . . . 10
2.2.2. Cross Sections at Hadron Colliders . . . . . . . . . . . . . . . . . . 11

2.3. Higgs Boson Production at the LHC . . . . . . . . . . . . . . . . . . . . . 12

3. Matching of Next-to-Leading Order and Parton Shower Predictions 15
3.1. Next-to-Leading Order Calculations . . . . . . . . . . . . . . . . . . . . . . 15
3.2. Parton Shower Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3. The Powheg Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4. The Powheg-Box . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4. Electroweak Gauge-Boson Production via Vector-Boson Fusion 31
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2. Elements of the Implementation . . . . . . . . . . . . . . . . . . . . . . . 32

4.2.1. Flavor Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.2. Matrix Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.3. Phase Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.4. Checks and Comparisons . . . . . . . . . . . . . . . . . . . . . . . . 38

4.3. Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5. Higgs Boson Production via Vector-Boson Fusion with Anomalous Couplings 49
5.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2. Effective Lagrangian Approach . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3. Elements of the Implementation . . . . . . . . . . . . . . . . . . . . . . . 53



vi Contents

5.4. Setup of the Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.5. Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6. Repolo 63
6.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2. BSM Predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.2.1. Details of the Implementation . . . . . . . . . . . . . . . . . . . . . 64
6.2.2. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.3. Heavy Higgs Reweighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.3.1. Signal Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.3.2. The Complex-Pole Scheme . . . . . . . . . . . . . . . . . . . . . . . 75
6.3.3. Implementation in Repolo . . . . . . . . . . . . . . . . . . . . . . 78
6.3.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7. Higgs Boson Production via Vector-Boson Fusion in Association with three
Jets 83
7.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.2. Elements of the Implementation . . . . . . . . . . . . . . . . . . . . . . . . 84

7.2.1. Matrix Elements and used Approximations . . . . . . . . . . . . . . 84
7.2.2. Phase Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.2.3. Comparisons and Checks . . . . . . . . . . . . . . . . . . . . . . . . 91

7.3. Phenomenological Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

8. Summary 103

A. Repolo Input File 105
A.1. Main Input Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
A.2. BSM and heavy Higgs Parameters . . . . . . . . . . . . . . . . . . . . . . . 105

B. Les Houches Event Files 109

Bibliography 111

Acknowledgments 127



CHAPTER 1

INTRODUCTION

All truths are easy to understand once they are discovered,
the point is to discover them.
Attributed to Galileo Galilei

Nowadays, experimental and theoretical High Energy Particle Physics is on the verge of
providing one of the missing “truths” of our understanding of nature, the fundamental
mechanism giving mass to all known elementary particles. It has been a long, exhausting
journey so far which culminated in the formulation of the Standard Model of Particle
Physics (SM), which is possibly the most successful theory in the history of physics. In
the last century the concept of symmetries emerged as a powerful tool to describe the basic
principles of nature. The connection of symmetry transformations and conserved charges
has been formulated by Emmy Noether already in 1918 [1, 2]. In quantum field theories
like the SM, the invariance of the Lagrangian under local gauge transformations results
in conserved charges associated with the underlying gauge group and in additional fields
mediating forces among the elementary particles of the theory. Thereby all fundamental
interactions contained in the SM can be traced back to the invariance of the Lagrangian
under certain symmetry transformations.

The SM is a Yang-Mills theory [3] based on local gauge invariance under transformations
of the symmetry group SU(3)C × SU(2)L × U(1)Y . It describes the strong and elec-
troweak interactions and thereby three of the four fundamental forces of nature. Gravity,
the fourth fundamental force, has not yet been achieved to be integrated in the SM to give
a description of all known interactions. Quantum Chromodynamics (QCD) [4, 5] describes
the strong interactions of the elementary particles carrying the quantum number “color”,
namely quarks and gluons, commonly referred to as partons. QCD, as an asymptotically
free theory, exhibits a huge variety of physical effects related to the running of the strong
coupling constant [6, 7], which decreases for high energies and increases rapidly for lower
energies. As a consequence, only color singlet bound states of partons, the hadrons, are
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observed at large distances. The electroweak sector, formulated in the 1960s by Glashow,
Weinberg and Salam [8–10], describes in its earliest version the electroweak interactions
of massless quarks and leptons through the exchange of massless force carriers. However,
the electroweak gauge bosons W± and Z, which mediate the weak interaction, discovered
at CERN in 1983 [11–13] are, like the known fermions, massive. A naive introduction
of mass terms into the theory would however violate the invariance under electroweak
gauge transformations explicitly. A solution to this problem has already been formulated
in the 1960s by various authors [14–18]. The proposed mechanism, nowadays called Higgs
mechanism, generates masses for gauge bosons and fermions via the spontaneous break-
ing of the electroweak symmetry by the ground state of the vacuum. In addition, one
fundamental scalar particle, the famous Higgs boson, emerges from theory.

The last decades of research in high energy physics have been dedicated to the hunt for
the Higgs boson and tremendous theoretical and experimental effort has finally led to the
discovery of a new particle with mass around 125-126 GeV at the Large Hadron Collider
(LHC) in Geneva by two of the big experiments, ATLAS [19] and CMS [20], in July 2012.
One of the major goals of current research is the determination of the properties of this
new particle, its spin and CP quantum numbers and its couplings to SM particles. First
measurements of these properties have already been obtained with the data collected so
far. The new resonance seems to be a CP-even, spin-0 particle with SM-like couplings to
gauge bosons and fermions and hence behaves like the Higgs boson predicted in the current
formulation of the SM. However, the last missing “truth” of the SM, the question whether
the spontaneous breaking of the electroweak symmetry is obtained by the minimal form
of the Higgs mechanism as incorporated in the SM, is not yet resolved and there is still
plenty of room left for physics beyond the SM (BSM), not only in the Higgs sector.

Precise predictions for SM and BSM Higgs boson reactions at the LHC are required in
order to further constrain the properties of the discovered boson. To improve leading-order
predictions there are basically two approaches, which are valid in complementary energy
regimes, namely the calculation of higher-order terms in the perturbative expansion and
parton shower corrections. The consideration of next-to-leading order (NLO) corrections
in the strong coupling constant is mandatory for a great variety of processes to reduce the
theoretical uncertainties of hadron-collider observables to the level of experimental errors.
These corrections additionally yield the correct description of one additional hard parton
emission. A typical event at the LHC, however, consists of a vast number of hadrons
rather than a few partons. The increase of parton multiplicity due to additional soft
and collinear emissions from an underlying hard scattering process and the transition of
partons to hadrons can be simulated using so-called parton shower Monte Carlo generators.
The parton shower implemented in such programs resums the leading infrared logarithms
to a hard scattering process.

In this thesis both approaches, parton showers and NLO corrections, have been matched
by applying the so-called Powheg matching scheme [21, 22]. To this end, we have
employed the Powheg-Box framework [23] and the parton-level Monte Carlo program
Vbfnlo [24–26] to match various vector-boson fusion (VBF) processes to different parton
showers. In VBF two quarks scatter via the exchange of electroweak gauge bosons in the
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t-channel, which leads to a very specific event structure with two widely separated hard
jets and little hadronic activity in between. This feature can be exploited in experiments
to reduce the background stemming from QCD-induced processes.

This thesis is organized as follows: In Chapter 2 we give an introduction to the SM and
review the most important aspects of (SM) Higgs physics at the LHC. Chapter 3 comprises
an overview of NLO calculations in general and the basic concepts underlying a parton
shower algorithm. The matching of these two approaches within the Powheg framework
will be illustrated. Furthermore, the program Powheg-Box, which is used throughout
this thesis to match NLO predictions to parton showers, is explained.

Chapter 4 contains the first studied processes, W and Z production via VBF. They are
matched at NLO accuracy to three different parton showers, to Pythia 6 [27], to the
standard angular-ordered Herwig++ parton shower [28–30] and to the fairly new dipole
shower implemented in recent versions of Herwig++ [31, 32]. We will focus on the
differences between the three parton shower predictions and discuss the phenomenological
implications.

In Chapter 5 we examine the influence of parton shower corrections on Higgs boson pro-
duction via VBF. We use an effective Lagrangian approach to parametrize deviations of
the couplings of the Higgs boson to SM particles in a model-independent way.

The program Repolo, an add-on to the aforementioned Monte Carlo program Vbfnlo,
is presented in Chapter 6. Repolo is able to read in Les Houches event files [33, 34]
comprising Higgs production via VBF at LO or NLO and to reweight the individual
events to account for different BSM scenarios. Thereby, the process of generating full NLO
events and including parton shower and detector simulations for the specific BSM scenario
can be circumvented. In addition, Repolo is capable of simulating signal-background
interference effects needed in heavy Higgs boson searches.

In Chapter 7 we discuss the matching of Higgs production via VBF in association with
three jets to the parton showers already used before. Special attention is given to the
parton shower corrections on the third-hardest jet which for this process has formal NLO
accuracy.

Chapter 8 contains a short summary of this work.





CHAPTER 2

THE STANDARD MODEL OF PARTICLE PHYSICS

This chapter is dedicated to the discussion of the foundations of modern high-energy
physics, namely the Standard Model of Particle Physics (SM). The SM is reviewed in
many textbooks, see e.g. Refs. [35–38]. In this chapter we will use the notation of
Ref. [39].

The SM is based on local gauge invariance and describes the electroweak and the strong in-
teraction and thereby three out of the four fundamental forces of nature. The electroweak
theory, which will be discussed in Section 2.1, was introduced by Glashow, Salam and
Weinberg [8–10] and is based on the SU(2)L×U(1)Y gauge group of the weak left-handed
isospin and the hypercharge. The mechanism of breaking the electroweak symmetry down
to the electromagnetic U(1)Q gauge group was introduced by Higgs, Englert, Brout, Gu-
ralnik, Hagen and Kibble [14–18] and predicts the existence of the famous Higgs boson as
fundamental scalar particle of the theory. This mechanism, nowadays called Higgs mecha-
nism, is the minimal extension of the electroweak theory in order to give masses to fermions
and gauge bosons, to restore unitarity [40–43] and to ensure renormalizability [44, 45]. In
addition, the SU(3)C gauge group of Quantum Chromodynamics (QCD) [4, 5], describing
the interaction between colored quarks and gluons, is essential for the understanding of re-
actions at the Large Hadron Collider (LHC) and will therefore be reviewed in Section 2.2.
With these fundamental concepts it is possible to calculate cross sections for reactions at
the LHC. The most important Higgs boson production modes are described in Section 2.3.

2.1. The Electroweak Sector

Excluding the Higgs boson, which will be discussed later on, the particles of the SM are
generally classified into two different groups: fermions with spin 1/2 and gauge bosons or
force carriers with spin 1. Temporary, both types of particles are massless. The fermions
can be further grouped into three families or generations of quarks and leptons.
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Field I3 Y Q

Qi =
(
u
d

)
L

(
c
s

)
L

(
t
b

)
L

1/2
−1/2 1/3 2/3

−1/3

uRi
= uR cR tR 0 4/3 2/3

dRi
= dR sR bR 0 −2/3 −1/3

Li =
(
νe
e−

)
L

(
νµ
µ−

)
L

(
ντ
τ−

)
L

1/2
−1/2 −1 0

−1

eRi
= e−R µ−R τ−R 0 −2 −1

Table 2.1.: The three generations of left- and right-handed quarks and leptons, fL,R =
1
2 (1∓ γ5) f , with their third component of the weak isospin I3, their hyper-
charge Y and their electric charge Q. Neutrinos are assumed to be massless
and therefore have only a left-handed component.

The electroweak sector of the SM is a Yang-Mills theory [3] based on the SU(2)L×U(1)Y
gauge group of the left-handed weak isospin and the hypercharge. The left-handed fields of
each family build an isospin doublet, the right-handed fields are singlets.1 The fermionic
fields and their electroweak quantum numbers are summarized in Table 2.1, where we
have used the third component of the weak isospin, I3, and the hypercharge Y to relate
them to the electric charge Q via the Gell-Mann-Nishijima formula

Q = Y

2 + I3. (2.1)

The electroweak interactions of the fermions and the gauge bosons are described within
the Lagrange density

Lew =− 1
4W

a
µνW

a,µν − 1
4BµνB

µν

+ iL̄i /DLi + iēRi /DeRi + iQ̄i /DQi + iūRi /DuRi + id̄Ri /DdRi,
(2.2)

where the covariant derivative,

Dµ = ∂µ − ig2I
aW a

µ − ig1
Y

2 Bµ, (2.3)

1Since neutrino masses are neglected we omit right-handed neutrino fields.
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specifies the interaction of the fermions with the massless gauge bosons Bµ and W a
µ (a =

1, 2, 3) with coupling strengths g1 and g2, respectively. The matrices Ia = 1
2τ

a are the three
generators of the left-handed weak isospin. The two terms including the field strengths,

Bµν = ∂µBν − ∂νBµ,

W a
µν = ∂µW

a
ν − ∂νW a

µ + g2ε
abcW b

µW
c
ν ,

(2.4)

describe the propagation of the force carriers and the self-interactions of the isospin triplet
bosons W a.

Including a mass term of the form 1
2M

2
V WµW

µ in Equation (2.2) would explicitly break
the gauge invariance of the Lagrangian. Moreover, mass terms for the fermions,

−mf Ψ̄Ψ = −mf

(
Ψ̄RΨL + Ψ̄LΨR

)
, (2.5)

are not invariant under SU(2)L gauge transformations and would therefore break the left-
handed isospin symmetry explicitly. However, the electroweak gauge bosons W± and Z
discovered at CERN in 1983 [11–13] are massive, likewise the fermions are not massless.

2.1.1. The Higgs Mechanism

A solution to this problem was already introduced in the 1960s by various authors [14–
18]. The proposed mechanism, nowadays called Higgs mechanism, generates masses for
fermions and gauge bosons via the spontaneous breaking of the electroweak symmetry
by the ground state of a newly introduced complex scalar field. Thereby, the W and Z
bosons acquire masses, whereas the photon γ remains massless and the U(1)Q gauge group
of Quantum Electrodynamics (QED) remains as an exact symmetry.

In the minimal version of spontaneous symmetry breaking, the electroweak Lagrangian
Lew as defined in Equation (2.2) is extended by a complex SU(2)L doublet field Φ with
hypercharge Y = 1,

Φ =
(
φ+

φ0

)
. (2.6)

The renormalizable Lagrangian of a scalar doublet field is generally given by

LH = (DµΦ)† (DµΦ)− µ2Φ†Φ− λ
(
Φ†Φ

)2
. (2.7)

The neutral component of Φ acquires a non-zero vacuum expectation value v, which is a
necessary condition for spontaneous symmetry breaking, only for negative µ2 < 0. The
parameter λ has to be positive to guarantee the stability of the vacuum. The ground state
of the scalar doublet field, Φ0, within the SM is given by

Φ0 =
(

0
v/
√

2

)
with v =

√
−µ

2

λ
≈ 246 GeV. (2.8)
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The four degrees of freedom of the scalar doublet Φ can be parametrized in terms of three
massive would-be Goldstone bosons θi, which later on will become the longitudinal polar-
izations of the massive electroweak gauge bosons in unitary gauge, and one elementary
scalar field H with mass M2

H = −2µ2, the Higgs boson,

Φ =
(

θ2 + iθ1
1√
2 (v +H)− iθ3

)
unitary gauge−−−−−−−→

(
0

1√
2 (v +H)

)
. (2.9)

Expanding the scalar Lagrangian defined in Equation (2.7) by the use of Equation (2.9)
and after defining the new (physical) fields W±

µ , Zµ and Aµ for the gauge bosons,

W±
µ = 1√

2
(
W 1
µ ∓ iW 2

µ

)
, Zµ =

g2W
3
µ − g1Bµ√
g2

1 + g2
2

, Aµ =
g2W

3
µ + g1Bµ√
g2

1 + g2
2

, (2.10)

one can read off the mass terms for the gauge bosons, which are bilinear in the fields,

MW = 1
2vg2, MZ = 1

2v
√
g2

1 + g2
2, Mγ = 0. (2.11)

Thereby, the electroweak gauge group SU(2)L × U(1)Y is broken to the electromagnetic
U(1)Q symmetry, whose force carrier is the massless photon.

The mass terms for fermions are integrated in the SM via the Yukawa Lagrangian, which
is built of the scalar doublet Φ and the isodoublet Φ̃ = iτ2Φ∗ with Y = −1. The Yukawa
Lagrangian reads

Lf = −λe,ijL̄iΦeR,j − λd,ijQ̄iΦdR,j − λu,ijQ̄iΦ̃uR,j + h.c.

= − 1√
2
λ̃e (v +H) ēLeR + ...+ h.c.,

(2.12)

where the Yukawa matrices λf,ij have to be diagonalized to get the mass eigenstates of the
fermions. The mass terms after diagonalization are proportional to the Yukawa couplings
λ̃f ,

mf = λ̃fv√
2
. (2.13)

An important implication of the Yukawa Lagrangian in Equation (2.12) is the introduction
of flavor mixing in the quark sector, since the mass eigenstates of the fermion fields no
longer correspond to their interaction eigenstates with respect to the electroweak W boson.
The conversion from interaction to mass eigenstates in the quark sector is parametrized
by three mixing angles and one CP-violating phase in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [46, 47].

In summary, the Higgs doublet field introduces mass terms for the gauge bosons (W and
Z) and for the fermions. Thereby, one elementary scalar particle emerges from theory,
the famous Higgs boson H. Its couplings are proportional to the mass of the respective
particle, e.g.

gHff = i
mf

v
, gHV V = −2i M

2
V

v
, gHHH = 3i M

2
H

v
. (2.14)
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Figure 2.1.: Branching ratio of the SM Higgs boson for the decays into various pairs of
SM particles in dependence on the Higgs boson mass MH . The figure has
been taken from Ref. [48].

The branching ratios BR of the Higgs boson for its decays into SM particles, which
correspond to the probability that the Higgs boson decays into a specific final state, are
displayed in Figure 2.1 in dependence on the Higgs boson mass MH . The newly discovered
boson at the LHC has a mass MH ≈ 125−126 GeV [49, 50] and therefore, if it really is the
SM Higgs boson, predominantly decays into bb̄ pairs. The decay of the Higgs boson into
two gluons or two photons is mediated via loops of heavy fermions (and the W boson)
and is therefore suppressed.

2.2. Quantum Chromodynamics

After having reviewed the electroweak sector, we complement the SM by the illustration
of Quantum Chromodynamics (QCD) which is responsible for the strong force. QCD
is based on an SU(3)C gauge group with the new quantum number “color”. The eight
generators in the fundamental representation, T a = λa

2 , are proportional to the Gell-Mann
matrices λa. Local gauge invariance results in eight gluon fields Ga

µ, which mediate the
strong force. The quarks transform as triplets under the SU(3)C gauge group, the leptons
do not “feel” the strong force and are therefore color singlets.



10 2. The Standard Model of Particle Physics

The Lagrangian of QCD is given by

LQCD =
∑
f

[
i q̄f /D qf −mf q̄fqf

]
− 1

4G
a,µνGa

µν (2.15)

with the covariant derivative

Dµ = ∂µ − igsTaGa
µ (2.16)

encoding the interaction between gluons and quarks with coupling strength gs. The field
strength tensor for the gluons is given by

Ga
µν = ∂µG

a
ν − ∂νGa

µ + gsf
abcGb

µG
c
ν (2.17)

and leads to additional three- and four-gluon vertices, which are a manifestation of the
non-abelian structure of QCD. In the Equation (2.17), fabc are the structure constants of
the SU(3)C gauge group.

2.2.1. Asymptotic Freedom and Confinement

Asymptotic freedom implies that the QCD coupling constant, αs = g2
s

4π , is small at short
distances. Therefore, quarks and gluons can be treated as free particles within perturba-
tion theory at high energies. On the other side of the energy spectrum, αs rapidly increases
for lower energies and perturbation theory is no longer applicable since quarks and gluons
appear only as color-singlet bound states. This effect is known as confinement and its
theoretical foundations are still not completely understood, see e.g. the review [51].

However, asymptotic freedom and the running of the strong coupling constant is a well-
known feature of non-abelian gauge theories and has been established by Gross, Wilczek
and Politzer [6, 7]. The scale dependence of αs is described by the β-function

β(αs) = µ2∂αs
∂µ2 = ∂αs

∂ lnµ2 , (2.18)

where µ denotes the renormalization scale. The β-function is derived from higher-order
corrections e.g. to the gluon and quark wave-function renormalization constants and the
corrections to the quark-gluon vertex. At the one-loop level the β-function is given by

β(αs) = −α2
s b0 = −α2

s

33− 2nf
12π , (2.19)

where nf denotes the number of active quark flavors at the scale where the β-function is
evaluated. Since β(αs) < 0, the strong coupling constant decreases when going to higher
energies reflecting asymptotic freedom. The evolution of αs from a reference scale µ0,
where it is measured, to a different scale µ is governed by the solution of Equation (2.18),

αs(µ2) = αs(µ2
0)

1 + b0 αs(µ2
0) ln (µ2/µ2

0) , (2.20)
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and resums the leading logarithms in the ratio µ2/µ2
0. It is also possible to express the

running of the strong coupling constant by the use of a single dimensionful parameter Λ,

αs(µ2) = 1
b0 ln (µ2/Λ2) , (2.21)

where, depending on the precise definition, Λ ≈ 200 MeV represents the scale at which
the strong coupling constant would diverge within perturbation theory.

2.2.2. Cross Sections at Hadron Colliders

The cross section for two massless partons a and b producing a specific n-particle final
state is given by

σ̂ab→n =
∫ 1

4pa · pb
|Mab→n (Φn;µR)|2 dΦn(pa, pb; p1 . . . pn). (2.22)

The characteristics of the process are encoded in the matrix element Mab→n, which of
course depends on the final-state phase-space variables Φn. Additionally, the renormal-
ization scale µR enters in the matrix elements as the scale at which the strong coupling
constant should be evaluated. Moreover, the residual µR dependence may enter due to the
inclusion of higher-order effects from perturbation theory, e.g. via the calculation of loop
functions. The flux factor is given by 1

4pa·pb
. The integration over the final-state particles’

momenta can be expressed in terms of the differential phase-space element

dΦn = (2π)4 δ(4)
(
pa + pb −

n∑
i=1

pi

)
n∏
i=1

d3pi
(2π)3 2Ei

. (2.23)

After all, as discussed earlier, quarks and gluons are no free particles, but rather bound
in hadrons. Due to the asymptotic freedom of the strong coupling constant it is however
possible to separate the short-distance partonic process off universal long-distance effects.
Thanks to the factorization theorems of QCD [38], the hadronic cross section can be
written as

σ =
∑
a,b

∫ 1

0
dxa dxb

∫
fh1
a (xa, µF ) fh2

b (xb, µF ) dσ̂ab→n (µF , µR)

=
∑
a,b

∫ 1

0
dxa dxb

∫
dΦn(xapa, xbpb; p1 . . . pn)

× fh1
a (xa, µF ) fh2

b (xb, µF ) 1
2ŝ |Mab→n|2 (Φn;µF , µR) .

(2.24)

The summation over a and b includes all possible initial-state partons entering the hard
subprocess σ̂ab→n. The parton distribution functions (PDFs) fhc (xc, µF ) depend on the
momentum fraction xc carried by the parton c relative to the hadron h and the (unphysical)
factorization scale µF . The momenta of the two incoming hadrons are denoted pa and pb.
Compared to the partonic cross section, the flux factor is now given by 1

2ŝ = 1
2xa xb s

, where
s denotes the squared hadronic center-of-mass energy. The PDFs contain non-perturbative
low-energy effects and therefore have to be fitted to data. The evolution to different scales
is perturbative and can be calculated using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equations [52–54].
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(a) (b) (c)

(d) (e)

Figure 2.2.: Representative Feynman diagrams for the main production modes of the
Higgs boson at the LHC, (a): gluon-fusion through heavy quark loops,
(b) vector-boson fusion, (c) Higgsstrahlung off an electroweak gauge boson,
(d)–(e) Higgs production in association with a tt̄ pair.

2.3. Higgs Boson Production at the LHC

Since the bulk of this work is dedicated to Higgs physics at the LHC, we will now review its
most relevant production modes. As we have discussed in Section 2.1.1, the Higgs boson
couples proportional to mass. The most important production mechanisms therefore
involve heavy particles. Ordered by decreasing cross section at the LHC, they are

• Gluon fusion through heavy quark loops (ggH) (Figure 2.2 (a)),2

• Vector- or weak-boson fusion (VBF/WBF) (Figure 2.2 (b)),

• Higgsstrahlung off a W/Z boson (WH/ZH) (Figure 2.2 (c)),

• Production in association with a tt̄ pair (ttH) (Figure 2.2 (d)–(e)).

The respective cross sections in dependence on the Higgs boson mass are displayed in
Figure 2.3 for the LHC running at a center-of-mass energy of 8 TeV. Gluon fusion is by
far the dominant channel. This cross section is known up to next-to-next-to-leading order
(NNLO) QCD, both in the heavy top limit and including the finite top mass. The next-to-
leading order (NLO) corrections add about +100% to the LO cross section, NNLO QCD
corrections add another +50% and even approximate N3LO results account for another
+15%, see e.g. Refs [56–59] and references therein. Due to the large uncertainties the
calculation of the full N3LO contribution is a topic of current research, see e.g. Refs. [60,
61]. Besides the theoretical uncertainties, ggH is also experimentally challenging since,
depending on the decay mode, there are large backgrounds. Moreover, the color structure
of ggH leads to an unspecific event structure involving many jets when including additional
parton shower effects.

2The Feynman diagrams in this work have been drawn using the package FeynMF [55].
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Figure 2.3.: Cross sections for Higgs production at the LHC running at a center-of-mass
energy of 8 TeV in dependence on the Higgs mass: ggH (blue), VBF (red),
WH (green), ZH (gray) and ttH (violet). The figure is taken from Ref. [48].

Higgs boson production in association with an electroweak gauge boson or a tt̄ pair only
have had a small influence on the experimental measurements at the LHC with a center-of-
mass energy of

√
s = 7 and 8 TeV so far, but will become more relevant after the upgrade

of the LHC and the related increase of the center-of-mass energy. The ttH production
mode is particularly interesting since it allows for a direct measurement of the top Yukawa
coupling.

We will however focus on the VBF production mode, which has the second largest cross
section at the LHC. Moreover, a very specific event topology helps to efficiently suppress
backgrounds stemming from QCD induced processes. Due to the color-singlet exchange in
the t-channel the two jets at LO end up widely separated in rapidity, with the Higgs boson
in between. The NLO QCD corrections are of the order of 5-10% [62–64], NNLO QCD
and NLO electroweak corrections [65–70] decrease the theoretical uncertainties down to
1-2%. VBF is a promising production channel for measuring the properties and quantum
numbers of the Higgs boson at the LHC due to the clean detector signature and the small
theoretical uncertainty.

By joint theoretical and experimental effort [56–58] it has been possible to give precise
predictions for Higgs physics at the LHC, including inclusive observables and differential
distributions, and to formulate strategies for the determination of Higgs properties, like
spin and CP quantum numbers. All this has led to the discovery of a new resonance
at the LHC [19, 20] with mass MH ≈ 125 − 126 GeV, which has SM-like couplings to
fermions and gauge bosons and is likely to be a CP-even, spin-0 state [49, 50, 71–84].
The question if this resonance really is the Higgs boson of the SM will however not be
answered conclusively at the LHC, see e.g. Ref. [85].





CHAPTER 3

MATCHING OF NEXT-TO-LEADING ORDER AND

PARTON SHOWER PREDICTIONS

After having reviewed the most important aspects of the SM in the last chapter, with a
special focus on Higgs physics, we will now illustrate how precise theoretical predictions
for the LHC can be obtained. In Section 3.1 we will shortly introduce the calculation
of (differential) observables taking into account higher-order corrections in perturbation
theory. Including such NLO (QCD) corrections usually leads to a reduction of the theo-
retical uncertainties. Other aspects of LHC physics, namely soft and collinear radiation,
hadronization and underlying event simulation, are covered by parton shower Monte Carlo
generators. The basic concepts of parton showers are explained in Section 3.2. Nowadays,
it has become state-of-the-art to match NLO calculations with parton showers to achieve
leading-log accuracy for additional radiation. A proper matching can be achieved in two
different frameworks, MC@NLO [86] and Powheg [21, 22]. We will use the latter one
throughout this work and we will expound the basic ideas of the Powheg (POsitive
Weight Hardest Emission Generator) method and its implementation in the Powheg-
Box [23] in Sections 3.3–3.4. In this chapter we will mostly follow the arguments given
in Refs. [87, 88].

3.1. Next-to-Leading Order Calculations
To gain high accuracy of cross sections and distributions at hadron colliders, taking into
account NLO QCD corrections is mandatory for a great variety of processes to achieve
the same accuracy of theoretical predictions and experimental measurements. The cross
section for an n-particle final state at NLO consists of three parts, the Born, virtual and
real contributions and can schematically be written as

dσNLO =
[
B(Φn) + Ṽ (Φn)

]
dΦn +R(Φn+1) dΦn+1. (3.1)

The Born matrix elements squared, B(Φn), as well as the interference of the Born and
virtual amplitude, Ṽ (Φn), depend on the kinematics of the n-particle phase space. The
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real-emission part of the cross section contains one additional parton in the final state
compared to the Born contributions. In our notation the PDFs are included in the squared
matrix elements. The sum over all subprocesses and the integration over the momentum
fraction of the two incoming partons are implicit. The divergent terms which are canceled
through the renormalization of the PDFs are omitted for the sake of simplicity.

The last two terms of Equation (3.1) are separately infrared (IR) divergent and the virtual
part Ṽ additionally contains ultraviolet (UV) divergences. The UV divergences are usually
treated via (dimensional) regularization and renormalization of the theory, yielding a UV
finite contribution V̂ . The IR divergences present in the virtual and real-emission part
cancel for IR-safe observables O, which obey

O
(
Φn+1(Φn,Φrad)

)
→ O (Φn) (3.2)

in the soft and collinear limit, according to the Bloch-Nordsieck [89] and Kinoshita-Lee-
Nauenberg [90, 91] theorems for QED and QCD. The n+ 1-particle phase space Φn+1 can
be parametrized in terms of the Born phase space Φn and three additional integration
variables, which describe the phase space for the additional parton of the real-emission
contributions, denoted by Φrad,

dΦn+1 = dΦn dΦrad. (3.3)

The integration boundaries for Φrad and the Jacobian that is needed for the partitioning
of Φn+1 may depend on Φn. In the soft or collinear limit, the additional radiation coming
from the real-emission contribution cannot be resolved any more due to is low energy or its
small angle with respect to one other parton of the underlying Born contribution, which
leads to divergences. In standard Monte Carlo generators, as also used in this work, the
two IR divergent terms present in Equation (3.1), R and V̂ , must be evaluated separately
since the final-state multiplicity and therefore the dimension of the phase-space integration
differs and the cancellation of the IR singularities between the virtual and real-emission
contributions cannot be performed analytically.

A standard procedure to render both virtual and real-emission contributions finite are sub-
traction algorithms [92–99]. These algorithms exploit the fact that the soft and collinear
divergences in R exhibit a universal structure. In order to obtain expressions with the
same pointwise divergent behavior as the real contributions, the subtraction terms can be
written as the convolution of the respective Born contribution with a universal splitting
kernel S that contains the same singularities,

C
(
Φn+1(Φn,Φrad)

)
= (B ⊗ S)

(
Φn,Φrad

)
. (3.4)

The local subtraction term C has the same singular behavior as the real - structural
form of the splitting kernel can be chosen such that the integration over the additional
one-particle phase space can be carried out analytically.

The expectation value for the IR-safe observable O is obtained from Equation (3.1) by
taking into account the respective final state multiplicity and replacing the UV-divergent
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virtual contribution Ṽ by the renormalized contribution V̂ . Adding the local subtraction
term defined in Equation (3.4) to the virtual contribution and subtracting it from the real
one renders the NLO result for the observable O finite,

〈O〉 =
∫

dΦn

[
B(Φn) + V̂ (Φn)

]
O(Φn) +

∫
dΦn+1R(Φn+1)O(Φn+1)

=
∫

dΦn

[
B(Φn) + V̂ (Φn)

]
O(Φn) +

∫
dΦn

∫
dΦradC(Φn+1)O(Φn)

+
∫

dΦn+1
[
R(Φn+1)O(Φn+1)− C(Φn+1)O(Φn)

]
=
∫

dΦn

[
B(Φn) + V (Φn)

]
O(Φn) +

∫
dΦn+1

[
R(Φn+1)O(Φn+1)− C(Φn+1)O(Φn)

]
.

(3.5)
The IR divergences in the n-particle phase space, included in

V (Φn) = V̂ (Φn) +
∫

dΦradC(Φn+1), (3.6)

are canceled analytically. The real emission part (the last term in Equation (3.5)) can be
integrated using standard Monte Carlo techniques.

NLO calculations reduce the theoretical uncertainties, i.e. the dependence on the (un-
physical) renormalization and factorization scale, µR and µF . The normalization of dis-
tributions are changed due to the additional terms in the expansion in αs. Possible new
contributions from additional initial-state particles not present in the Born process but
entering in the real-emission part also can lead to large corrections, e.g. gluons in the
initial state in Drell-Yan processes only enter in the real-emission contribution. Addition-
ally, jets at high transverse momentum are described accurately. However, the low-pT,j
region of the additional radiation originating from the real-emission matrix elements is
poorly described, since the transverse momentum is no inclusive observable and the total
cross section at NLO diverges in the limit pT,j → 0. Moreover, the whole procedure only
yields a parton-level description of the process. Looking at a typical event at the LHC,
the multiplicity of partons is, however, very high and the detected particles are hadrons.

3.2. Parton Shower Basics

However, there exists an approach to accurately describe low-pT jets and exclusive fi-
nal states at hadron level: Shower Monte Carlo programs (SMC). Such programs, like
Pythia 6 [27] or Herwig++ [28–30], which will be used in this thesis, provide the user
with all necessary ingredients for a full event simulation. The SMC usually include a
huge variety of hard scattering matrix elements and a dedicated shower algorithm which
accounts for additional parton emission from the underlying hard scattering process. The
resulting partons are afterwards clustered into possibly unstable hadrons, which can fur-
ther decay into stable particles that can be detected. Additional radiation coming from
the underlying event, which describes additional scatterings of the proton remnants not
participating in the hard process, is also included in the simulation. We will however
focus on the shower algorithm, since we will study the shower effects of different SMC
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Figure 3.1.: Illustration of collinear factorization for a q → qg splitting. The dashed
circle represents the hard scattering matrix element. The angle between
the quark and the gluon is denoted θ.

on vector-boson fusion processes in this work. For an introduction to hadronization and
multi-parton interactions we refer to e.g. Ref. [87].

The shower algorithm takes into account the leading IR logarithms which arise from soft
and/or collinear partons being emitted from colored particles produced in the hard scat-
tering process. Thereby, the most important QCD effects are included and a description
of exclusive final states is possible. The fundamental principle of a shower algorithm is
the (collinear) factorization of the cross section into the production of a mother parton i
times a splitting function including the emitted parton j in the collinear limit. A pictorial
illustration of collinear factorization for the special case of a quark splitting, q → qg, is
shown in Figure 3.1. In the plot, θ denotes the angle between the gluon and the emitting
quark. The cross section in the collinear limit can be written as

dσn+1 (Φn+1) collinear limit−−−−−−−−−→ dσn (Φn) P (Φrad) dΦrad, (3.7)

where the n + 1-particle cross section σn+1 is factorized into the n-particle cross section
and the splitting probability P , which has to be integrated over the additional phase space
of the emitted parton, dΦrad.

The probability for the emission of parton j from the mother parton i is given by

P (Φrad) dΦrad = αs(t)
2π

dt

t
Pji (z, φ) dz

dφ

2π . (3.8)

This equation is again only valid in the collinear limit. The kinematics of the additional
parton are expressed in terms of three parameters, φ, z and t,

dΦrad = dt dz
dφ

2π . (3.9)

The dimensionful variable t vanishes in the collinear limit and parametrizes the angle
between the emitter and the emitted parton. It will be chosen later on. The momentum
fraction of the parton j relative to the mother parton i is given by the variable z. The
concrete definition of z is to some extent arbitrary, as long as it yields the momentum
fraction in the collinear limit. The azimuthal angle of the emitted particle j around the
axis defined by the emitter i is denoted by the angle φ. The Pji are the Altarelli-Parisi
splitting functions [53], which depend on the variable z, on the actual splitting (q → qg,
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q → gq, g → gg or g → qq̄) and through the angle φ on the spin of the partons involved.
The spin-averaged Altarelli-Parisi splitting functions for massless quarks read

Pqq(z) = CF
1 + z2

1− z ,

Pgg(z) = CA
z4 + 1 + (1− z)4

z(1− z) ,

Pgq(z) = CF
1 + (1− z)2

z
,

Pqg(z) = TR
(
z2 + (1− z)2

)
, (3.10)

where CF = N2
c−1

1Nc
and CA = Nc are color factors associated with the quarks and gluons,

and TR = 1
2 is fixed by convention. The functions in Equation (3.10) do not depend on

the precise definition of z and t in the collinear limit. Two possible choices for t are

• transverse momentum of j relative to i: t = k2
T = E2 θ2 z2(1− z)2 +O(θ3),

• angular variable: t = E2 θ2,

where E is the energy of the mother parton i.

Since Equation (3.8) holds for any hard process emitting a collinear parton, it is possible
to build an iterative algorithm that starts with the hard process, splits off one parton
and iterates starting from the n+ 1-particle final state. Thereby, all leading QCD effects
associated with collinear emissions can be simulated. However, since all splitting functions,
except Pqg, contain soft divergences in the limit z → 0 and z → 1, they have to be somehow
regularized. This can be achieved by an IR cut-off denoted t0, which can be interpreted
as a resolution criterion for two partons. Therefore, the divergence has no physical effect.
This cut-off can be chosen e.g. as a minimum transverse momentum of the emitted parton
relative to the emitting parton. The probability for such non-resolvable emissions is then
given by the integration of the emission probability from the IR cut-off down to zero and
additional virtual contributions to the hard scattering process. There is however an easier
way to obtain the probability of non-resolvable emissions, dictated by unitarity: Either a
resolvable parton is emitted or not, so the no-emission probability between two scales, t
and t+ dt, can be written as

dPno emission (t, t+ dt) = 1− dP (t, t+ dt)

= 1− αs(t)
2π

dt

t

∫ 1−t0/t

t0/t

∑
j

Pji (z′) dz′, (3.11)

where we have inserted Equation (3.8) and have used the spin-averaged splitting functions
Pji. Additionally, the φ-integration will be omitted from here on since we will for simplicity
only consider the spin-averaged splitting functions. The summation over j is taken over
all possible splittings of the parton i. The boundaries of the z′ integration depend on the
precise definition of t and have to be chosen such that the partons are resolvable.
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The probability for a parton i to produce no resolvable branching between the scale t and t̄
with t > t̄ can be written as a splitting of the interval [t̄, t] into a product of n infinitesimal
intervals [tn, tn + dtn]. Then one can insert Equation (3.11) and take the limit N →∞,

∆i(t, t̄ ) = lim
N→∞

N∏
n=1

1− αs(tn)
2π

dtn
tn

∫ 1−t0/tn

t0/tn

∑
j

Pji (z′) dz′


= exp

−
∫ t

t̄

dt′

t′
αs(t′)

2π

∫ 1−t0/t′

t0/t′

∑
j

Pji (z′) dz′

 . (3.12)

This is the famous Sudakov factor ∆i(t, t̄ ). It includes the leading corrections to the hard
process calculated from tree corrections and unitarity. The total probability to produce
no resolvable branching down to the IR cut-off t0 is thus given by

∆i(t, t0) = exp

−
∫ t

t0

dt′

t′
αs
2π

∫ 1−t0/t′

t0/t′

∑
j

Pji (z′) dz′


≈ exp

{
−CF

αs
2π log2

(
t

t0

)}
, (3.13)

which resums the leading IR logarithms. The approximate equality is obtained for the
special example of q → qg splittings.

A compact notation for the Sudakov factor defined in Equation (3.12), which we will use
later on, has just the lower integration boundary of the t′ integration, now labeled with t,
as argument,

∆S(t) = exp
[
−
∫ tmax

t
dt′
∫

dz′
αs(t′)

2π
1
t′
P (z′)

]
. (3.14)

The subscript ∆S indicates that it is the Sudakov factor of the parton shower. The
summation over all possible splittings has been included in P (z) and the subscript i has
been omitted. The upper boundary for the t′ integration has been set to the starting scale
of the parton shower, tmax. The boundaries of the z′ integration are implicit.

So far we have only concentrated on collinear radiation emerging from final-state par-
tons. Another source of logarithmically enhanced contributions are soft gluon emissions.
For soft splittings the factorization is only valid at the amplitude level, contrary to the
collinear factorization of Equation (3.8). Therefore, interference effects between different
amplitudes have in principle to be taken into account and a sequential treatment of soft
splittings is a priori not feasible. Due to color coherence it is however possible to include
soft splittings in a collinear shower algorithm using the opening angle as evolution pa-
rameter. Color coherence describes the effect that gluon emissions from the two legs of a
color-connected pair of partons interfere destructively. The net effect of the interference
of the two amplitudes, which describe the emission of an additional soft gluon from one
or the other partons in Figure 3.2 (a), is twofold. The first possibility is that the gluon
lies in a cone with an opening angle smaller than θ around one of the color-connected
partons (Figure 3.2 (b) or (c)). It can resolve the color charge of its parent parton. The
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Figure 3.2.: Additional soft gluon emission, the explanation can be found in the text.

other possibility is that the gluon sees only the net color charge of the color-connected
pair and is emitted with an opening angle larger than θ. This behavior is equivalent to
an emission with an angle larger than θ before the splitting in Figure 3.2 (a), as depicted
in Figure 3.2 (d). The described interference patterns are correctly taken into account by
an angular-ordered shower. Another possibility to include color coherence is a transverse
momentum-ordered shower using color dipoles. Initial-state radiation can be included us-
ing a backward evolution scheme. The initial-state partons which enter the hard-scattering
process are evolved backwards and thereby gain energy with each splitting. For further
details we refer to standard textbooks, e.g. Ref. [38].

We have discussed the evolution of the partons produced in the hard process down to the
IR cut-off t0, but still need to define the connection of the parton shower to the hard matrix
element and thereby the upper limit or starting scale for the parton shower tmax. To avoid
double counting that can arise when the shower produces a branching at a scale higher
than the typical scale of the hard scattering process, the upper limit of the parton shower
evolution should be set to the scale of the hard process. Also, the shower approximation
is only valid for low scales. Additionally, the color connections of the partons emerging
from the hard scattering process in the Nc → ∞ limit, i.e. the leading color structure,
should be considered to account for color coherence effects.

We will now discuss the effect of parton showers on a specific hard scattering process,
namely Higgs production via vector-boson fusion (VBF). A sample Feynman diagram for
this process at LO has already been shown in Figure 2.2 (b). In Figure 3.3 we show the
influence of three different parton showers on the transverse momentum distribution of
the hardest jet (left) and on the rapidity of the second hardest jet (right). The input to all
three parton showers are 1.5 million unweighted LO events obtained with Vbfnlo [24–
26], a fully flexible parton level Monte Carlo program for the simulation of, inter alia,
VBF processes at NLO QCD. In each case, the black curve shows the Vbfnlo prediction
at LO. The red distributions are obtained using the pT -ordered Pythia shower version
6.4.25 with the Perugia 0-tune (Feb 2009) [27]. The blue curves correspond to the angular-
ordered Herwig++ parton shower version 2.7.0 [28–30] and the turquoise ones to the
pT -ordered Herwig++ dipole shower [31, 32], which is referred to as DS++ in the
following. In the ratio plot, the yellow error band indicates the statistical uncertainty of
Vbfnlo, the error bars correspond to the statistical uncertainty of the respective shower
programs. For all plots shown in this work we have only included the showering stage, i.e.
hadronization and underlying event simulations have been omitted.

The input events for the showers have been generated using only mild jet definition cuts
(pTj

> 5 GeV, |yj| < 4.5) to prevent migration effects. For the plots we have used standard
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Figure 3.3.: Normalized differential distributions of the transverse momentum of the
hardest tagging jet and the rapidity of the second-hardest tagging jet in
VBF Higgs production, showered with Pythia, Herwig++ and DS++
(colored lines). The black curves show the original LO distributions ob-
tained with Vbfnlo. The ratio plot shows the deviation of the showered
distributions compared to the fixed order ones.

VBF cuts,

pT,j > 20 GeV, ptag
T,j > 30 GeV, |yj| < 4.5,

mtag
jj > 600 GeV, ∆ytag

jj = |y1 − y2| > 4, yj1 · yj2 < 0. (3.15)

The two hardest jets are called tagging jets. The respective total cross sections in Fig-
ure 3.3 have been factored out since the normalization of the parton showers is only LO
accurate. This means that, due to the unitarity of the parton shower, the total cross sec-
tion without any cuts stays unaltered. Additional radiation however leads to events which
will not pass the cuts after the showering stage and therefore reduce the cross section after
imposing the VBF cuts given above.

The LO shape of the transverse momentum distribution of the hardest jet is reproduced
by Pythia, whereas Herwig++ and DS++ show a shape distortion in the low-pT
region. This discrepancy however just reproduces the shape of the fixed NLO result. The
predictions of the two different Herwig++ showers for the rapidity distribution of the
second hardest jet are in good agreement and reproduce the fixed-order result. Using
Pythia, the jet is located slightly more central.

In VBF, the feature of two widely separated hardest (tagging) jets with little hadronic
activity in between is used for the suppression of QCD induced backgrounds. With a so-
called central-jet veto (CJV) [100–104] additional radiation in the rapidity gap between
the two tagging jets is vetoed. In order to estimate the uncertainty of such a veto, the
distributions of additional jets originating from higher-order or shower corrections to VBF
have to be known precisely. In Figure 3.4 we therefore show the transverse momentum of
the third-hardest jet, which could be a central jet, and its rapidity obtained with the three
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Figure 3.4.: Normalized differential distribution of the transverse momentum of the
third-hardest jet and its rapidity. The colored lines show VBF Hjj events
showered with Pythia, Herwig++ and DS++ (colored lines), i.e. the
third-hardest jet solely is modeled by the respective parton shower. The
black curves show the LO distributions for Hjjj production via VBF at
LO obtained with Vbfnlo. The ratio plot is assigned as in Figure 3.3. For
the left plot, the pT,j3 cut has been lowered to 1 GeV, but the cross section
with pT,j3 > 20 GeV has been used for normalization.

parton showers. They are compared to the LO prediction for Higgs production via VBF
in association with three jets obtained with Vbfnlo, a sample diagram for this process
can be found in Figure 3.5. For the left plot in Figure 3.4, the pT cut on the non-tagging
jets has been lowered to 1 GeV, whereas the standard pT,j > 20 GeV cut has been kept for
the normalization. Here, the advantage of the shower approach becomes manifest. The
low-pT region is Sudakov suppressed and gives an accurate description of the transverse
momentum of the jet down to low values. Contrary to that, the fixed-order prediction
diverges in the limit pT,j3 → 0. Overall, the Sudakov damping of Pythia is stronger
than for the two Herwig++ showers. On the other end of the transverse momentum
spectrum, the showers give a bad description of the jet. Since they only include leading
logarithmic effects, the pT distribution falls off rapidly since the Sudakov factor approaches
1 for t→ tmax and therefore no additional parton splitting is simulated. In this region the
matrix elements are better suited to give an accurate prediction.

The striking difference between the two Herwig++ showers and Pythia is visible in the
rapidity distribution of the third hardest jet (Figure 3.4, right panel). In Pythia much
more partons in the central region of the detector are emitted, whereas Herwig++
and DS++ predominantly emit partons at larger rapidities, closer to the two tagging
jets. If one would take the difference between Herwig++ and Pythia as uncertainty
estimate for the CJV, the predictive power would be ruined. Additionally, all three shower
predictions differ considerably from the fixed-order result.

Therefore it is desirable to match a fixed-NLO calculation with parton showers, on the
one hand to benefit both from the accurate normalization and the correct high-pT jet
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behavior and on the other hand to consistently resum the leading IR logarithms. A
naive combination of NLO calculations and parton showers would however result in a
double counting of radiation, since the parton shower will produce emissions from the Born
process, which are also included in the real-emission contributions of the NLO calculation.

3.3. The Powheg Method
One possible solution to the double-counting problem, which will be used in this work,
is the Powheg method [21, 22]. Powheg is an acronym for POsitive Weight Hardest
Emission Generator. We will now review the origin of the double-counting problem and
the foundations of the Powheg approach.

The first emission modeled by the parton shower, starting from an IR-safe observable at
LO, is given by

〈O〉LO =
∫
B (Φn) dΦn

{
∆S

(
tmin

)
O(Φn)

+
∫ tmax

tmin

dt′
∫

dz′∆S (t′) αs(t
′)

2π
P (z′)
t′
O(Φn+1)

}
, (3.16)

The first term in Equation (3.16) is the probability of no resolvable branching of the
parton down to the IR cut-off tmin. The second term describes one resolvable splitting at
the scale t′ with tmin ≤ t′ ≤ tmax. The boundaries for the z′ integration depend on the
exact definition of t and z and have been omitted here.

By expanding the Sudakov factor defined in Equation (3.14) in αs,

∆S(t) ≈ 1−
∫

dz′
∫ tmax

t
dt′

αs(t′)
2π

P (z′)
t′

, (3.17)

we get the leading terms in in the strong coupling constant. Inserting Equation (3.17)
into Equation (3.16) yields for the first splitting

〈O〉PSLO =
∫

dΦnB(Φn)O(Φn)−
∫

dΦnB(Φn)O(Φn)
∫ tmax

tmin

dt′
∫

dz′
αs(t′)

2π
P (z′)
t′

+
∫

dΦnB(Φn)
∫ tmax

tmin

dt′
∫

dz′ O(Φn+1)αs(t
′)

2π
P (z′)
t′

+O(α2
s). (3.18)

Except for the first term, all contributions given above are formally NLO accurate. Exactly
these terms have to be subtracted from an NLO accurate observable to avoid their double
counting when acting with a parton shower on it. We therefore start with an IR-safe
observable at NLO defined in Equation (3.5) and subtract the second and third term of
Equation (3.18),

〈O〉mod
NLO =

∫
dΦn

(
B(Φn) + V (Φn)

)
O(Φn)

+
∫

dΦn dΦrad

(
R(Φn+1)O(Φn+1)− C(Φn+1)O(Φn)

)
+
∫

dΦnB(Φn)O(Φn)
∫ tmax

tmin

dt′
∫

dz′
αs(t′)

2π
P (z′)
t′

−
∫

dΦn

∫ tmax

tmin

dt′
∫

dz′B(Φn)O(Φn+1) αs(t
′)

2π
P (z′)
t′

. (3.19)
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Exploiting Equation (3.9), performing the integration over φ and a re-arrangement of the
terms yields the final result,

〈O〉mod
NLO =

∫
dΦn

{(
B(Φn) + V (Φn)

)
O(Φn)

+
∫ tmax

tmin

dt′
∫

dz′O(Φn)
(
B(Φn) αs(t

′)
2π

P (z′)
t′
− C(Φn+1)

)
+
∫ tmax

tmin

dt′
∫

dz′O(Φn+1)
(
R(Φn+1)−B(Φn) αs(t

′)
2π

P (z′)
t′

)}
. (3.20)

Again, we have kept terms up to O(αs). Acting with a parton shower on the modified
observable 〈O〉mod

NLO yields by construction NLO accuracy up to terms of O(α2
s).

Equation (3.20) can be simplified in two different ways. The first option is known under the
name of Mc@Nlo [86] and will not be considered here. The second option, Powheg [21,
22], uses

αs(t)
2π

P (z)
t

= R(Φn+1)
B(Φn) , (3.21)

which means that in the Powheg approach the splitting kernels for the first emission are
replaced by the ratio of the (singular) real emission contribution and the Born contribu-
tion. In the IR limit, the ratio R/B is equivalent to the Altarelli-Parisi splitting kernel.
The method is however not restricted to this specific case but can be generalized to ar-
bitrary splitting kernels K(z, t), which are for instance constructed from Catani-Seymour
Dipoles [92, 93] like used in DS++ [31, 32].

The first emission is generated according to the Powheg master formula,

dσPWG = B̄ (Φn) dΦn

{
∆PWG

(
Φn, p

min
T

)
+ ∆PWG (Φn, kT ) R (Φn,Φrad)

B (Φn) Θ
(
kT − pmin

T

)
dΦrad

}
, (3.22)

and takes the form of a standard parton shower step like given in Equation (3.16). The
B̄-function corresponds to the NLO cross section at fixed underlying Born kinematics Φn,

B̄ (Φn) = B (Φn) + V (Φn) +
∫ [

R (Φn,Φrad)− C (Φn,Φrad)
]
dΦrad. (3.23)

The variables describing the additional emission are given by

dΦrad = dk2
T dz

dφ

2π . (3.24)

The Powheg Sudakov factor takes the transverse momentum of the emitted particle as
evolution variable and reads

∆PWG (Φn, pT ) = exp
− ∫ dΦ′rad

R
(
Φn,Φ′rad

)
B (Φn) Θ

(
kT
(
Φn,Φ′rad

)
− pT

) , (3.25)



26 3. Matching of Next-to-Leading Order and Parton Shower Predictions

which has the same form as the standard shower Sudakov factor as defined in Equa-
tion (3.14), but the splitting functions have been replaced by the real emission contribu-
tions over the Born contributions.

Using the Powheg master formula defined in Equation (3.22), the NLO accuracy of
inclusive observables is preserved by construction. Moreover, the first (hard) emission is
generated according to the real-emission matrix elements, whereas for soft emissions the
leading-log accuracy is preserved due to Equation (3.21).

As has already been stated before, in the Powheg matching scheme the evolution pa-
rameter t is chosen to be the transverse momentum of the emitted parton. Therefore,
subsequent radiation handled by a standard parton shower has to be softer than the
emitted parton simulated in the Powheg approach. This is easily achieved for a pT -
ordered shower. For an angular-ordered shower, one has to veto radiation harder than
the real emission from Powheg, since the first emission is not necessarily the hardest
one. However, possible soft emissions in an angular ordered shower may be generated
in the beginning of the showering algorithm with large angles. These soft, wide-angle
partons would be omitted if the veto described above is applied and therefore have to be
added back in after the standard shower. Such a parton shower is called truncated vetoed
shower. For further details we refer to Refs. [21, 22].

3.4. The Powheg-Box

The Powheg method described in the last section has been implemented in a publicly
available framework called Powheg-Box [23], which equips the developer with all needed
building blocks to generate the hardest emission according to the Powheg Sudakov factor
defined in Equation (3.25). The Powheg-Box code and all available processes can be
downloaded from Ref. [105].

The Powheg-Box has been used in this thesis to match several VBF processes with
parton showers. Therefore, the following building blocks to the program have had to be
provided to the program,

1. the flavor structures of the Born and real emission subprocesses,

2. the phase space for the Born process,

3. the Born squared matrix elements B for each partonic subprocess,

4. the finite part of the interference term between the Born and virtual amplitude,

5. the real emission squared matrix elements,

6. the Born color structure in the limit of a large number of colors.

In the following we review the most important ingredients that have to be implemented.
More details can be found in Ref. [23].
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Figure 3.5.: Sample diagrams for a real-emission contribution to Higgs production via
VBF.

Flavor Structures

The local subtraction terms needed to render the NLO cross section finite are provided by
the Powheg-Box in the FKS framework [98, 99]. In FKS, the real emission amplitudes
are decomposed into different terms. Each of these terms has at most one divergent
soft and/or collinear contribution associated with one parton, the so-called FKS parton.
The real emission amplitude squared, which from now on is denoted R, is decomposed
according to

R =
∑
i

Ri +
∑
i,j

Rij, (3.26)

where Ri denotes the contribution where the FKS parton i is soft and/or collinear to the
initial-state partons. For Rij, the FKS parton i is soft/collinear to a final state parton j.

The algorithm to find the singular regions uses the flavor structures of the Born and real-
emission processes. As an example we look at Higgs production via VBF. An exemplary
flavor structure of a Born subprocess and a corresponding real emission contribution with
final-state gluon is given by

Born: u s → H d c
real: u s → H d c g

}
3 regions: (gd), (gc), (g0). (3.27)

The algorithm within the Powheg-Box assigns three singular regions to this process.
The gluon as the FKS parton can be soft and/or collinear to the two final state quarks,
the corresponding singular regions are denoted (gd) and (gc). Additionally, the gluon can
become soft and/or collinear with respect to the two initial-state partons. These (two)
singular regions are counted as one and are denoted (g0).

For a real subprocess with a gluon in the initial state, as for example depicted in Figure 3.5,

Born: d c → H us

real: g c → H us d̄

}
2 regions: (gu), (gd̄), (3.28)

the gluon couples to the upper quark line and can therefore only become soft and/or
collinear with respect to the quarks on the same quark line, namely u and d̄.
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Born Phase Space

The integration routine in the Powheg-Box provides an array of real random numbers
Xborn in the range [0, 1]. These random numbers are used to calculate the momenta of
all particles in the Born process, both in the center-of-mass and in the laboratory frame.
Additionally, the Bjorken-x values of the two incoming partons, the squared center-of-mass
energy of the Born process and the Jacobian factor,

Jborn =
∣∣∣∣∣ ∂Φn

∂Xborn

∣∣∣∣∣ , (3.29)

have to be provided. The phase space variables for the additional parton in the real-
emission part are calculated automatically using three additional random numbers. For
processes which exhibit singularities at LO, there are two possibilities to avoid the singular
regions, namely generation cuts or Born suppression factors. We will discuss this issue for
the processes where it is needed later on.

Born Amplitude

The squared Born matrix elements B and in addition the color- and spin-correlated Born
amplitudes Bij and Bµνj have to be provided. Besides the Born contribution to the NLO
cross section, all three amplitudes are needed for the subtraction of the divergences of the
squared real-emission matrix elements. The amplitude has to be provided in a form that
allows to calculate the Born matrix elements separately for each subprocess defined by
the flavor structure.

The color correlated Born amplitude is defined via

2sBBij = −N
∑
spin,
color

Mck

(
M†

ck

)
ci→c′

i
cj→c′

j

T aci,c′
i
T acj ,c′

j
. (3.30)

The flux factor 1/(2sB) should not be included in none of the amplitudes. The Born
matrix elementMck

has {ck} external color indices. The T ab,c are the color matrices in the
fundamental representation for incoming quarks, T ab,c = −tacb for incoming anti-quarks and
T ab,c = i fbac for gluons. The normalization factor N can be found in Equation (2.97) of
Ref. [22] and contains spin- and color-averaging factors as well as symmetry factors. Due
to color conservation, the color-correlated Born amplitudes satisfy∑

i,i 6=j
Bij = CjB. (3.31)

The sum contains all colored particles in the process. The Casimir invariants for quarks
and gluons are given by

CF = N2
c − 1
2Nc

, CA = Nc. (3.32)
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In addition, for the cancellation of collinear divergences associated with a gluon, the
spin-correlated Born amplitudes are needed. In the used convention they are only non-
vanishing if the jth parton is a gluon. These squared amplitudes are obtained by leaving
the Lorentz index of the gluon uncontracted,

Bµνj = −N
∑

{i},sj ,s′
j

M ({i}, sj)M†
(
{i}, s′j

) (
εµsj

)∗
ενs′

j
. (3.33)

The polarization vectors are normalized to

∑
µ,ν

gµν
(
εµsj

)∗
ενs′

j
= −δsjs′

j
, (3.34)

where si denotes the spin of the ith particle. Exploiting the normalization defined in
Equation (3.34) yields ∑

µ,ν

gµν Bµνj = −B. (3.35)

Equations (3.31) and (3.35) can be used to test the color- and spin-correlated amplitudes
and therefore yield a first check of their implementation. Another check is the cancellation
of the divergences in the soft and collinear limit.

Virtual Amplitude

The finite part of the interference between virtual and Born matrix elements, Vfin, has to be
provided in conventional dimensional renormalization (CDR). The UV-finite interference
terms between the Born and renormalized virtual matrix elements,MB andMV , exhibit
a universal structure and for massless partons read

Vb = 2 Re
[
MVM∗

B

]
= N

−∑
i

(
Cfi

ε2
+ γfi

ε

)
B + 1

ε

∑
i,j
i 6=j

ln
(

2ki · kj
Q2

)
Bij + Vfin

 , (3.36)

with

γq = 3
2CF and γg = 11

6 CA −
2
3TR nf . (3.37)

The Casimir invariants are defined in Equation (3.32) and nf denotes the number of active
quark flavors. The sum includes all colored partons in the initial and final state. The finite
part of the interference between the Born and virtual matrix elements depend on the
renormalization scheme (CDR) and on the normalization constant N in Equation (3.36).
The constant N in the Powheg-Box convention is given by

N = (4π)ε

Γ (1− ε)

(
µ2
R

Q2

)ε
. (3.38)

The scale Q is arbitrary and chosen as Q = µR.
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After adding the integrated FKS dipoles to Equation (3.36) to render the cross section
finite, the virtual contributions are given by

V = αs
2π

QB +
∑
i,j,
i 6=j

IijBij + Vfin

 , (3.39)

where the factors Q and Iij depend on the flavors and momenta of the partons in the
process. The functional form of the two factors can e.g. be found in Equation (2.100) and
(2.101) of Ref. [22].

Real Amplitude

As for the other squared amplitudes, the real contributions have to be provided such that
every flavor structure can be calculated individually. The Powheg-Box assigns the sin-
gular regions and splits the real contributions into different regions (see Equation (3.26))
automatically. In each singular region, the respective FKS counterterms are added. Before
running the actual code, it is checked whether the FKS counterterms and the real con-
tributions cancel in the soft and/or collinear limit in each singular region. This provides
a strong check for the assignment of the IR divergent regions and thereby for the flavor
structures. Additionally, all Born (correlated) amplitudes can be verified simultaneously
since they enter the FKS subtraction terms.

Born Color Structures

The leading Born color structures are needed for the assignment of the color structures
including additional radiation. The algorithm within the Powheg-Box starts with the
Born color structure and assigns the (leading) color to the emitter-emitted pair acting on
the assumption of a collinear splitting. In the planar limit this procedure yields a unique
color assignment, except for the case of g → gg splittings which leads to two leading color
structures with equal probability. One of the two color structures is then chosen randomly.

In this chapter we have reviewed the most important aspects of NLO and parton shower
corrections. These two approaches can be combined within the Powheg method to ac-
curately describe the first emission from a hard underlying process and to take further
radiation emerging from parton showers into account. The Powheg method has been
implemented into the publicly available Powheg-Box framework. The program takes
the standard building blocks of an NLO calculation as input and supplies Les Houches
event files [33, 34] which can be interfaced to transverse-momentum ordered or vetoed
truncated angular-ordered parton showers. The Powheg-Box has been used in this the-
sis to match several VBF processes to parton showers, namely electroweak gauge boson
production, Higgs boson production with anomalous couplings and Higgs boson produc-
tion in association with three jets, all at NLO accuracy. The details of the implementation
and phenomenological results are described in the following chapters.



CHAPTER 4

ELECTROWEAK GAUGE-BOSON PRODUCTION VIA

VECTOR-BOSON FUSION

After having reviewed the most important aspects of the matching between parton showers
and NLO calculations, we will now discuss the first processes considered in this thesis,
namely electroweak gauge-boson production via vector-boson fusion. The work presented
in this chapter has been published in JHEP 1304 (2013) 057 [106].

4.1. Introduction

After the discovery of a Higgs-like boson at both ATLAS [19] and CMS [20], we have taken
one step closer towards the understanding of electroweak symmetry breaking. As already
mentioned in Section 2.3, vector-boson fusion (VBF) is an important production mode of
the Higgs boson. Before discussing Higgs production in VBF in detail in Chapters 5–7,
we begin our discussion with three related processes: W+, W− and Z production in VBF,
where the latter has already been measured by CMS [107, 108] and ATLAS [109].

Generally, VBF results in a very specific detector signature. Due to the color singlet
exchange in the t-channel, the two hardest jets are widely separated in rapidity and
usually lie in opposite detector hemispheres. This feature, as mentioned before, can be
used for an efficient suppression of QCD-induced backgrounds. Additionally, a so-called
central-jet veto (CJV) [100–104] can be applied. With this special cut no hard jets in
the rapidity gap between the two tagging jets are allowed. Therefore, the distributions
of the additional sub-leading jets need to be known precisely to estimate the theoretical
uncertainties of the CJV. In order to get an accurate simulation of the distribution of the
third hardest (first sub-leading) jet, which could be a central jet, the matching of an NLO
prediction and a full shower simulation is desirable. Such a matched calculation will be
discussed in the following.

Since the cross section for electroweak gauge-boson production via VBF is higher than
for the SM Higgs boson and the final state is substantially simpler than in the Higgs
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boson case, W and Z production via VBF can be used to test the theoretical predictions
before moving on to the Higgs boson process (see Ref. [110]). Additionally, electroweak
gauge-boson production via VBF can be used to study deviations of the triple gauge-boson
couplings from their SM value [111, 112]. To detect such a deviation, the SM prediction
has to be known very precisely. Therefore, we have implemented W and Z production in
VBF with subsequent leptonic decays into the first and second generation in the Powheg-
Box [23] to give an NLO prediction which can be interfaced with parton showers. The
fixed-order αs corrections to the cross section have already been calculated in Ref. [113] and
the NLO electroweak corrections are known as well [114]. VBF Z production has already
been interfaced to parton showers by using the Powheg-Box [115]. The QCD-induced
Zjj and Wjj production modes [116, 117] are also part of the Powheg-Box [118, 119]
and can be used to test the efficiency of VBF cuts for background suppression.

One goal of this work is to gain experience in interfacing an existing NLO code at fixed
order in αs with the Powheg-Box. Electroweak gauge boson production via VBF offers
enough complexity to study the compatibility of the Powheg-Box and parts of the
Vbfnlo framework [24–26], a fully flexible parton-level Monte Carlo program for cross
sections and distributions at NLO accuracy. One important aspect of the study is the
analysis of the dependence of the presented processes on the parton shower. To this
end, we explore the influence of the pT -ordered shower in Pythia 6 [27] as well as the
vetoed, angular-ordered shower in Herwig++ [28, 29] and the fairly new pT -ordered
Herwig++Dipole Shower [31, 32], in the following referred to as DS++. From these
predictions we can estimate the influence of missing soft wide-angle radiation (truncation)
in the angular ordered shower.

This chapter is organized as follows: In Section 4.2 we review the details of the numerical
calculation of all three processes, focusing on the subtleties of the matching between
Vbfnlo and the Powheg-Box. In Section 4.3 we show results of our calculation,
showered with Pythia, Herwig++ and DS++. We conclude in Section 4.4.

4.2. Elements of the Implementation

The processes under consideration are pp → l+νl jj, pp → l−ν̄l jj and pp → l+l− jj with
l = µ, e, which are at O(α4) at LO. Contributions from qq̄ annihilation with a hadronically
decaying gauge boson are treated as part of diboson production and therefore disregarded.
The processes will be referred to as electroweak V jj production or V production via
VBF (V = W± or Z). They are quite similar concerning the contributing Feynman
diagrams and the phase-space integral, which has to be solved. Therefore we delineate
their properties using the example of electroweak W+jj production.

As described in Section 3.4, the publicly available Powheg-Box framework [23] equips
the developer with all needed subroutines to go from a fixed-order NLO calculation in
QCD to event files in the Les Houches format [33, 34] which then can be interfaced with
a truncated parton shower. We have used this framework for the implementation of elec-
troweak V jj production. In the following we discuss some aspects of the implementation
in detail.
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Figure 4.1.: Real-emission diagram contributing to VBF Z production.

4.2.1. Flavor Structures

One subtlety in the implementation arises from the IR subtraction terms. These terms
are provided by the Powheg-Box in the FKS framework [98, 99] and are calculated
automatically using the flavor structures of the Born and real-emission subprocesses.

If one considers the real-emission diagram for VBF Z production depicted in Figure 4.1,
the two d quarks in the final state should be kept distinct, since due to the color-singlet
exchange in the t-channel, only the d quark on the upper quark line leads to a collinear
singularity. The algorithm to find the singular regions in the Powheg-Box, however,
uses just the combinatorics and assigns two singular regions to the diagram, one for each
d quark being collinear to the incoming gluon. This behavior is due to the Powheg-Box
expecting flavor structures that are already symmetrized with respect to the final-state
particles. A solution to this problem is described in Ref. [120]: With the so-called tagging,
same flavor fermions on the upper and lower quark line internally get a different flavor
(tag) to keep them distinct. These tags are only used to assign the possible radiation
regions, which are searched for automatically within the Powheg-Box.

4.2.2. Matrix Elements

The matrix elements have been adopted from the Vbfnlo implementation explained in
detail in Ref. [113]. We will discuss the most important aspects of their implementation
in the Powheg-Box by means of the process pp → l+νl jj. As has been stated before,
diagrams containing qq̄ annihilation (see Figure 4.2, sample diagrams (a) and (b)), which
we call diboson or WV production with one vector boson decaying hadronically, are
disregarded since their contribution is negligible when imposing typical VBF cuts [113].

Using this definition of the process seven types of diagrams contribute to V jj production
via VBF at LO. For W+ production via VBF, seven sample diagrams are depicted in
Figure 4.2 (c)–(i), where due to charge conservation only the structure (e) or (f) con-
tributes for a given flavor structure. Five of the shown topologies (Figure 4.2 (c)–(g))
consist of resonant production of the vector boson with leptonic decay. We account for
spin correlations of the final-state leptons and off-shell effects of the gauge bosons through
a modified version of the complex-mass scheme [121] with real sin2 θW and a Breit-Wigner
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Figure 4.2.: Possible diagrams contributing to pp→ l+νl jj at O(α4). The first two dia-
grams ((a), (b)) are categorized as contributions to diboson production and
are neglected (see text for details). The other diagrams display seven pos-
sible tree-level contributions considered in W+ production in VBF, where
depending on the flavor structure, only (e) or (f) arises. Diagrams (c)–(g)
show resonant graphs. Non-resonant graphs like (h) and (i) have also been
included.
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integration of the propagator over the whole phase space. In addition to the resonant
diagrams, the process comprises non-resonant diagrams like shown in Figure 4.2 (h) and
(i).

We neglect fermion masses and contributions from b quarks. Furthermore, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix is set to the unit matrix. Due to the unitarity of the
CKM matrix, this is no approximation to the calculation as long as the flavor of the jets
is not tagged and the third-generation fermions are omitted.

The diagram topologies for electroweak Zjj production are analogous to those shown
in Figure 4.2 for Wjj production via VBF. Since leptonic decays are included in the
calculation, also the contributions of charged leptons emerging from the decay of off-shell
photons are taken into account.

As illustrated in Section 3.4, the spin- and color-correlated Born matrix elements are
needed to construct the FKS subtraction terms. The spin-correlated Born matrix elements
as defined in Equation (3.33) vanish since in the used convention they only contribute if
there are external gluons at tree level. The color-correlated amplitudes are

Bij =
{
CF B if quarks i and j are on the same quark line,
0 otherwise.

(4.1)

Here, B denotes the squared Born matrix element.

In Figure 4.3, possible real-emission topologies with initial-state gluons are depicted. Both
virtual vector bosons illustrated in diagrams (a) and (b) are time-like and contain one
vector boson that decays into a quark-anti-quark pair. This is a real-emission contribution
to WV production and, as stated before, therefore treated as a separate process, which
is not considered here. Figures 4.3 (c) and (d) show two valid topologies which are taken
into account. Final-state gluon diagrams can be obtained by crossing.

Already at LO, up to two t-channel photons are present in electroweak V jj production.
Consequently, the Born cross section diverges if integrated over the whole available phase
space. However, the cross section is well defined when requiring two jets fulfilling minimal
jet-definition criteria. To eliminate the singularities arising without the requirement of two
observable jets, amplitudes with a t-channel photon with a low virtuality of Q2 < 4 GeV2

are suppressed with a large damping factor of 10−20, as used in Ref. [115]. At NLO,
requiring two observable jets does not render the cross section finite due to an additional
collinear divergence caused by the t-channel photon exchange, which is absorbed via the
photon PDF. In our approach, we impose the aforementioned Q2 < 4 GeV2 suppression
and replace the missing piece by pγ → V jjX production. In the following the missing
pγ → V jjX piece is considered as a separate electroweak contribution to V jj production
and, since these contributions are quite small when typical VBF cuts are imposed, they
have been neglected.

The virtual corrections consist of vertex and box diagrams. The finite terms of the inter-
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Figure 4.3.: Real-emission diagrams for W+ production via VBF: (a) and (b) are
strongly suppressed in the VBF region and are treated as a different process
not investigated here, (c) and (d) show sample diagrams for gluon-induced
amplitudes. Diagrams with final-state gluons are obtained by crossing.

ference between Born and virtual contributions read [113]

Vfin = CF

(
− ln2

(
µ2
R

s21

)
− 3 ln

(
µ2
R

s21

)
− ln2

(
µ2
R

s43

)
− 3 ln

(
µ2
R

s43

)
− 16

)
|MB|2

+ 2 Re
[
M∗

B M̃V

]
, (4.2)

where the appropriate normalization used in the Powheg-Box (see Equation (2.92) from
Ref. [22] or Equation (3.38)) has been factored out. MB denotes the Born matrix element,
M̃V are the finite terms originating from box corrections. Here, µR is the renormalization
scale, s21 and s43 are the time-like squared momenta of the exchanged weak bosons (W ,
Z or γ) in the t-channel.

4.2.3. Phase Space

As already mentioned in the last section, for Zjj production via VBF we include virtual
photons decaying into massless leptons, which leads to a singularity. Therefore, we require
the invariant dilepton mass to be higher than 20 GeV. In addition, the cross section for
all three considered processes is only well defined when imposing standard jet definition
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cuts. Therefore, the integration over the phase-space variables has to be restricted to
guarantee meaningful results. We have implemented three different procedures to cure
these singularities in the Born phase-space integral.

The first procedure is adopted from Ref. [115] and maps the random numbers given by
the integration routine to the physical momenta of the partons. To avoid divergent Born
contributions, the user can impose cuts on the transverse momentum of the two partons
in the final state. This option is not recommended since this hard cut in the phase space
may influence the final showered result, which should not be sensitive to this generation
cut.

An alternative option for a phase space with divergent Born contributions has been intro-
duced in Ref. [122]. There, a so-called Born suppression factor F (Φn) is used to suppress
the generation of momenta in the singular underlying Born configurations. The under-
lying Born kinematics are then generated in the Powheg-Box according to a modified
B̄supp function,

B̄supp = B̄(Φn)F (Φn). (4.3)

The Born suppression factor F (Φn) has to be chosen such that the resulting B̄supp is
integrable. As a consequence, only weighted events can be generated, since for every phase-
space point the factor F (Φn) has to be divided out again. A suitable parametrization of
F (Φn), which has already been used in Ref. [115], is

F (Φn) =
 p2

T,j1

p2
T,j1 + Λ2

pTj

k  p2
T,j2

p2
T,j2 + Λ2

pTj

k , (4.4)

where the pT,ji denote the transverse momenta of the final-state partons. The two pa-
rameters ΛpTj

and k can be changed by the user, with default values of 10 GeV and 2,

respectively. With this definition, F (Φn) suppresses the generation of partons with small
transverse momenta. An examination of the generation cut and the Born suppression
factor for dijet production can be found in Ref. [123].

The third procedure for the phase-space integration uses LO unweighted events as phase-
space generator. These unweighted events are already flat in the Born phase space and
therefore serve as a perfect LO phase-space generator. Consequently, the optimization of
the grid for the underlying Born kinematics can be omitted and only the real-emission
variables have to be optimized during the Monte Carlo integration. This procedure also
speeds up the generation of Powheg events. Here, we use unweighted events generated
by Vbfnlo. However, the unweighted input events have to be provided with a different
weight to guarantee the correct normalization of the cross section. In a Monte Carlo
integration the LO cross section is calculated as

σLO = 1
N

N∑
i=1

Ji
∣∣∣MB

(
Φ(i)
n

)∣∣∣2 pdf
(
Φ(i)
n

)
= 1
N

N∑
i=1

JiM2
B,pdf

(
Φ(i)
n

)
, (4.5)

where M2
B,pdf(Φ(i)

n ) denotes the numerical value of the squared Born matrix element in-
cluding PDFs using the kinematics of the phase-space point i, and Ji is the Jacobi factor.
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M2
B,pdf(Φ(i)

n ) is calculated within the Powheg-Box, so the Jacobi factor has to be pro-
vided as the reweighting factor for the input events. It is given by

Ji = σLO

M2
B,pdf

(
Φ(i)
n

) . (4.6)

We have used this third method for the numerical analysis presented in Section 4.3, unless
not stated otherwise.

4.2.4. Checks and Comparisons

To ensure that the results shown in the next section are correct, we have performed
several checks and comparisons. The slightly modified Vbfnlo matrix elements used in
the Powheg-Box implementation have been checked phase-space pointwisely against
the original Vbfnlo ones. Very good agreement between 11 to 15 digits has been found.
Hence also the evaluation of the couplings, which is slightly different than in Vbfnlo,
could be validated. The subtraction of IR singularities in the Powheg-Box is done
in the FKS framework with automatically generated local subtraction terms. We have
checked that the ratio of the real contributions and the subtraction terms approaches one
in all singular regions associated with one specific parton. Therefore the IR divergences
cancel which additionally ensures that all flavor structures of the Born and real-emission
contributions are taken into account.

Another strong test is the comparison of LO and NLO cross sections and differential
distributions with other programs. The distributions involving final-state particles agree
between the Powheg-Box and Vbfnlo implementations within statistical errors of at
most 1%. In order to validate the three different phase-space operation modi, we have
compared cross sections and distributions at fixed order and after event generation using
all three different options.

As mentioned before, there exists another implementation of electroweak Zjj production
within the Powheg-Box [115]. We have compared our implementation with the other
one using generation cuts in the phase space generator. The matrix elements agree phase-
space point by phase-space point at the level of at least 10 relevant digits. Additionally,
cross sections and differential distributions at NLO and after event generation have been
compared and good agreement within statistical uncertainties has been found.

4.3. Numerical Results

In this section we present numerical results obtained with the Powheg-Box for W and Z
production via VBF. Special attention is given to the influence of different parton showers
on the distribution of the third-hardest jet.

The cross sections and distributions shown below are calculated for the LHC running at a
center-of-mass energy of 8 TeV. We use the CT10 PDF set [124] with αs(MZ) = 0.11798, as
implemented in the Lhapdf package [125]. The electroweak couplings are calculated using
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tree-level relations with the input parameters MW = 80.398 GeV, MZ = 91.1876 GeV and
the Fermi constant GF = 1.16637 · 10−5 GeV−2. The obtained values for the total width
of the electroweak gauge bosons are ΓZ = 2.5084 GeV and ΓW = 2.0977 GeV. The
resulting QED fine structure constant is αQED = 1/132.341 and the weak mixing angle
is sin2 θW = 0.2226. Recombination of partons into jets is done according to the anti-
kT algorithm [126] provided by the FastJet-package [127, 128] with default distance
parameter R = 0.5. The factorization and renormalization scale are set to the mass of
the produced vector boson, µF = µR = MV .

All jets originating from the NLO calculation or the parton shower are demanded to have
a minimum transverse momentum of

pT,j > 20 GeV, (4.7)

as well as a rapidity bounded by
|yj| < 4.5 (4.8)

to be well observable by the experiments. Additionally, we require the two highest-pT
jets, called tagging jets, to satisfy

ptag
T,j > 30 GeV. (4.9)

We require the leptons to lie in the central region of the detector and have a non-vanishing
transverse momentum,

|yl| < 2.5 and pT,l > 20 GeV. (4.10)

Since electroweak Zjj production includes contributions from γ∗jj → l+l−jj one is forced
to impose a cut on the invariant mass of the lepton pair to avoid singularities,

mll > 20 GeV. (4.11)

All leptons should be separated from each other and from the jets,

∆Rll > 0.1 and ∆Rjl > 0.4, (4.12)

where the lego-plot separation is given by ∆Rij =
√

(yi − yj)2 + (φi − φj)2, with φi de-
noting the azimuthal angle of particle i.

As already mentioned before, the VBF detector signature with one very forward and
one very backward jet and little hadronic activity in the rapidity gap between the two
tagging jets can be used for QCD background suppression. An additional feature of V jj
production in VBF is, that the decay products of the weak boson tend to be located in
the rapidity gap. We therefore demand the typical VBF cuts,

mtag
jj < 600 GeV, ∆ytag

jj > 4, ytag
j1 × y

tag
j2 < 0, yminj,tag + 0.2 < yl < ymaxj,tag − 0.2. (4.13)

As has already been explained in Section 3.3, the events generated by the Powheg-
Box can be interfaced with any pT -ordered shower like Pythia or the Dipole Shower
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W+jj W−jj Zjj
Vbfnlo (254.0± 0.1) fb (134.6± 0.1) fb (24.48± 0.02) fb
Powheg@NLO (253.9± 0.3) fb (134.4± 0.2) fb (24.47± 0.07) fb
Powheg+Pythia (251.0± 0.8) fb (131.7± 0.5) fb (24.48± 0.18) fb
Powheg+Herwig++ (249.8± 0.8) fb (131.2± 0.5) fb (24.08± 0.18) fb
Powheg+DS++ (245.2± 0.8) fb (128.0± 0.5) fb (23.56± 0.18) fb

Table 4.1.: Cross sections for electroweak V jj production with subsequent decay of
the vector boson into the first lepton family including VBF-cuts (Equa-
tions (4.7)–(4.13)). The NLO cross section has been obtained with the
new Powheg-Box implementation and matches the Vbfnlo prediction.
Pythia, Herwig++ and DS++ results include parton shower effects, but
neither hadronisation nor effects from underlying event simulations.

DS++ implemented in Herwig++. Using angular-ordered showers, like the standard
Herwig++ shower, radiation harder than the real emission from the matrix element has
to be eliminated. This is possible using Les Houches event [33, 34] files as input. However,
additional wide-angle, soft radiation is missing and has to be added back in after the usual
shower as explained in detail in Ref. [21, 22]. Unfortunately, this feature called truncation
is not present in the used Herwig++ release. Nevertheless, the effect of this additional
soft radiation can be estimated from the comparison of Herwig++ with the pT -ordered
DS++.

In the analysis presented below we are mostly interested in parton shower effects. There-
fore we do not take into account hadronization or underlying-event simulations. We use
Pythia version 6.4.25 with the Perugia 0-tune (Feb 2009) and Herwig++ version 2.6.1a
for the standard shower and for DS++. The cross sections for all three processes at fixed
order and after showering using the VBF cuts defined in Equations (4.7)–(4.13) are listed
in Table 4.1.

Figure 4.4 shows distributions of the leading jets and leptons in electroweak V jj pro-
duction. The top panel depicts the rapidity of the second tagging jet and the transverse
momentum of the positron in electroweak W+jj production. The lower panel displays
the transverse momentum distribution of the hardest jet in W−jj production and the
invariant mass of the two tagging jets for Z production via VBF. In all four plots, the
new Powheg-Box results interfaced with Pythia, Herwig++ and DS++ as well as
NLO predictions obtained with Vbfnlo are shown. The ratio plot always compares the
three shower predictions with the fixed-order result obtained with Vbfnlo. The normal-
ization of the curves varies for the different attached showers due to the different cross
sections after including additional radiation and applying cuts. This discrepancy is caused
by events which slightly migrate by parton shower effects to phase-space regions that do
not obey the required cuts. However, as expected, this difference is the only one between
the shower and NLO predictions. The shape of the various curves stays unaltered. In
summary, observables constructed from the two tagging jets or the charged leptons and
neutrinos are hardly affected by additional parton shower radiation. The VBF signature
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of the events is therefore preserved.

On the other hand, parton shower effects become more pronounced in the distributions
of the third-hardest jet, where the corresponding matrix elements are only LO accurate.
The top left panel of Figure 4.5 displays the transverse momentum distribution of the first
non-tagging jet for electroweak W+jj production. The cut on the transverse momentum
has been lowered to pT,j3 > 1 GeV to show the damping of the soft divergence due to the
Sudakov factor, which is almost the same for Pythia, Herwig++ and DS++. For a
moderate jet pT between 20 and 50 GeV, Herwig++ predicts more jets than Pythia
but matches the NLO prediction, whereas Pythia and DS++ are in good agreement.
The tail of the distribution with pT & 75 GeV shows lower rates for all three showers than
the NLO calculation, since additional hard and/or wide-angle radiation from the parton
showers leads to partons which are not re-clustered into the third-hardest jet and may
potentially lead to additional sub-leading jets.

The other three plots of Figure 4.5 show the location of the third-hardest jet relative to
the tagging jets,

y∗3 = yj3 −
yj1 + yj2

2 , (4.14)

for all three processes studied here with the usual VBF cuts of Equations (4.7)–(4.13). On
average, the two tagging jets are located at 〈|yj1 − yj2|〉/2 ≈ 2.6. Accordingly, |y∗3| . 2.6
typically corresponds to the rapidity gap between the tagging jets and |y∗3| & 2.6 to the
third jet being positioned between the tagging jets and the beam axis. For all three pro-
cesses under consideration Pythia tends to radiate additional partons into the rapidity
gap which then get re-clustered into the third-hardest jet. In addition, the region between
the tagging jets and the beam axis is less populated with hard jets than predicted at NLO.
Herwig++ and DS++ give the same prediction but are contrary to Pythia: in the
rapidity gap, the rates are lower than predicted by the NLO calculation, whereas more
jets between the tagging jets and the beam axis are observed.

Since the QCD part of electroweak gauge-boson production and Higgs boson production
via VBF is essentially the same, we can qualitatively compare the shower effects on the
distribution of the third-hardest jet. As has been shown in Section 3.2, Figure 3.4, the two
Herwig++ showers and Pythia give nearly contradictory predictions for the rapidity
distribution of the third-hardest jet in Higgs boson production via VBF, when considering
only the parton shower corrections to the LO process. Taking into account the matrix
elements for the real radiation in V jj production via VBF, the discrepancy between
the three parton showers are partly resolved. The damping in the low pT,j3 region is
dictated by the Powheg Sudakov factor and only additional radiation modeled by the
respective parton shower coming from the two tagging jets or off the third-hardest parton
can modify the y∗3 distribution, since the real-emission matrix elements are correctly taken
into account.

The origin of the remaining differences between the three parton shower predictions for
the distribution of the third-hardest jet can be studied by varying different parameters.
This will be illustrated using the example of W+ production via VBF. However, the
main findings are the same for electroweak W−jj and Zjj production. The left panel
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Figure 4.4.: Distributions of the leading jets and leptons in electroweak V jj production.
Top panel: Differential cross-section of the rapidity of the second hardest
tagging jet (left) and the transverse momentum of the charged lepton (right)
of the Powheg prediction, compared to the fixed-order curves of Vbfnlo
(black solid line) for W+jj production via VBF. The (red) dashed-dotted
line shows the prediction of the Powheg result showered with Pythia, the
(blue) dotted line corresponds to the angular-ordered Herwig++ shower
and the (turquoise) solid line to DS++. The error bars show the statistical
error of the integration, the yellow error band in the ratio plot gives the
statistical error on the fixed-order NLO result of Vbfnlo.
Lower panel: Transverse-momentum distribution of the hardest jet in W−

production via VBF (left) and the invariant tagging-jet mass for Zjj pro-
duction (right). Colors and line styles are given above.
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Figure 4.5.: Top panel: Differential distribution of the transverse momentum of the third
jet with pT,j3 > 1 GeV (left) and the variable y∗3 defined in Equation (4.14)
(right) including all cuts, comparing the predictions of the three parton
showers to the fixed-order distributions of Vbfnlo for electroweak W+jj
production.
Lower panel: y∗3 distribution for W−jj (left) and Zjj production via VBF
(right).
The line styles are assigned as in Figure 4.4.
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Figure 4.6.: Differential y∗3 distribution for electroweak W+jj production as defined in
Equation (4.14). Left: The standard cut on the transverse momentum has
been lowered to pT,j3 > 10 GeV. Right: The distance parameter of the jet
algorithm has been increased to R = 0.7. The line styles are assigned as in
Figure 4.4.

of Figure 4.6 shows the y∗3 distribution for a lowered cut on the transverse momentum of
the third jet, pT,j3 > 10 GeV. Therefore more soft partons lead to visible jets. Obviously,
the distinction between Pythia and the two Herwig predictions gets more pronounced.
This difference is due to the fact that Pythia tends to emit more soft partons, whereas
Herwig++ and DS++ preferentially emit partons in the collinear region between the
beam axis and the tagging jets. This conclusion is supported by the observation that the
y∗3 distribution is fairly unaffected by the variation of the pT,j3 cut for the two Herwig++
siblings. Compared to the NLO distribution, the ratio of the curves remains unaltered.
This can be best seen in the lower panel of the respective plots. The collinear region
between the tagging jets and the beam axis is well described, whereas the jet rates in
the central region are lower than for the fixed-order result. In contrast, Pythia predicts
more jets in the rapidity gap than for a higher cut on the transverse momentum.

To test whether this conclusion is correct, we study the distribution of y∗3 for larger values
of R (Figure 4.6, right). There, the distance parameter R of the anti-kT algorithm is
increased to R = 0.7 compared to R = 0.5, which has been used before. The cut on
the transverse momentum of the third-hardest jet is reset to the standard value, pT,j >
20 GeV. A first comparison between this plot and the top right panel of Figure 4.5 shows
that the overall rate increases for all three showers compared to the respective NLO
prediction. This increase is due to the fact that more soft and/or collinear partons are
clustered into the third-hardest jet, which increases the possibility that the jet is accepted.
Again, the jet activity in the central region is increased for Pythia due to uncorrelated,
soft radiation. In contrast, Herwig++ and DS++ produce collinear radiation between
the tagging jets and the beam remnant, which leads to jets with high |y∗3|. Therefore, only
the increment of R and not the pT,j cut affects the shape of y∗3 for the two Herwig++
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siblings.

It is also worthwhile noticing that Herwig++ and DS++ predict the same behavior
for the y∗3 distribution. This implies that additional wide-angle soft radiation, which is
included in DS++, plays a minor role in this process and truncated shower effects can be
omitted. The difference between Herwig++ and DS++ on the one side, and Pythia
on the other side in fact seems to depend on how the available phase space is filled with
additional soft and collinear radiation.

To corroborate the argument on the difference between Pythia and the two Herwig++
showers we investigate the differential jet shape [129] ρ(r) of the third-hardest jet,

ρ(r) = 1
∆r

∑
parton∈j3

pT,parton(r −∆r/2, r + ∆r/2)
pT,j3

, (4.15)

which is a measure for the jet energy flow. The ρ(r) definition of Equation (4.15) is based
on Equation (4) from Ref. [130] and has been slightly modified to solely take the third-
hardest jet into account. The distance r between the third-hardest jet and the partons
contributing to it in the rapidity-azimuthal angle plane,

r =
√

(φj3 − φparton)2 + (yj3 − yparton)2, (4.16)

ranges from ∆r
2 to R−∆r

2 , where ∆r is a free parameter. The pT,parton(r1, r2) designates the
transverse momentum of partons in an annulus between radii r1 and r2, i.e. r1 ≤ r < r2.
The sum includes all partons which are recombined into the third-hardest jet. For the
plots shown below we use ∆r = 0.1. The differential jet shape ρ(r) is normalized,∫ R

0
ρ(r)dr = 1. (4.17)

For the argument given below the position of the third-hardest jet with respect to the
tagging jets is crucial. To divide the phase space into the rapidity gap and the region
between the tagging jets and the beam axis we use the variable

z∗3 = y∗3
|yj1 − yj2|

. (4.18)

The two tagging jets are localized at |z∗3 | = 0.5, thus |z∗3 | < 0.5 corresponds to the rapidity
gap and |z∗3 | > 0.5 to the region between the tagging jets and the beam axis.

Figure 4.7 shows the differential jet shape ρ(r) averaged over all contributing jets for the
three hardest jets in the top panel. In addition, ρ(r) is displayed for the third-hardest
jet in different areas of the phase space in the lower panel, all with a distance parameter
R = 0.7. The differential jet shape for the two hardest jets shows almost no dependence
on the shower in use, whereas the first sub-leading jet is evidently sensitive to shower
corrections. This effect will now be examined in more detail. The upper right panel shows
ρ(r) for the whole available phase space. The jets obtained with Pythia are moderately
broader than with Herwig++ and DS++. More partons with r > 0.1 are combined
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Figure 4.7.: Top panel: Differential jet shape ρ(r) defined in Equation (4.15) for R = 0.7
and ∆r = 0.1 for the three hardest jets.
Lower panel: ρ(r) for the third-hardest jet divided into different regions of
the phase space. The line styles are assigned as in Figure 4.4.

into the third-hardest jet than for the other two showers. In the lower left panel the
differential jet shape for the third-hardest jet ending up in the rapidity gap between the
two tagging jets is shown. The lower right panel displays the collinear region between
the tagging jets and the beam axis. A striking observation is, that the difference between
Herwig++ and Pythia in large part emerges from jets in the central region. This
matches the observation described above and is also correlated with the population of
the available phase space with additional radiation. Soft, wide-angle emissions are fairly
uncorrelated to the radiating parton, which can broaden the jet. On the other hand,
collinear radiation is emitted in the vicinity of the mother parton and therefore leads to
narrow jets. For Pythia, the jets are essentially broader in the rapidity gap, whereas
ρ(r) is almost the same for Pythia and DS++ in the collinear region. This region can
almost be seen as an inclusive jet sample, which is adequately well described by all three
parton showers, see e.g. Ref. [130]. Compared to Herwig++, DS++ predicts slightly
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Figure 4.8.: Jet multiplicity with the standard cuts of Equations (4.7)–(4.13) for jets in
the whole allowed phase space (left) and in the rapidity gap between the
tagging jets (right). The line styles are assigned as in Figure 4.4.

broader jets for |z∗3 | > 0.5. This difference can be traced back to the relatively low IR
cut-off on the Sudakov factor in DS++, which leads to soft radiation at the end of the
showering stage. When increasing this cut-off, the differential jet shape and the rate of
the third jet of the two showers come close to each other.

Now we can explain why the Pythia prediction lies below the Herwig++ one for
the transverse momentum of the third-hardest jet, see Figure 4.5. Since Pythia jets are
broader due to wide-angle radiation, some partons which do not get re-clustered into the jet
take away parts of the pT of the original parton. In Herwig++, on the contrary, narrow-
angle radiation off the third-hardest parton as well as additional radiation from the two
tagging jets end up in the third-hardest jet. This can be seen in the pT,j3 distribution for
large distance parameters R ≥ 0.5, where the rate exceeds the NLO prediction. Radiation
off the two tagging jets can also be observed for Pythia, but the distance parameter R has
to be increased even more. When normalizing to the total cross section, the Herwig++
and DS++ predictions are in good agreement. The soft radiation in DS++ due to the
mentioned low IR cut-off of the Sudakov factor can lead to a lower rate of the third-hardest
jet once a minimum pT and a maximum rapidity threshold on the tagging jets are set.

As explained in the introduction to this chapter, it is important to know the distributions
of the third-hardest and the other subsequent jets in the rapidity gap to estimate the error
on a CJV. The multiplicity of jets is quite different for the three showers (Figure 4.8). In
the left panel, the jet multiplicity for the jets in the whole allowed phase space is shown.
The first three jets are given by the hard matrix elements and are reasonably well described
by Pythia, Herwig++ and DS++, but with cut-dependent differences for the distribu-
tions of the third-hardest jet. Additional jets solely originate from the parton showers and
therefore depend on how the available phase space is filled with soft and collinear partons.
Since Pythia radiates more uncorrelated, softer partons, they can build a sub-leading
jet on their own, whereas the narrow-angle radiation in Herwig++ and DS++ implies
fewer jets surviving the jet criteria defined in Equations (4.7)–(4.8), (4.12). This effect
is even more pronounced in the rapidity gap, as shown in the right panel of Figure 4.8.
We again stress that Herwig++ as a vetoed angular-ordered shower shows the same
behavior as its pT -ordered sibling DS++. Therefore, at least for the processes studied
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here, the effect of truncation can be neglected.

4.4. Conclusions

W and Z production via VBF are important processes at the LHC, since they provide
the possibility to study the VBF topology and CJV techniques before moving on to the
important and more complex Higgs production process. Since distributions are sensitive
both to NLO and shower corrections, we have implemented Wjj and Zjj production
via VBF in the Powheg-Box to interface the NLO calculation with different parton
showers. One important result of this analysis is that the distributions of the tagging jets
and the leptonic W and Z decay products are largely unaffected by additional radiation
simulated with Pythia, Herwig++ and DS++. The shape of these distributions
remains unaffected, whereas the overall normalization changes slightly. This change arises
from the migration of some events to phase-space regions not incorporated within the cuts
due to additional radiation off the NLO partons.

On the contrary, the third-hardest jet, whose matrix elements only enter the calculation
at LO, is sensitive to the details of the parton shower in use. The effect is cut dependent,
but can easily be of the order of 30− 40% in distributions, see e.g. Figure 4.6. However,
the distinction between the three parton showers is considerably smaller than for Higgs
boson production via VBF at LO, see Figure 3.4.

In principle, Herwig++ as a vetoed shower cannot be used in combination with the
Powheg-Box, since wide-angle soft radiation from truncation is missing. However, we
expect the effect of this additional radiation to be small, since Herwig++ is in good
agreement with the pT -ordered DS++. Nevertheless, sizable differences between Pythia
and Herwig++ are present in the distributions of the non-tagging jets. The differences
of the showers can be traced back to the population of the available phase space with
additional radiation. Pythia seems to favor rather soft partons, which are likely to
end up in the rapidity gap between the two tagging jets. The two Herwig++ showers
essentially leave the rapidity gap unaltered, but preferentially radiate collinear partons
between the tagging jets and the beam axis. The soft, wide-angle radiation leads to a
relatively broad (third-hardest) jet for Pythia in the rapidity gap, whereas the small-
angle radiation in Herwig++ and DS++ results in narrow jets. Additionally, a lower
jet multiplicity is observed for the latter programs.

These differences between the three shower predictions reflect remaining uncertainties
of available NLO predictions. They are mostly present in the distributions of the third-
hardest jet, since it is only LO accurate, and have to be taken into account when comparing
the predictions to data.

The code which has been used to obtained these results can be found on the Powheg-Box
homepage [105].



CHAPTER 5

HIGGS BOSON PRODUCTION VIA VECTOR-BOSON

FUSION WITH ANOMALOUS COUPLINGS

In this and the following Chapters we will focus on Higgs boson production in vector-boson
fusion (VBF). We start our discussion by looking at the SM and possible deviations in
the context of anomalous couplings.

5.1. Introduction

After the discovery of a new boson at the LHC [19, 20], the most important task is to
determine its properties, namely the couplings to SM particles, its spin and CP quantum
numbers. Tremendous joint theoretical and experimental efforts [56–58] have been made
on the way to the discovery of the resonance and they are now focused on pinning down
these quantum numbers. Although the measurements seem to favor a SM Higgs boson,
other beyond the SM (BSM) possibilities, like a spin-2 or a spin-0 CP-even particle with
an admixture of CP-odd couplings, cannot be excluded yet [72–84].

Most of the studies aiming to measure the spin and CP properties of the newly found boson
involve differential distributions of the final state particles, which, as we have already seen
in the last chapter, can be sensitive to both NLO and shower corrections. In VBF the
Higgs boson is produced via quark-scattering mediated by weak gauge boson exchange in
the t-channel, qq′ → qq′H. The NLO QCD corrections to the SM process have been known
for quite some time [62–64] and even NNLO QCD, NLO electroweak and mixed QCD and
EW contributions have been calculated [65–70, 131, 132]. To account for parton shower
effects, this process has also been matched to parton showers in the Powheg [21, 22] and
Mc@Nlo [86] framework [120, 133–135].

One striking feature of VBF processes is that a modified coupling structure of the produced
scalar particle to the vector-bosons fusing in the t-channel is translated to the distributions
of the tagging jets. This property can be used to determine the CP quantum numbers
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of the Higgs boson and to set limits on anomalous couplings of the Higgs boson to elec-
troweak bosons [136–139]. The deviations of these couplings from their respective SM
values can be parametrized in terms of an effective Lagrangian [140]. For this effective
Lagrangian approach the NLO QCD corrections to the VBF process are known [141, 142]
and the matching to parton showers with MadGraph5 aMc@Nlo has recently been
published [143]. In the present work we use the Powheg method and its implementation
in the Powheg-Box framework [23] to combine the NLO QCD calculation with parton
showers. Some parts of the program are adopted from the already existing SM code [120],
the matrix elements needed for anomalous couplings are taken from Vbfnlo [24–26].

This chapter is organized as follows: In Section 5.2 we introduce possible deviations
of the Higgs couplings using an effective Lagrangian approach. Section 5.3 reviews the
implementation of the beforehand explained anomalous couplings in the Powheg-Box.
In Section 5.4 we derive couplings for a singlet scalar boson reproducing the SM event
rates, which can act as Higgs imposter [144–148]. In Section 5.5 we present differential
distributions resulting from the introduced scenarios described in Section 5.4. In Section
5.6 we will conclude.

5.2. Effective Lagrangian Approach

Deviations of the SM Higgs couplings to electroweak gauge bosons can be parametrized
in an effective Lagrangian density, consisting of the SM Lagrangian supplemented by
higher-dimensional operators [140],

Leff = LSM +
∑
i

f
(5)
i

Λ O
(5)
i +

∑
i

f
(6)
i

Λ2 O
(6)
i . (5.1)

Here, Λ denotes the scale where new physics enters, fi are the dimensionless coupling
constants for the corresponding operators O(k)

i , with k indicating the mass dimension.
In the following we refer to any spin-0 state with couplings described by the effective
Lagrangian or by the SM Lagrangian as Higgs boson H.

Starting from an SU(2)L doublet field φ, only operators with dimension 6 (or larger)
contribute to the effective Lagrangian defined in Equation (5.1), since an even number
of covariant derivatives and an even number of doublet fields have to be combined to
built a Lorentz and isospin scalar. When imposing gauge and Lorentz invariance one
is left with 11 CP-even operators [149–153] containing the scalar field φ, the covariant
derivative Dµ and the field strength tensors Wµν and Bµν . Three of them contain only
gauge fields and the covariant derivatives, two operators solely modify the Higgs self
couplings. Therefore, only six CP-even (and three CP-odd) operators contribute to the
HV V vertex (V = W±, Z, γ). In the following we will disregard two of the CP-even
operators: One contributes only to the Z mass and is heavily restricted by the measured
ρ-parameter [154], the other has large contributions to the S-parameter [155, 156, 149],
which constrains BSM contributions to the Z-boson self energy.
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Overall, we are left with the following effective Lagrangian [142, 157],

Leff = fW
Λ2

6
OW + fB

Λ2
6
OB + fWW

Λ2
6
OWW + fBB

Λ2
6
OBB

+
f
W̃W

Λ2
6
O
W̃W

+
f
B̃B

Λ2
6
O
B̃B

+
f
B̃

Λ2
6
O
B̃
. (5.2)

The operators are given by

OBB = φ†B̂µνB̂
µνφ, O

B̃B
= φ†

̂̃
BµνB̂

µνφ,

OWW = φ†ŴµνŴ
µνφ, O

W̃W
= φ†

̂̃
W µνŴ

µνφ,

OB = (Dµφ
†)B̂µν(Dνφ), O

B̃
= (Dµφ

†) ̂̃Bµν

(Dνφ),
OW = (Dµφ

†)Ŵ µν(Dνφ), (5.3)

with

Ŵµν = ig2T
aW a

µν , B̂µν = ig1
Y

2 Bµν . (5.4)

The SU(2)L and U(1)Y generators are denoted by T a and Y , respectively, g2 and g1 are
the SM SU(2)L and U(1)Y gauge couplings and Ṽµν denotes the dual field strength tensor.

Another possible parametrization of the effective Lagrangian for dimension-6 operators is
given in the mass eigenstate basis of the gauge bosons and the physical Higgs boson [158–
160] and has been used by the L3 Collaboration [161]. The coupling parameters in this
parametrization, d, dB, ∆gZ1 and ∆κγ and the respective CP-odd coupling constants,
are related to the coefficients fi/Λ2

6 of the effective Lagrangian defined in Equation (5.2)
according to [24–26, 142]

d = −M
2
W

Λ2
6
fWW , d̃ = −M

2
W

Λ2
6
f
W̃W

,

dB = −M
2
W

Λ2
6

sin2 θw
cos2 θw

fBB , d̃B = −M
2
W

Λ2
6

sin2 θw
cos2 θw

f
B̃B

,

∆κγ = κγ − 1 = M2
W

2Λ2
6

(fB + fW ) , κ̃γ = M2
W

2Λ2
6
f
B̃
,

∆gZ1 = gZ1 − 1 = M2
Z

Λ2
6

fW
2 .

(5.5)

For a scalar particle HS, disregarding SU(2)L relations, another parametrization for
anomalous couplings to electroweak gauge bosons is required, using an effective Lagrangian
involving dimension-5 operators [141],

Leff = gHZZ5e
2Λ5

HSZµνZ
µν + gHZZ5o

2Λ5
HSZ̃µνZ

µν + gHWW
5e
Λ5

HSW
+
µνW

µν
− + gHWW

5o
Λ5

HSW̃
+
µνW

µν
− +

gHZγ5e
Λ5

HSZµνA
µν + gHZγ5o

Λ5
HSZ̃µνA

µν + gHγγ5e
2Λ5

HSAµνA
µν + gHγγ5o

2Λ5
HSÃµνA

µν . (5.6)



52 5. Higgs Boson Production via Vector-Boson Fusion with Anomalous Couplings

1e-06

1e-05

0.0001

0.001

0.01

0 100 200 300 400 500 600 700

1
/σ

 d
σ

/d
p

T
,j
1
 [

1
/G

e
V

]

pT,j1 [GeV]

SM

Λ = 100 GeV

Λ = 300 GeV

Λ = 500 GeV

Λ = ∞

1e-05

0.0001

0.001

0.01

0 100 200 300 400 500

1
/σ

 d
σ

/d
p

T
,H

 [
1

/G
e

V
]

pT,H [GeV]

SM

Λ = 100 GeV

Λ = 300 GeV

Λ = 500 GeV

Λ = ∞

Figure 5.1.: Form-factor dependence of transverse momentum distributions of the hard-
est jet (left) and the scalar particle (right) for H production in VBF for√
s = 8 TeV at the LHC. The colored lines correspond to different scales

for F1 as defined in Equation (5.7), Λ =∞ means no form factor is applied.
The curves are at LO and have been obtained with Vbfnlo [24–26].

The CP-even or CP-odd nature of the operators is labeled by the subscript e or o. As for
the L3 parametrization in Equation (5.5), the gauge fields have been transformed into the
mass eigenstate basis.

In order to model effective, momentum-dependent HV V couplings we use two different
form factors as described in Refs. [141, 142],

F1 = Λ2

q2
1 − Λ2

Λ2

q2
2 − Λ2 , (5.7)

F2 = −2 Λ2C0
(
q2

1, q
2
2, (q1 + q2)2,Λ2

)
, (5.8)

which are multiplied to each vertex containing anomalous couplings. Here, q1 and q2
denote the momenta of the vector bosons in the t-channel and C0 is the scalar one-loop
three-point function in the notation of Ref. [162]. They mimic new physics entering at
a scale Λ at the loop level and thereby can be chosen to suppress unitarity-violating
amplitudes.

The effect of the form factor on the transverse-momentum distribution of the hardest
tagging jet and the scalar particle is shown in Figure 5.1. For the plot we have used the
L3 notation of the dimension-6 operators with the following parameters,

d = 0.1, ∆gZ1 = 0.1, d̃ = 0.15, dB = ∆κγ = d̃B = κ̃γ = 0. (5.9)

The SM Higgs couplings have been set to zero and typical VBF cuts have been imposed,
see Equations (4.7)–(4.9) and (4.13). This parameter point has only been chosen to ex-
emplify the influence of a form factor on distributions although it is already excluded,
since the signal strengths are not compatible with LHC data [50, 71, 163]. In the plot,
the transverse momentum of the hardest jet and of the scalar particle produced in VBF
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Figure 5.2.: Sample diagrams for Higgs production via VBF including anomalous HV V
vertices. The t-channel photon exchange may occur due to anomalous tree-
level Hγγ and/or HZγ vertices.

is shown for the SM and the parameter point defined in Equation (5.9). The colored
lines show the curves for various form-factor scales Λ with the form factor F1 from Equa-
tion (5.7) compared to the SM (black). Prima facie, unitarity is violated at relatively
low transverse momenta for high form-factor scales Λ. A thorough investigation using
the ”Dipole Form Factor Calculation Tool for Anomalous Couplings in Vbfnlo“ [164]
reveals that, for the parameters defined in Equation (5.9) without a form factor, unitarity
is violated above 500 GeV in electroweak gauge-boson scattering, V1V2 → V3V4, taking
into account all neutral V1V2/V3V4 combinations [165, 166]. To delay unitarity violation to
scales above 8 TeV, which is the center-of-mass energy used here, the form-factor scale has
to be Λ ≤ 487 GeV. Another notable point is that a form factor can lead to distributions
which mimic the SM prediction, a fact that will be explored later on in more detail.

5.3. Elements of the Implementation

In this section we describe the implementation of Higgs boson production via VBF in-
cluding anomalous HV V vertices in the Powheg-Box. Most parts are similar to Z pro-
duction via VBF (see Section 4.2).

Sample diagrams for the LO, virtual and real contributions are depicted in Figure 5.2.
Since we are only interested in Higgs production without subsequent decay no other than
the shown types of graphs contribute. The photon exchange in the t-channel is not present
in the SM case, since the photon coupling to the SM Higgs boson is loop-induced. Using
effective dimension-5 or 6 operators, tree-level couplings are possible. The flavor structures
for the Born and real subprocesses are the same as in electroweak Zjj production. Again,
the determination of the singular regions is handled by tagging of the quark lines as
described in Section 4.2.1. The matrix elements for the Born and real contributions as
well as the routines to calculate the SM and the anomalous couplings are taken from
Vbfnlo [24–26]. External b-quark contributions are neglected and the CKM matrix is
set to the unit matrix, which is exact as long as the flavor of the jets is not tagged and
quark masses are omitted. Again, the spin-correlated Born matrix elements are not needed
since there are no external gluons at tree level (see Equation (3.33)). The color-correlated
Born amplitudes are the same as for V production via VBF defined in Equation (4.1). The
virtual corrections with anomalous couplings are the same as in the SM case and contain
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only vertex corrections [113, 120] (see Figure 5.2). The finite part of the interference
between the Born and virtual matrix elements, as defined in Equation (3.36), read

Vfin = CF

(
− ln2

(
µ2
R

s21

)
− 3 ln

(
µ2
R

s21

)
− ln2

(
µ2
R

s43

)
− 3 ln

(
µ2
R

s43

)
− 16

)
B , (5.10)

where the Powheg-Box convention of the normalization (see Equation (3.38)) has been
adopted. B denotes the squared Born matrix element. Again, µR is the renormalization
scale, s21 and s43 are the time-like momenta squared of the two exchanged weak bosons
(W , Z or γ).

The three parametrizations of anomalous Higgs boson couplings explained in Section 5.2
have been adopted from Vbfnlo. The coupling and form-factor parameters can be
changed individually. Additionally, the HWW and HZZ tensors present in the SM
Lagrangian and the loop-induced SM Hγγ and HZγ couplings can be multiplied by a
global factor.

Even though there already exists a well-tested version of VBF Higgs production in the
Powheg-Box [120], we use a slightly modified version of this process’s phase-space gen-
erator. The modifications are required due to photons, which can be exchanged in the
t-channel and therefore lead to singularities without proper jet-definition cuts, as described
in Section 4.2. These contributions can be cured as described in the last chapter, either
by a generation cut on the transverse momentum of the final-state partons or by the Born
suppression factor F (Φn) of Equation (4.4). In addition, contributions at LO and NLO
with a t-channel photon with virtuality Q2 < 4 GeV2 have to be suppressed with a large
damping factor in order to compensate for the singularities arising in the real emission
diagrams, as already used in Refs. [106, 115].

The SM matrix elements have been tested against a modified version of the existing
Powheg-Box SM code [120], which does neither take into account b quarks in the
initial or final state nor CKM effects. On the matrix element level, agreement to at least
10 digits has been found. Cross sections and distributions have been compared as well
and agree on the sub-per mille level. Using anomalous couplings, matrix elements, cross
sections and distributions have been compared with Vbfnlo and very good agreement
has been found.

5.4. Setup of the Model

For our numerical analysis in Section 5.5, we use the parameter points and form factors
given in Table 5.1. For the two scenarios called FF1E and FF2E, which differ in the used
form factor, we assume that the new boson discovered at the LHC is not the SM Higgs
particle, but a neutral scalar singlet HS which acts as a Higgs imposter. Therefore, we
can use the dimension-5 operators of Equation (5.6). The task of electroweak symmetry
breaking is still performed by a SM Higgs boson with a mass above the current exclusion
limits for a heavy Higgs boson of roughly 700 GeV [167, 168]. Two of the three sce-
narios studied here have been derived in Ref. [169]. We will now shortly summarize the
determination of these two parameter points.
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Parameter Point Form factor Coupling parameters

FF1E F1, Λ = 100 GeV

Λ5 = 200 GeV,

gHWW
5e = −3.282, gHZZ5e = 5.058,

gHγγ5e = −5.827 · 10−3, gHZγ5e = 9.430 · 10−3.

FF2E F2, Λ = 30 GeV

Λ5 = 200 GeV,

gHWW
5e = 1.836, gHZZ5e = 2.778,

gHγγ5e = 3.264 · 10−3, gHZγ5e = −4.108 · 10−3.

FF1O F1, Λ = 200 GeV

fodd
W W

Λ2
6

= 5.577 · 10−5 GeV−2,

fodd
BB

Λ2
6

= 5.577 · 10−5 GeV−2.

Table 5.1.: Form factors and anomalous coupling parameters used for the analysis in
Section 5.5. The parameter points FF1E and FF2E are derived using the
dimension-5 operators defined in Equation (5.6), for FF1O the parametriza-
tion in Equation (5.2) has been used. All other couplings of the Higgs boson
to electroweak gauge bosons have been set to zero. The effective gluon-
gluon-Higgs coupling and the fermion couplings only enter via the width of
the Higgs boson and have been set to their respective SM value.

The anomalous couplings and form factors have been set to values reproducing the SM
event rates. First, the form factor scale has been chosen such that the transverse momen-
tum spectra of the two tagging jets in VBF roughly match the corresponding SM curves.
Figure 5.1 illustrates the dependence of the pT spectrum on the scale of the first form fac-
tor F1 of Equation (5.7). In a second step, equations for the event rates, RXY = σX ·BRY ,
in dependence on the anomalous couplings have been derived, separately for the produc-
tion cross section σX and the branching ratio of a particular decay channel BRY . The
formula for the VBF cross section has been deduced using Vbfnlo. For gluon fusion in
the heavy-top limit, MadGraph [170] has been used. The SM couplings of the Higgs
boson have been set to zero and only the anomalous couplings have been considered. Al-
though evidence for the Higgs boson decaying to a pair of τ leptons has recently been
found [171, 172], couplings of the scalar particle to fermions have been neglected, but
could be included in the analysis. Since we only consider non-fermionic final states, only
the top quark coupling would have sizable influence on the analysis. It is however encoded
in the effective ggHS coupling.
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The following decay modes have been examined,

HS → γγ,

HS → Zγ → l+l−γ, l = e, µ,

HS → ZZ → l+1 l
−
1 l

+
2 l
−
2 , l1/2 = e, µ,

HS → W+W− → l+1 ν1 l
−
2 ν̄2, l1/2 = e, µ. (5.11)

The respective expressions in dependence on the anomalous couplings again have been
derived using Vbfnlo. Afterwards, a χ2-fit using MINUIT version 94.1 [173] has been
performed. The values for the anomalous couplings given in Table 5.1 give the lowest
χ2/d.o.f. value for all combinations of branching ratios and production modes (χ2/d.o.f. =
0.2/16 for both FF1E and FF2E) and can reproduce the SM production cross sections
and decay rates. The effective coupling of the Higgs boson to gluons is given by gFF1

ggHS
=

1.102 · 10−2/Λ5 and gFF2
ggHS

= 1.226 · 10−2/Λ5 with Λ5 = 200 GeV.

The other scenario in Table 5.1, FF1O, is an example for purely CP-odd couplings. Al-
though this scenario is already strongly disfavored by experimental data [72–84], we in-
clude it to validate the code for CP-odd couplings. Again, the SM couplings of the Higgs
boson to electroweak gauge bosons have been set to zero. For more realistic studies it is
possible to use CP-even operators combined with CP-odd ones.

In the analysis presented in Section 5.5 the couplings to fermions and gluons are set to
their respective SM values for all three scenarios, since they only enter via the width of
the scalar particle.

5.5. Numerical Results

The results in this section are obtained assuming a scalar boson with mass MH = 126 GeV
for the LHC running at a center-of-mass energy of 8 TeV. We use the CT10 PDF set [124]
with αs(MZ) = 0.11798 as implemented in the Lhapdf package [125]. The renormaliza-
tion and factorization scales are set to MH . The electroweak couplings are calculated via
tree-level relations from the input parameters MW = 80.398 GeV, MZ = 91.1876 GeV
and the Fermi constant GF = 1.16637 ·10−5 GeV−2. Recombination of partons into jets is
done according to the anti-kT algorithm [126] provided by the FastJet-package [127, 128]
with a distance parameter R = 0.5.

We demand at least two well observable jets with a minimum transverse momentum and
a maximal rapidity, ensured by

pTj
> 20 GeV and |yj| < 4.5. (5.12)

The two jets with highest transverse momentum, called tagging jets, are additionally
forced to have

ptag
Tj

> 30 GeV (5.13)

and a large invariant mass,
mtag
jj > 600 GeV, (5.14)
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Scenario Vbfnlo Pwg@NLO Pwg+Pythia Pwg+Herwig++

SM (305.3± 0.2) fb (305.4± 0.2) fb (292.6± 0.6) fb (286.9± 0.6) fb

FF1E (305.4± 0.3) fb (305.8± 0.4) fb (291.7± 0.6) fb (288.6± 0.6) fb

FF2E (305.4± 0.3) fb (305.2± 0.4) fb (296.2± 0.7) fb (295.7± 0.7) fb

FF1O (304.7± 0.2) fb (304.5± 0.3) fb (295.7± 1.0) fb (289.9± 1.0) fb

Table 5.2.: Cross sections for the SM and the scenarios defined in Table 5.1. The first
and second column compare the NLO cross sections obtained with Vbfnlo
and our new implementation. The last two columns show the cross sections
for the Powheg sample showered with Pythia and Herwig++.

to suppress the background from QCD-induced processes. To further suppress these back-
grounds, we additionally exploit the VBF signature of two largely separated tagging jets
in opposite detector hemispheres,

∆ytag
jj = |y1 − y2| > 4 and yj1 · yj2 < 0. (5.15)

The decay of the Higgs boson has not been taken into account and we therefore do not
require additional cuts on the possible decay products.

In Table 5.2, we show the cross sections for the SM and the different scenarios defined
in Table 5.1. For comparison of fixed order NLO cross sections the value obtained with
Vbfnlo and the new implementation in the Powheg-Box (PWG@NLO) are listed. For
the showered results we have used Pythia, version 6.4.25 with the Perugia 0-tune (Feb
2009) [27], and Herwig++, version 2.6.1b [28, 29], respectively, both without hadroniza-
tion and underlying-event simulation. As already stated in Section 4.3, it is, strictly
speaking, not correct to use Herwig++ as a non-truncated shower in combination with
Powheg-Box events. We have however seen that the influence of wide-angle soft radia-
tion is negligible in W and Z production via VBF. Since the QCD part of gauge boson and
Higgs production is similar, we assume that the effects of truncation are also negligible for
this case. We postpone the comparison of Herwig++ and DS++ [31, 32] to Chapter 7,
where we study Higgs production in association with three jets via VBF.

Figure 5.3 displays the differential distributions of the invariant mass of the two tagging
jets (top) and the transverse momentum (middle) as well as the rapidity of the hardest
jet (bottom), showered with Pythia (left) and Herwig++ (right). In Figure 5.4 the
transverse momentum distribution of the second hardest jet (top) and the Higgs boson
(middle) as well as the azimuthal angle difference between the two tagging jets (bottom)
is shown. All distributions are normalized to the respective total cross section. The
distributions in Figures 5.3 and 5.4 show that anomalous couplings combined with the
form factors considerably change the tagging jet distributions with respect to the SM.
The upper ratio plot of each figure demonstrates BSM effects. While the invariant mass
of the two tagging jets (Figure 5.3, top) only receives moderate modifications compared
to the SM, BSM effects are evidently more pronounced for the transverse momentum and
rapidity spectra.
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Figure 5.3.: Invariant tagging jet mass (top), transverse momentum (middle) and ra-
pidity of the hardest jet (bottom), showered with Pythia (left) and with
Herwig++ (right), respectively. All differential distribution are normal-
ized to the respective cross section from Table 5.2. In each figure, the top
ratio plot compares the different BSM scenarios to the SM. The lower ratio
plot displays the difference between the showered and the fixed order result.
For the ratio plots the normalization has been omitted.
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Figure 5.4.: Distributions of the transverse momentum of the second tagging jet (top),
of the transverse momentum of the Higgs(-like) boson (middle) and of the
azimuthal angle difference of the two tagging jets (bottom), showered with
Pythia (left) and Herwig++ (right). The ratio plots are assigned as in
Figure 5.3.
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For FF1O the tail of the pT,j1 distribution (Figure 5.3, middle) and the y1 distribution
(Figure 5.3, bottom) are almost indistinguishable from the SM curve. The low-pT,j1 re-
gion and the pT,j2 distribution (Figure 5.4, top) show deviations. However, the overall
agreement with the SM is best, compared to the two singlet scenarios. For FF1E, the
damping of the form factor results in a lower event rate in the high-pT region of the tag-
ging jets compared to the SM. Additionally, the peak of the two tagging jet distributions
is shifted to slightly higher values. This property is correlated with the corresponding
rapidity distribution, which is lower than in the SM for |y1| & 3.5, corresponding to fewer
soft jets.

In comparison, for FF2E the damping in the tail of the distribution is much lower and the
curve including anomalous couplings by far exceeds the SM distribution. Since those hard
jets are more likely produced in the central detector region, the rapidity of the hardest jet
is shifted towards zero compared to the SM or to the other scenarios. Additionally, fewer
low-pT tagging jets are expected than in the SM since the cross section has been adjusted
to match the SM prediction. Therefore the excess of jets in the high-pT region has to be
compensated. Also the transverse momentum spectrum of the Higgs boson (Figure 5.4,
middle) shows sizable deviations from the SM. This shape difference also influences the
kinematics of the Higgs decay products.

The argument given above already indicates that the SM Higgs boson can easily be distin-
guished from singlets parametrized by pure dimension-5 operators like in Equation (5.2).
It is possible to adjust the rates and cross sections, but already the tagging jet distribu-
tions differ considerably due to the needed low form-factor scale. This behavior has an
interesting consequence, especially in the case of the form factor F2 from Equation (5.8).
A form factor of this kind is physically well motivated, since it actually appears in the
calculation of triangle graphs. Therefore, the form factor F2 is particularly adequate to
parametrize the effect of (heavy) non-SM particles with a mass at the scale Λ running in
loops and inducing effective couplings between the SM particles. It is thus not possible to
reproduce the tagging jet distributions of the SM under the assumption of purely loop-
induced couplings of the Higgs boson. Already the fitted values for the couplings given in
Table 5.1 indicate that the source of the WW/ZZ and γγ/Zγ couplings cannot be at the
same scale, since the values of the coupling parameters show a strong hierarchy.

In general, deviations from the SM Higgs Lagrangian parametrized by higher-dimensional
operators will lead to unitarity violating contributions to the S-matrix. They can be sup-
pressed by form factors, which additionally can be adjusted to reproduce the SM tagging
jet distributions. It is therefore necessary to look at distributions that do not depend on
the form-factor scale to determine the CP properties of the Higgs-like particle discovered
at the LHC, like the azimuthal angle difference between the two tagging jets, ∆Φjj. As
has been discussed in Ref. [136, 142], ∆Φjj is a promising observable to pin down the
CP-quantum numbers of the Higgs boson produced in VBF, see the bottom panels of
Figure 5.4. The SM distribution is rather flat. The behavior is very different for purely
CP-even couplings. Most parts of the cross section lie in the region where the two tagging
jets and the beam axis lie in a plane, with two pronounced dips at ±90◦. For CP-odd
couplings, the behavior is exactly opposite. The ∆Φjj distribution peaks at ±90◦ and
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Figure 5.5.: Differential y∗3 distribution as defined in Equation (4.14) for the SM (left)
and the parameter point FF1E (right), both normalized to the three-jet
cross section. The black curve shows the fixed NLO prediction obtained
with Vbfnlo, red and blue are the Powheg-Box results showered with
Pythia and Herwig++. The lower panel shows the ratio between the
shower prediction and the fixed-order result.

almost vanishes at 0◦ and ±180◦. In summary, the ∆Φjj distribution is very sensitive
to the CP nature of the scalar particle produced in VBF and can therefore be used to
distinguish between the SM Higgs boson and scalar particles with CP-even or CP-odd
couplings to electroweak gauge bosons.3

We now discuss the parton shower effects on the distributions shown in Figures 5.3 and 5.4.
The lower panel of each plot shows the ratio between the showered Powheg-Box and
the NLO prediction. As we already have seen in Chapter 4 and as has been stated for the
SM in Ref. [120], the distributions of the tagging jets and electroweak particles are largely
unaffected by parton shower effects, apart from the change in the overall normalization,
both for Herwig++ and Pythia.

Small differences between the shower corrections for the SM and for the predictions with
anomalous couplings occur in the low transverse momentum region of the tagging jets
close to the cut, for both parton showers. This inequality is best observed in the lower
ratio plot of each figure. The reason for this behavior is that already at fixed order
the distributions are very different and a migration of events to the allowed phase-space
region is more likely for the parameter points FF1E and FF2E after including parton
shower corrections. Additionally, these effects occur in phase-space regions where the
prediction with anomalous couplings lies far below the SM curve. The disparity is slightly
larger for Herwig++, but the overall agreement of the two showers is satisfying. For

3Also the SM vs. spin-2 distinction can be addressed in the ∆Φjj distribution, see Ref. [174].
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the rapidity of the tagging jet, the transverse momentum of the Higgs boson and the
azimuthal angle difference between the two tagging jets, the influence of the respective
parton shower is only present in the overall normalization of the various curves. Therefore,
the discriminative power of the ∆Φjj distribution persists even after including parton
shower effects.

As for the SM, differences between the used parton showers become visible starting from
the third-hardest jet, whose matrix elements enter the calculation only at LO. In Fig-
ure 5.5 we show the rapidity of the third-hardest jet relative to the two tagging jets,
see Equation (4.14). The distributions are normalized to the respective three-jet cross
section. We observe qualitatively the same behavior as in the discussion of electroweak
gauge boson production in VBF presented in Chapter 4. Additionally, the parton shower
effects for the SM (left) and the singlet scenario FF1E (right) are essentially the same. We
will analyze the non-tagging-jet distribution in VBF Higgs production more thoroughly
in Chapter 7.

5.6. Conclusions

We have implemented VBF Higgs boson production with anomalous couplings to elec-
troweak gauge bosons in the Powheg-Box. The implementation is based on the already
existing SM code [120] and extended by the matrix elements for anomalous couplings
based on Vbfnlo [24–26]. Three different parametrizations and two form factors have
been implemented and can easily be adjusted by the user.

We have shown predictions for three different scenarios and the influence of form factors on
these predictions. Observables related to the two tagging jets are hardly affected by parton
showers and can be used to distinguish a SM Higgs boson from a scalar Higgs imposter
whose couplings to SM particles are parametrized by dimension-5 operators. Additionally,
the azimuthal angle difference of the two tagging jets is a suitable observable to distinguish
between CP-even and CP-odd couplings of scalar particles to electroweak gauge bosons,
even after including parton shower effects.

An important result of this analysis is, that parton shower effects barely depend on the
nature of the produced scalar particle. Noticeable differences between parton shower
effects on the SM and on the examined BSM scenarios only occur in phase-space regions
close to cuts due to the migration of events, or where the BSM curves lie far below the
SM ones. Therefore it is possible to perform a parton shower on generated NLO events
and afterwards take anomalous couplings into account by reweighting SM events. We will
explain this method in more detail in the next chapter.



CHAPTER 6

REPOLO

In this chapter we present the program Repolo, an add-on to the parton-level Monte
Carlo generator Vbfnlo [24–26]. Repolo can be used to reweight Les Houches event
files [33, 34] generated for SM Higgs production via vector-boson fusion (VBF) to account
for two different beyond the SM (BSM) scenarios or for signal-background interference
effects, which are important for heavy Higgs boson searches. Part of this work has been
presented in the ”Handbook of LHC Higgs Cross Sections: 3. Higgs Properties”, CERN-
2013-004 [58].

6.1. Introduction

To exploit the physics potential of the LHC, accurate simulations of both signal and
background processes have to be provided. These include, besides generating NLO events
with a subsequent parton shower, also a full detector simulation. Running all these tasks
is, however, time consuming and computationally intensive. Therefore, we have developed
the Repolo framework, which allows to change certain parameters of the NLO events, like
for instance the couplings of the Higgs boson to electroweak gauge bosons parametrized
by an effective Lagrangian like introduced in Chapter 5. Since the event kinematics stay
unaltered during the reweighting, the parton shower effects and detector simulation of the
SM events can be reused.

Repolo, which stands for REweighting POwheg events at Leading Order, takes Les
Houches event (LHE) files as input and assigns a new weight to each event by using the
Vbfnlo framework. The reweighting is achieved by calculating the ratio of the squared
matrix element with the chosen reweighting option and the squared matrix element of
the input event within the SM. LO in Repolo thereby refers to the fact that the new
weight is calculated according to the kinematics of each event, which signifies that we
distinguish between Born and real-emission matrix elements. Virtual corrections and the
corresponding subtraction terms for Born-like kinematics are not taken into account. The
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method has been developed and tested for Higgs boson production in VBF, but can easily
be generalized to other classes of processes like for instance triple gauge-boson production.

Repolo has two fields of application: BSM predictions and heavy Higgs reweighting.
The first running mode comprises the reweighting of SM events by the use of anomalous
couplings or by a spin-2 model and is explained in Section 6.2. The latter application is
used to account for signal-background interference effects in searches for a heavy Higgs
boson, which we describe in Section 6.3.

6.2. BSM Predictions

One application of Repolo is the reweighting of SM events to account for two different
BSM scenarios, namely anomalous Higgs boson couplings or a spin-2 model. The idea of
the program is as follows: Repolo reads in a LHE file and, using the Vbfnlo framework
and a perl script, creates a new event file where each SM event is reweighted by a factor

|MBSM|2

|MSM|2
. (6.1)

Here, MSM and MBSM denote the matrix elements of the SM and the chosen BSM sce-
nario, respectively.

6.2.1. Details of the Implementation

Repolo can reweight SM events to two different types of BSM scenarios: anomalous
HV V couplings as described in Section 5.2 and a spin-2 model explained in detail in
Refs. [174–176]. In the latter model the interactions of a singlet spin-2 boson T to elec-
troweak gauge bosons is parametrized by an effective Lagrangian with mass-dimension 5,

Lsinglet = 1
ΛTµν

(
f1B

ανBµ
α + f2W

αν
i W i,µ

α + 2f5(DµΦ)†(DνΦ)
)
. (6.2)

As in the anomalous HV V case, Λ is the energy scale of the underlying new physics.
The parameters fi denote free coupling constants, which can be adjusted to reproduce
SM-like rates. The mass of the spin-2 particle is a free parameter. The couplings to
fermions and gluons are not present here since they do not enter in VBF processes with
subsequent decay into gauge bosons, but can be included [175]. In contrast to the graviton
Lagrangian [177], the coupling constants fi are independent, free parameters and not fixed
to the same value by the underlying theory.

Also in this BSM model, unitarity is violated above a certain energy scale. To suppress
these unphysical contributions to the S-matrix, a form factor similar to F1, as defined in
Equation (5.7), is used,

f(p2
1, p

2
2, k

2
sp2) =

(
Λ2

ff

|p2
1|+ Λ2

ff

· Λ2
ff

|p2
2|+ Λ2

ff

· Λ2
ff

|k2
sp2|+ Λ2

ff

)nff

, (6.3)
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where p2
1 and p2

2 are the invariant masses of the gauge bosons in the t-channel and k2
sp2

denotes the invariant mass of the spin-2 particle in the s-channel. The scale of the cut-off
Λff and the suppression power nff are free parameters. All the variables of the model can
be set in the file spin2coupl.dat, parameters for anomalous HV V vertices are specified
in anom_HVV.dat.

The reweighting procedure in Repolo has four parts,

1. the specification of the input parameters,

2. the import of the momenta from the LHE event file,

3. the matrix-element calculation,

4. the reweighting of the original file using a perl script.

The main input parameters can be set in repolo.dat, the main input file for Repolo.
All important parameters which can be adjusted are explained in Appendix A. The key
parameter is the procID, which specifies the used process. So far, VBF Higgs production
with all non-hadronic decay modes as implemented in Vbfnlo are available. Additionally,
the BSM model and the respective coupling parameters have to be set in the aforemen-
tioned input files. With this information, the couplings needed for the matrix-element
evaluation are initialized.

Afterwards, the events from the LHE file have to be imported. The main structure of such
files is explained in Appendix B. The init block of the LHE file is not relevant. First,
for each event block the number of particles NUP is read in. From this number we decide
whether the event has Born or real-emission kinematics. For VBF Higgs production
without subsequent decay of the scalar boson, NUP = 6 corresponds to a real-emission
event, while NUP = 5 exhibits Born kinematics. In a Powheg-Box LHE file, which
exhibits formal NLO accuracy, nearly all events have real-emission kinematics, as they
are generated according to the Powheg formula as defined in Equation (3.22). The
additional radiation is described by the real-emission matrix element, whereas virtual
corrections only enter via the normalization, i.e. the total cross section. Therefore it is
sufficient to consider only the LO (Born and real-emission) matrix elements in the ratio
defined in Equation (6.1) to preserve NLO accuracy, as long as the QCD corrections to the
chosen BSM scenario and the SM only differ in the occurring coupling constants, which
factorize for VBF Higgs production for individual phase-space points. In Repolo, the
NUP information determines which matrix element, Born or real emission, will be evaluated
later on.

Afterwards, the particle IDs, color information and momenta are read in. Since the LHE
file also contains information on the incoming particles, the whole event kinematics and
color flow can be deduced. One important point for the real-emission kinematics is the
position of the gluon for final-state radiation. The color flow determines whether the gluon
is emitted from the upper or lower quark line. This information is used later on when
evaluating the real-emission matrix elements. The momenta of the colored and colorless
particles are used in the following stage. There, the squared matrix elements within the
SM and the BSM scenario, |MSM|2 and |MBSM|2, are calculated and stored in two files,
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rew_sm.dat and rew_bsm.dat. As mentioned before, we distinguish between Born and
real-emission kinematics. For events with three partons in the final state, the position of
the gluon (incoming or outgoing, upper or lower quark line) is taken into account. The
PDFs are not needed here, since they cancel in the ratio defined in Equation (6.1). Also
the scale µR used to calculate αs(µR) has no influence since the same power of αs appears
inMSM andMBSM and the kinematics is the same for each event. Since for H → γγ and
the two H → ZZ decay modes full off-shell effects and spin correlations are included, the
standard random helicity summation used in Vbfnlo has had to be changed into a full
helicity summation.

In the last step, a perl script assigns a new weight,

XWGTUPnew = |MBSM|2

|MSM|2
XWGTUPold, (6.4)

to each event in the original LHE file. With this definition of the new weight, XWGTUPnew,
the method works for both weighted and unweighted events in the LHE input file.

As we will see below, the reweighting method does, however, have limitations in regions
where

|MSM|2 � |MBSM|2.

In these regions a single point with a large reweighting factor can effectively destroy a
distribution.

6.2.2. Results

In this section we validate the Repolo method using three examples for BSM physics,
the parameter point FF1E defined in Section 5.4, a Higgs boson with SM-like couplings
and an additional admixture of CP-odd couplings, and the aforementioned spin-2 model.

We first come back to the parameter point FF1E defined in Table 5.1. As we have seen in
the last chapter, the used form-factor scale Λ = 100 GeV results in a sizable damping in
the high-pT tales of the hardest jet and the scalar particle compared to the SM. Therefore
we now vary the form-factor scale Λ using Repolo to see if a different scale is better
suited to reproduce the SM curves.

In Figures 6.1 and 6.2 we show various normalized distributions for the parameter point
FF1E with different scales of the form factor F1, defined in Equation (5.7), and for the
SM. In the left column, the NLO predictions obtained with Vbfnlo are displayed, the
right column shows the reweighted distributions at the LHE level using Repolo. For
the reweighted curves we have used 1 million Powheg-Box SM events generated for
the discussion in Chapter 5 as input. We have imposed typical VBF cuts as defined in
Equations (5.12)–(5.15). The upper and lower panel in Figure 6.1 display the transverse
momentum of the hardest jet and of the scalar particle produced in VBF. The lowest
form-factor scale Λ = 100 GeV reproduces the SM curves best. Higher scales Λ imply too
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Figure 6.1.: Differential distribution of the transverse momentum of the hardest jet (up-
per panels), of its rapidity (middle panels) and of the transverse momentum
of the scalar boson (lower panels) for the SM (black) and the parameter
point FF1E defined in Table 5.1 for different form-factor scales Λ (colored
lines). The left plots show the distributions obtained with Vbfnlo at
NLO accuracy, the right ones the reweighted distributions at the LHE level
obtained with Repolo using Powheg-Box SM events as input.
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Figure 6.2.: Differential distribution of the azimuthal angle difference of the two tagging
jets in the SM (black) and with the parameter point FF1E for different form-
factor scales Λ (colored lines). The left plots show the distributions obtained
with Vbfnlo at NLO accuracy, the right ones the reweighted distributions
obtained with Repolo at the LHE level using Powheg-Box SM events
as input.
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Figure 6.3.: Differential distribution of the transverse momentum of the hardest jets for
the parameter point FF1E with two different form-factor scales Λ, obtained
with Vbfnlo and Repolo, normalized to the respective cross section. The
two lower panels of the figure show the ratio between the Repolo and the
Vbfnlo prediction for Λ = 100 GeV and 200 GeV. The yellow error band
indicates the statistical error of the respective Vbfnlo distribution.
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little damping and/or the peak of the transverse momentum distribution of the tagging
jet is shifted to higher values.

Clearly, Repolo is able to reproduce the Vbfnlo predictions. The Λ = 100 GeV
and Λ = 200 GeV curves obtained with the two programs are in very good agreement.
In Figure 6.3 we display the comparison between the two predictions for the transverse
momentum distribution of the hardest jet. Starting from Λ = 300 GeV, the overall
compliance between Vbfnlo and Repolo is still satisfying, but the distributions get
more and more spiky. There are two reasons for this behavior: On the one hand, statistics
get worse since there are not many events with partons that end up in the tails of the pT
distributions. On the other hand, the BSM curves are enhanced by approximately one
order of magnitude compared to the SM.

In these regions the procedure has its limitation, since a single point with a large reweight-
ing factor can effectively destroy a distribution. The consequences are shown in the middle
panel of Figure 6.1 and in Figure 6.2, where the rapidity of the hardest tagging jet and
the azimuthal angle difference between the two tagging jets is displayed. Especially for
a form-factor scale Λ = 500 GeV there are large fluctuations. To cure this behavior, one
should either increase statistics in phase-space regions where the SM is suppressed com-
pared to the BSM prediction or use dedicated cuts to prevent the reweighting of these
events. If the BSM distributions show only mild deviations from the SM, it is however
possible to safely reweight the SM LHE files using Repolo, which is true for low form-
factor scales Λ in Figure 6.1 and 6.2. As mentioned before, NLO effects are adequately
taken into account and therefore the NLO accuracy of the LHE input file is preserved.

After we have shown that the method used in Repolo works, but has its limitations in
certain phase-space regions, we now look at a more realistic, SM-like scenario by means of
anomalous couplings: the SM Lagrangian and the couplings derived there get an additional
contribution of three CP-odd operators in the parametrization used by the L3 collabora-
tion [161],

g

2MW

d̃B
(
cos2 θWHÃµνA

µν − sin 2θWHÃµνZµν + sin2 θWHZ̃µνZ
µν
)

(6.5)

with d̃B = 0.15. Together with the form-factor F1 from Equation (5.7) with a scale
Λ = 100 GeV the production cross section stays almost unaltered compared to the SM
due to the dominance of the W exchange in the t-channel, whereas the decay rates of the
Higgs boson into γγ, Zγ and ZZ are enhanced. Although this enhancement is too large
to be compatible with LHC data [49, 50, 71, 163], this scenario has been selected to show
the influence of an admixture of CP-odd couplings on distributions.

In Figure 6.4 we demonstrate the influence of these additional CP-odd couplings on the
transverse momentum distribution of the hardest jet, the invariant mass of the two tagging
jets and the azimuthal angle difference between the two tagging jets. For the analysis we
have again imposed typical VBF cuts (Equations (5.12)–(5.15)). As input we have used
1 million SM events obtained with the Powheg-Box and have reweighted them using
Repolo. In the plot, the reweighted curve is at the LHE level, whereas the SM and
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Figure 6.4.: Transverse momentum of the hardest tagging jet (top), invariant tagging
jets mass (bottom left) and azimuthal angle difference between the two
tagging jets (bottom right) for VBF Higgs production in the SM (blue)
and with an additional admixture of CP-odd couplings (see Equation (6.5))
obtained with Vbfnlo (black) and with Repolo (red). The reweighted
curve is at the LHE level, the Vbfnlo prediction exhibits NLO accuracy.
The lower panel of each plot shows the ratio of the BSM predictions obtained
with Repolo and Vbfnlo.
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BSM curves to compare with are fixed NLO distributions obtained with Vbfnlo. The
ratio plots display the deviations of the respective reweighted distribution compared to
the Vbfnlo curve with the admixture of CP-odd couplings as specified in Equation (6.5).
Obviously, the agreement between the two is excellent and the NLO accuracy of the SM
LHE file is indeed preserved. Additionally, only the azimuthal angle difference between
the two tagging jets is affected by the anomalous couplings, while the other distributions,
like the invariant tagging jet mass, stay unaltered compared to the SM. Therefore it is
essential to look at differential distributions to distinguish the SM Higgs boson from a
BSM scenario where an admixture of CP-odd couplings is present.

We give one last example for the application of BSM physics using Repolo, the spin-2
model introduced in Equation (6.2). We use the scenario defined in Ref. [175], since with
the parameters specified there, the decay rates, VBF cross section and some distributions
can mimic a SM Higgs boson. The parameters for the couplings are chosen as

f1 = 0.04, f2 = 0.08, f5 = 10.0, Λ = 6.4 TeV, (6.6)

and the parameters for the form factor as defined in Equation (6.3) are

nff = 3 and Λff = 400 GeV. (6.7)

For this example we have used 5 million LO VBF Higgs events generated with Vbfnlo
taking into account the decay of the Higgs boson into two photons. Taking NLO events
produced with the help of the Powheg-Box would have also been possible, but a large
number of events is required to receive meaningful results and the decay of the Higgs boson
into two photons is not included in the Powheg-Box. We have once again imposed
typical VBF cuts (Equations (5.12)–(5.15)) and, in addition, very inclusive cuts for the
photons,

|ηγ| < 3.5, pT,γ > 5 GeV, Rγγ > 0.1 and Rjγ > 0.4. (6.8)

In Figure 6.5 we display the transverse momentum distribution of the two tagging jets
(top), the azimuthal angle difference between the two tagging jets (bottom left) and the
two photons (bottom right). Again, the lower panel of each plot shows the ratio of
the reweighted events compared to the LO Vbfnlo prediction for the spin-2 scenario
defined in Equation (6.6). The agreement between the two distributions is excellent.
From the physics point of view it is important to notice that such a spin-2 model is
able to mimic a SM Higgs boson concerning the tagging jet distributions. Nevertheless,
the azimuthal angle difference between the two tagging jets and the two photons can be
used to distinguish the SM from such a BSM scenario. However, these azimuthal angle
differences are again distribution measurements and can therefore be influenced by parton
shower effects, which can be simulated using the distribution reweighted with Repolo.

In conclusion it can be said that the method used in Repolo works very well to reweight
SM LHE files to account for BSM physics. Even NLO accuracy is preserved when taking
Powheg-Box input files. However, there are some drawbacks mainly due to statistical
fluctuations since a single point with a large weight can effectively destroy distributions.
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Figure 6.5.: Transverse momentum distribution of the two tagging jets (top) and az-
imuthal angle difference between the two tagging jets (bottom left) and the
two photons emerging from the Higgs/spin-2 particle decay (bottom right).
The blue curves show the original SM distribution at the LHE level (LO),
the red curves display the reweighted distribution using Repolo, black is
the Vbfnlo prediction for the spin-2 model at LO. The lower panel shows
the deviation of the Repolo result from the BSM Vbfnlo prediction.
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W decay is not depicted. The left and middle diagrams contribute, inter
alia, to diboson scattering, V V → WW .

6.3. Heavy Higgs Reweighting

Another field of application for Repolo are searches for a heavy Higgs boson. In this
section we assume for simplicity that the heavy Higgs boson has SM couplings.

Two important aspects have to be considered when the Higgs mass is larger than roughly
400 GeV. The line shape in NLO Monte Carlo generators is usually described via a Breit-
Wigner distribution. This approximation has an accuracy of ΓH/MH , which is of the
order of 10% for a Higgs boson mass of 450 GeV. As a solution the Complex-Pole Scheme
(CPS) [178, 179] has been proposed and is implemented in the Powheg-Box. We in-
troduce this prescription in Section 6.3.2 and explain the differences compared to the
standard implementation used in Vbfnlo.

Another important effect is the interference of the resonant Higgs boson production con-
tributions, e.g. pp→ Hjj → l+νl l

−ν̄l jj, and non-resonant background diagrams without
Higgs boson contributions, pp → l+νl l

−ν̄l jj. Therefore a consistent definition of the
signal process has to be established. This problem is addressed in Section 6.3.1. As we
explain in Section 6.3.3, Repolo has been modified to read in Powheg-Box events
containing the CPS prescription and to assign a new weight to each event. The new
weight takes into account signal-background interference effects.

6.3.1. Signal Definition

In VBF the interference between diagrams containing a Higgs boson and background
diagrams where no Higgs boson is present becomes more and more important when going
to higher Higgs boson masses. The NLO QCD corrections to the full pp→ V V jj processes
in the VBF approximation have been calculated in Refs. [180, 181] and are available in
Vbfnlo. Some sample diagrams contributing to the process pp → l+ν l−ν̄ jj are shown
in Figure 6.6.

To assure the correct, unitary high-energy behavior of the SM, both Higgs and continuum
diagrams without Higgs boson contributions have to be taken into account. Looking at
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Figure 6.7.: Invariant e+νe µ
−ν̄µ mass distribution for VBF WW production with dif-

ferent Higgs boson masses. Left: The full process including also the con-
tinuum diagrams. Right: σS+I of Equation (6.12) with subtraction of the
background σB(mh = 126 GeV).

vector-boson scattering, V V → V V , the continuum matrix elementsMB behave like − s
v2

when increasing
√
s, which denotes the invariant mass of the two vector bosons in the

initial/final state, v is the expectation value of the SM Higgs doublet. This high-energy
behavior would lead to unitarity violation at scales roughly around

√
s ≈ 1 TeV. However

the sum of diagrams containing a Higgs boson, MH , is proportional to s
v2 and exactly

cancel the unitarity-violating behavior of the continuum diagrams. A naive definition of
the signal cross section for Hjj production via VBF, σS,naive, where only the interference
is taken into account,

σS,naive =
∫

dΦ
(
|MH +MB|2 − |MB|2

)
, (6.9)

will lead to unitarity violation for large invariant masses of the diboson system due to
the last term. Here, dΦ denotes the phase-space integration variables. Due to the poor
high-energy behavior of σS,naive, a different, more thoughtful definition for the signal cross
section σS has to be given.

In the left plot of Figure 6.7 we show the invariant WW mass for pp → e+νe µ
−ν̄µ jj

production via VBF for a SM Higgs boson with mH = 100, 126, 500 and 800 GeV. The
peaks corresponding to the two light Higgs bosons are outside the shown invariant-mass
range. The plots are at NLO and have been generated using Vbfnlo. Besides standard jet
and lepton definition cuts (pT,j > 20 GeV, |yj| < 4.5, Rjj > 0.5, pT,l > 5 GeV, |ηl| < 2.5)
we have additionally imposed typical VBF cuts (∆ytag

jj > 4, mtag
jj > 400 GeV). The two

curves for the two light Higgs masses are in very good agreement. Only in the vicinity of
the WW threshold a small dependence on the Higgs boson mass is present. Since the full
process with a light Higgs boson is well-defined we use it to define the background as

σB =
∫

dΦ |MB +MH(mh)|2 . (6.10)
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As before,MB denotes continuum diagrams andMH(mh) are the diagrams containing a
Higgs boson with a low mass mh . 126 GeV. This contribution can safely be subtracted
from the full process with a high Higgs mass mH ,

σS+B+I =
∫

dΦ |MB +MH(mH)|2 (6.11)

leading to our definition of the signal plus interference contribution,

σS+I = σS+B+I − σB. (6.12)

In the right plot of Figure 6.7 we show the invariant diboson mass for σS+I , where the
background has been subtracted using a light Higgs boson with mH = 126 GeV.

6.3.2. The Complex-Pole Scheme

In this section we introduce the Complex-Pole scheme (CPS) following the arguments
given in Ref. [179]. To account for the off-shellness of the Higgs boson in Monte Carlo
generators, often a Breit-Wigner distribution for the Higgs boson is assumed. This shape,
however, cannot be derived from Quantum-Field Theory and additionally violates unitar-
ity in V V scattering. Therefore the full propagator should be used when calculating the
cross section. Another ambiguity arises when one tries to split the full cross section into
the production cross section and the branching ratio since they are known to different or-
ders in perturbation theory. The ttH production cross section is, for instance, only known
to NLO accuracy in QCD [182–185], whereas the decay rate H → bb̄ can be calculated
within massless QCD up to N3LO accuracy, see Ref. [186] and references therein. We
write the full cross section including production, decay and the full propagator for the
Higgs boson in a symbolic manner,

σfull =
∫

dΦdecay dΦprod
dq2

2π

∣∣∣∣∣Mprod(q2) 1
(q2 −m2) + imΓMdecay(q2)

∣∣∣∣∣
2

. (6.13)

In our notation, we omit all dependence of the production and decay matrix elements,
Mprod and Mdecay, on phase-space variables other than the invariant mass q of the pro-
duced Higgs boson with mass m and total width Γ. As the Higgs boson is a scalar particle,
there are no spin correlations between production and decay side, and the square of the
absolute value can also be taken on the individual terms. The issue of including the
background contributions remains unadressed here. Equation (6.13) in general violates
gauge invariance when including NLO EW corrections but is the most practical alternative
nowadays.

The partial decay width of the Higgs boson into a generic massless two-particle final state
F at mass q, ΓH→F (q), can be written as [154]

ΓH→F (q) = 1
2q

∫ dΩ
32π2

∣∣∣Mdecay(q2)
∣∣∣2 = 1

2q

∫
dΦdecay

∣∣∣Mdecay(q2)
∣∣∣2 . (6.14)
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By defining the branching ratio of the Higgs boson into a specific final state F ,

BRH→F (q) = ΓH→F (q)
ΓH(q) , (6.15)

we can rewrite the full cross section of Equation (6.13),

σfull =
∫

dΦprod
dq2

2π
∣∣∣Mprod(q2)

∣∣∣2 2q ΓH(q)
(q2 −m2)2 +m2Γ2 BRH→F (q), (6.16)

The total width of the Higgs boson, ΓH(q), has to be evaluated at the mass q.

Stripping off the branching ratio, we define the off-shell production cross section as

σprod(q) =
∫

dΦprod
dq2

2π
∣∣∣Mprod(q2)

∣∣∣2 2q ΓH(q)
(q2 −m2)2 +m2Γ2 , (6.17)

where the q dependence on the one hand indicates that the branching ratio has to be
evaluated at the scale q instead of the on-shell Higgs mass mH when multiplying it with
the production cross section. On the other hand, the production cross section takes the
full propagator including off-shell effects into account.

Until now the mass of the Higgs boson m and the total width Γ entering in the propagator
have not been specified. In the CPS the width and mass of the Higgs boson in the propa-
gator are derived as complex poles sH,CPS from the inverse Dyson-resummed propagator,
satisfying

sH,CPS −M2
H − ΣHH(sH,CPS,M

2
t ,M

2
H ,M

2
W ,M

2
Z) = 0, (6.18)

where the Mi are renormalized masses and ΣHH is the renormalized Higgs self-energy.
The solution is then parametrized according to

sH,CPS = m2
H,CPS − iΓH,CPSmH,CPS, (6.19)

where the mass mH,CPS is an input parameter and the width ΓH,CPS can be computed
from Equation (6.18) but is not the on-shell width.

As already mentioned, the CPS has been implemented in the Powheg-Box for Higgs
production via gluon fusion [187] and via VBF [120]. There also exists a version of Vbfnlo
dedicated to the Higgs Cross Section Working group which can calculate cross sections
for Higgs production via VBF according to the CPS [188]. In Table 6.1 we summarize the
changes when going from the standard Vbfnlo implementation to the CPS for the signal
process Hjj without subsequent decay and with the decay including the full information
of the decay matrix element, (H → V V )jj. The main difference between the standard
procedure and the CPS in Vbfnlo for Hjj, besides the different width and mass in the
propagator, is the definition of the branching ratio. In the CPS, BR(q) is evaluated at
the mass q of the Higgs boson, whereas in the standard definition the branching ratio
is taken at the fixed Higgs mass BR(mH). Therefore the numerator in the definition of
the production cross section has to contain the corresponding parameters evaluated at the
fixed Higgs mass. After combining the production cross section with the suitable definition
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process σprod BR

Hjj CPS

∫
dΦprod

dq2

2π
∣∣∣Mprod(q2)

∣∣∣2
2q ΓH(q)

(q2 −m2
H,CPS)2 +m2

H,CPSΓ2
H,CPS

∫
dΦdecay

|Mdecay(q2)|2

64π2 q ΓH(q)

Hjj standard

∫
dΦprod

dq2

2π
∣∣∣Mprod(q2)

∣∣∣2
2mH ΓH(mH)

(q2 −m2
H)2 +m2

HΓ2
H(mH)

∫
dΦdecay

|Mdecay(m2
H)|2

64π2mH ΓH(mH)

(H → V V )jj CPS

∫
dΦprod

dq2

2π dΦdecay∣∣∣Mprod(q2)
∣∣∣2 1

(q2 −m2
H,CPS)2 +m2

H,CPSΓ2
H,CPS

∣∣∣Mdecay(q2)
∣∣∣2

(H → V V )jj
standard

∫
dΦprod

dq2

2π dΦdecay∣∣∣Mprod(q2)
∣∣∣2 1

(q2 −m2
H)2 +m2

HΓ2
H(mH)

∣∣∣Mdecay(q2)
∣∣∣2

Table 6.1.: Comparison of the standard Vbfnlo prescription and the CPS for the Higgs
boson production cross section without a subsequent decay and including the
decay into two vector bosons (which can decay further). Interference effects
are not included. The parameters mH and ΓH(x) denote the on-shell mass
and the width, calculated at the Higgs mass x. The CPS parameters mH,CPS

and ΓH,CPS are defined in Equations (6.18)–(6.19), q is the off-shell invariant
mass of the produced Higgs boson.
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Figure 6.8.: Invariant WW mass for (H → WW )jj production via VBF for mH =
800 GeV, using the standard procedure (blue) and the CPS (green). The
plots have been obtained using Vbfnlo.

of the branching ratio the two predictions will differ due to the used parameters in the
Higgs propagator and the different mass value at which the branching ratio is evaluated.

In Figure 6.8 we display the invariant e+νe µ
−ν̄µ mass for (H → WW )jj production via

VBF using the CPS propagator and the standard propagator definition as described in
Table 6.1 for mH = mH,CPS = 800 GeV. The difference of the two curves is solely caused
by the different widths in the propagator, ΓH,CPS = 235.6 GeV and ΓH = 304.0 GeV, and
is roughly at the order of 30% (σCPS = 83.81 ab, σstandard = 62.01 ab).

6.3.3. Implementation in Repolo

The cross section for the signal including interference effects for VBF Higgs production
is given in Equation (6.12). In the Powheg-Box, the signal process is Hjj production
using the CPS, but without any interference effects. To account for them we developed
the Repolo framework further to reweight events of the signal process for a large Higgs
mass mH . These events have to be reweighted by a factor

|MB +MH(mH)|2 − |MB +MH(mh)|2

|MCPS
H (mH,CPS)|2

. (6.20)

Here we have introduced the short hand notation

∣∣∣MCPS
H (mH,CPS)

∣∣∣2 =
∣∣∣Mprod(q2)

∣∣∣2 1
(q2 −m2

H,CPS)2 +m2
H,CPSΓ2

H,CPS

∣∣∣Mdecay(q2)
∣∣∣2 , (6.21)
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where the propagator contains the CPS parameters and the decay matrix element is
calculated at the invariant mass q of the produced Higgs boson. The subtraction of the
background is done using the full matrix elements,

MB +MH(mH/h) =Mpipj→4l

q2,
1

q2 −m2
H/h + imH/hΓH/h(mH/h)

 . (6.22)

The arguments of the matrix elementMpipj→4l indicate that the full propagator evaluated
with the on-shell Higgs masses and widths are used and that all correlations and off-shell
effects from the incoming partons pi,j to the leptonic final state 4l are taken into account.
The decay matrix element in Equation (6.21) has been included to cancel the dependence
of the numerator of Equation (6.20) on the used decay.

Since the CPS scheme has to be used to reweight the Powheg-Box events, the men-
tioned Higgs Cross Section Working Group version of Vbfnlo [188] has been exploited
as the general framework to build Repolo. Compared to the BSM version, Repolo has
had to be slightly changed to calculate all three squared matrix elements needed for the
reweighting in Equation (6.20). Some additional input parameters have to be set and are
explained in Appendix A. The read-in routine for the original LHE file stays unaltered.
In the Powheg LHE file only the invariant mass and the four-momentum of the heavy
Higgs boson is recorded. On the contrary, the numerator of Equation (6.20) is only defined
for the four-lepton final state, since the continuum diagrams included in Equation (6.22)
contain only the momenta of the decay products. Therefore we simulate the full decay
by taking into account full spin correlations and off-shell effects using a roulette wheel
selection with 1000 random samples per event.

In the heavy Higgs running mode Repolo needs to evaluate three different matrix ele-

ments. First, the signal
∣∣∣MCPS

H (mH)
∣∣∣2 is calculated using the CPS prescription and the

heavy Higgs mass. The results are stored in rew_s.dat. Afterwards, the matrix elements
contributing to the full process for the heavy Higgs boson, including all background and
interference terms are calculated and stored in rew_sbi.dat. For the background only we
again evaluate the matrix elements contributing to the full σS+B+I(mh) process, but with
a Higgs boson mass of mh = 120 GeV. The results for the matrix elements squared are
stored in the file rew_b.dat. Afterwards, a perl script is used to assign the new weight
of Equation (6.20) to the original events.

6.3.4. Results

In this section we apply Repolo to reweight Powheg-Box events generated for VBF
Higgs production, where the CPS prescription is used. We show results for two different
Higgs masses, mH = 500 GeV and mH = 800 GeV.

In Figure 6.9 we display the invariant WW mass distribution for the input Powheg-
Box events using the CPS and for the reweighted events obtained with Repolo for a
heavy Higgs boson with mH = 500 GeV. For comparison, we have also plotted the curves
obtained with Vbfnlo using the definition of the signal process including the interfer-
ence contributions according to Equation (6.12) with NLO accuracy. The reweighted
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distributions have been obtained using 2.5 million unweighted input events, where the
decay H → WW → 2l2ν has been simulated with two different sets of random numbers
to improve statistics. For the shown distributions we have used no cuts on the leptons
and neutrinos, whereas VBF cuts for the jets are demanded (pT,j > 20 GeV, |yj| < 4.5,
Rjj = 0.5, mtag

jj > 400 GeV, ∆ytag
jj > 4). The cross sections are

σPowheg-Box
S = 72.09± 0.05 fb and σRepolo

S+I = 63.09± 0.48 fb. (6.23)

For the Vbfnlo curve, which is calculated at NLO accuracy, we have divided out the
branching ratio for the decay at the appropriate scale, BRH→WW→2l2ν(q). As for the BSM
case, the reweighted curve shows statistical fluctuations in the low-mWW region since the
reweighting factors are of the order of 100 and only a small number of Powheg-Box
events is present in this region. However, the agreement between Vbfnlo and Repolo
is very satisfying. At the high-mWW tale, the Repolo prediction is even better than
the Vbfnlo one since the reweighting factor is of the order of 0.1 or lower and therefore
many events can be used for the reweighting. For Vbfnlo statistics are worse since the
contribution in this area of phase space is inferior compared to the lower mWW region. In
addition, the NLO accuracy of the original Powheg-Box LHEs seems to be preserved,
although the interference effects do not factorize at individual phase-space points. However
the effects coming from αs cancel in the ratio defined in Equation (6.20).

With the reweighted Repolo events it is now possible to study the influence of the
interference terms on other distributions. As an example we plot the invariant tagging jet
mass and the rapidity of the Higgs boson for the original Powheg-Box events and for
the reweighted ones at the LHE level in Figure 6.10. All distributions and the ratio are
normalized to the respective cross section specified in Equation (6.23). The distributions
of the jets exhibit only mild dependence on the interference effects, despite the different
normalization caused by the smaller cross section. The two tagging jets are slightly closer
in rapidity and are produced more centrally. Interference effects are more prominent in
the distributions of the Higgs boson, its rapidity distribution gets broader. Likewise, the
transverse momentum of the Higgs boson is shifted to slightly lower values.

In Figure 6.11 we give an example for the different decay modes that can be simulated with
Repolo for a Higgs boson mass of mH = 800 GeV. The plot shows the invariant Higgs
boson mass for the original Powheg-Box events (blue) and for the reweighted curves
using the decays H → WW → 2l2ν (red), H → ZZ → 2l2ν (green) and H → ZZ → 4l
(yellow). The black Vbfnlo distribution has been obtained at NLO accuracy using
the full pp → 2l2ν jj process. The background contribution again has been removed
according to Equation (6.12) with a Higgs boson mass of mh = 120 GeV. For all distri-
butions we have required very inclusive cuts (pT,j > 10 GeV, |yj| < 4.5, mtag

jj > 10 GeV
and Rjj > 0.8). For the reweighted distributions we have used 950.000 Powheg-Box
events as input. Not only is the agreement between the three different decay options very
good within the statistical errors, but also the Vbfnlo distribution is nicely reproduced.
Again, the fluctuations at low mWW/ZZ are very large since only a handful of events get
a very large reweighting factor.
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6.4. Conclusions

We have introduced the Repolo framework, which is able to reweight LHE files to
account for two different BSM scenarios and for interference effects in heavy Higgs boson
searches. It is an add-on to Vbfnlo and uses the matrix elements implemented there to
assign a new weight to each event in LHE input files. Meanwhile, all VBF Higgs boson
production modes with non-hadronic decays are available.

We have checked the Repolo method by reweighting NLO Powheg-Box events to
account for anomalous HV V vertices and have used LO Vbfnlo events including the
decay of the Higgs boson into two photons to verify the predictions for a spin-2 model (see
Equation (6.2)).4 Additionally, Powheg-Box events for heavy Higgs bosons with the
CPS prescription have been reweighted to include additional interference effects. We have
shown that NLO accuracy of Powheg-Box events is preserved during the reweighting
procedure since the effects related to the factorization or renormalization scale cancel
out. The method is, however, limited by statistics since individual points with a large
reweighting factor can effectively destroy distributions.

The heavy Higgs version of Repolo has already been used by the ATLAS Collabora-
tion [168].

4 Taking NLO events for the spin-2 option is also possible.



CHAPTER 7

HIGGS BOSON PRODUCTION VIA VECTOR-BOSON

FUSION IN ASSOCIATION WITH THREE JETS

After this intermezzo on reweighting of Les Houches event files we now come back to the
shower corrections to the sub-leading jets in Higgs production via vector-boson fusion
(VBF). To this end we have matched Higgs production via VBF in association with three
jets at NLO accuracy to parton showers within the Powheg-Box [21–23] framework.
The work presented in this chapter has been done in collaboration with Barbara Jäger.

7.1. Introduction

To establish the true nature of the resonance found at the LHC [19, 20], it is essential to
precisely determine its couplings to fermions and gauge bosons [189–191]. Such coupling
measurements can make use of the rather clean environment of VBF Higgs production,
where the color-singlet exchange in the t-channel leads to tagging jets widely separated in
rapidity with little hadronic activity in between. In order to suppress QCD backgrounds,
a central-jet veto (CJV) [100–104] can be applied, which prohibits hard jets in the rapidity
gap between the two tagging jets. To efficiently use such a veto it is however necessary to
precisely simulate the jet activity in the central region of the detector.

As we have seen in Section 3.2 (Figure 3.4), acting with parton showers on VBF Higgs
events produced at LO accuracy and comparing the outcome for the third-hardest jet
with the LO prediction for Hjjj production via VBF yields differences that can be of the
order of 100-200%. This is a consequence of the fact that a parton shower is only reliable
for soft/collinear radiation. In order to accurately describe the full spectrum additional
QCD radiation has to be included via matrix elements. Matching the NLO prediction of
Hjj production via VBF using the implementation into the Powheg-Box as described
in Chapter 5 to Pythia [27] and Herwig++ [28, 29], however, still leads to predictions
for the third-hardest jet which deviate roughly 20% from the fixed-order result. Moreover,
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as we have seen in Section 5.5 (Figure 5.5, left panel), the corrections of the two parton
showers behave oppositely.

Therefore it is mandatory to precisely determine the third-hardest jet, which can be
done by studying the process pp → Hjjj. The NLO corrections to the VBF induced
process have been calculated first in Ref. [192, 193]. This calculation, which neglects
some kinematically and color-suppressed contributions, is available in Vbfnlo [24–26]
and forms the basis of our implementation of Hjjj production via VBF in the Powheg-
Box. More recently, full NLO QCD corrections to electroweak Hjjj production have
been presented in Ref. [194].

In this chapter we present the matching of Hjjj production via VBF at NLO QCD to
parton showers within the Powheg-Box framework. In Section 7.2 we will discuss the
technical details of the implementation and the used approximations. Unfortunately, the
NLO cross section obtained with Vbfnlo and our new Powheg-Box implementation
show a discrepancy of roughly 3%. Since the deviations are reasonably flat in phase
space they should however only affect the overall normalization of the showered result.
The numerical results presented in Section 7.3 are therefore normalized to the total cross
section and should hence be valid even after including parton shower corrections.

7.2. Elements of the Implementation

The implementation of Hjjj production via VBF in the context of the Powheg-Box re-
quires, as major building blocks, the matrix elements for all relevant partonic subprocesses
at Born level and at NLO. These have first been calculated in [192, 193] and are available
within Vbfnlo. As in the case of the processes described in Chapters 4–5 we have ex-
tracted the matrix elements from Vbfnlo and adapted them to the format required by
the Powheg-Box (see Section 7.2.1). Additionally, the phase-space integration is more
involved than in the processes studied so far since there are several IR-divergent Born
contributions. We will review the most important aspects of the phase-space implementa-
tion in Section 7.2.2. As has already been mentioned before, there are slight discrepancies
between the NLO result of Vbfnlo and our implementation. We will elaborate on them
in Section 7.2.3.

7.2.1. Matrix Elements and used Approximations

7.2.1.1. Tree-Level Diagrams and Virtual Corrections

At leading order, processes of the type qq′ → qq′gH and all channels obtained by cross-
ing have to be taken into account. Sample diagrams where the gluon is attached to the
upper quark line are depicted in Figure 7.1. All diagrams with an electroweak gauge
boson exchanged in the s-channel, which form a gauge invariant subset of diagrams, are
considered as part of the Higgs-strahlung process and excluded here, since interference
effects are negligible when imposing typical VBF cuts [69, 131]. Additionally, the inter-
ference of t-channel with u-channel diagrams in subprocesses with same-type quarks is
neglected. Throughout, we assume a diagonal CKM matrix and neglect all quark masses.
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Figure 7.1.: Sample diagrams for the Born contributions to VBF Hjjj production with
gluon emission from the upper quark line.

Since we exclude contributions from b quarks, we will consequently use the four-flavor
scheme. We refer to the electroweak Hjjj production process at order O(αsα3) within
these approximations as “VBF Hjjj production”.

The Born matrix elements comprise two different color structures that do not interfere.
Building the color- and spin-averaged sum for final-state gluon emission, they read [192]

|MB|2 =
∑

colors

∣∣∣tai1iaδi2ibA3,1a + tai2ibδi1iaA3,2b

∣∣∣2
= CF

(
|A3,1a|2 + |A3,2b|2

)
= |M1a|2 + |M2b|2 . (7.1)

The color-stripped matrix elements A3,1a and A3,2b indicate whether the gluon is emitted
from the upper (1a) or lower (2b) quark line. The squared matrix elements including color
factors with gluon emission at the upper (lower) quark line are denoted |M1a|2 (|M2b|2).
For initial-state gluons, only one of the two color sub-amplitudes contributes since we only
consider VBF and neglect Higgs-strahlung contributions.

Possible virtual corrections to the Born diagram (a) from Figure 7.1 are depicted in Fig-
ure 7.2. They comprise up to four-point functions, where the virtual corrections only
affect one quark line, and additional pentagon and hexagon contributions where a gluon
connects the upper and lower quark line. As discussed in Ref. [192], the latter contribu-
tions are color suppressed and additionally only contribute for diagrams with two initial
quarks when the Higgs-strahlung diagrams are omitted. Therefore we neglect all pen-
tagon and hexagon contributions, which has also consequences for the real emission and
FKS subtraction terms, as the pentagons and hexagons comprise 1/ε-poles due to soft
divergences. Therefore, the corresponding terms leading to exactly these soft singularities
have to be omitted in the real and FKS subtraction contributions. We will discuss this
issue below.

The color-stripped interference term of the Born and virtual matrix elements, where both
gluons are emitted from the upper quark line, taking into account up to box diagrams, in
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Figure 7.2.: Possible virtual corrections to VBF Hjjj production with a final-state
gluon emitted from the upper quark line. The diagrams (a)-(g) show up
to box corrections which only affect one quark line. Pentagon and hexagon
contributions (like (h) and (i)) are not included in our approximation.
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this approximation read

∑
colors

2 Re[Avirt
3,1aA∗3,1a] = |A3,1a|2

αs(µ2
R)

2π
(4π)ε

Γ(1 + ε)

(
µ2
R

Q2

)ε
 1
ε2

(
− CA − 4CF

)

+ 1
ε

(
−γg − 4γq − CA

[
ln
(
Q2

s13

)
+ ln

(
Q2

sa3

)
− ln

(
Q2

sa1

)]

−2CF
[
ln
(
Q2

sa1

)
+ ln

(
Q2

sb2

)])

+ CF

[
− ln2

(
Q2

sb2

)
− 3 ln

(
Q2

sb2

)
− 16

]
− π2

6 CA


+ 2 Re

[
Ãvirt

3,1aA∗3,1a
]
. (7.2)

Here, Ãvirt
3,1a denotes the color-stripped finite part of the loop diagrams. Note that for this

result the Powheg-Box convention, see Equations (3.36)–(3.38), has been adopted. The
color factors of the partons are given by

CF = N2
c − 1
2Nc

, CA = Nc,

γq = 3
2CF , γg = 11

6 CA −
2
3TRnf , (7.3)

where the number of colors is Nc = 3. As stated before we work in the four-flavor scheme,
hence nf = 4, and TR = 1

2 is fixed by convention. The invariants sij are given by

sij = 2 pi · pj, i, j = a, b, 1, 2, 3. (7.4)

The indices of the four-momenta correspond to the labels of the partons in Figure 7.2,
a, b are the incoming quarks, 1, 2 the outgoing ones and p3 denotes the momentum of the
gluon. The invariants sij are always time-like. All other terms given in Equation (2.29) of
Ref. [192] cancel when imposing the Powheg-Box convention Q = µR and are therefore
not given here.5

The two gauge invariant subsets of pentagon and hexagon corrections (see Figure 7.1 (h)
and (i)) again decompose into two different color structures [193],

Mph = tai1jt
b
jiat

b
i2ib
Aph

3,1a + tai2jt
b
jib
tbi1iaA

ph
3,2b, (7.5)

where Aph
3,1a (Aph

3,2b) denotes the color-stripped matrix element where the final-state gluon
is emitted from the upper (lower) quark line. The interference term with the Born corre-
sponding matrix element, which we will neglect later on, is then given by

2 Re
[
MBM∗

ph

]
= CF
N2
c − 1

[
2 Re

[
A3,1aAph,∗

3,2b

]
+ 2 Re

[
A3,2bAph,∗

3,1a

] ]
. (7.6)

5Note the typo in the third line of Equation (2.29) of Ref. [192], s23 has to be replaced by s13.
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These contributions are color suppressed and, as discussed in Ref. [192], further suppressed
kinematically when imposing typical VBF cuts. However, they include 1/ε-poles which,
in the soft limit, are proportional to the interference of a Born matrix elements with a
gluon emitted from the upper quark line and a tree-level diagram with gluon emission
from the lower quark line,

2 Re
[
A3,1aA∗3,2b

]
. (7.7)

Since the Powheg-Box generates the subtraction terms automatically from the flavor
structures of the Born and real subprocesses, FKS subtraction terms for the divergent
contributions proportional to the term given in Equation (7.7) would be included.

Excluding contributions of the type (7.7) from the subtraction terms is equivalent to ne-
glecting color correlations between the upper and lower quark line. The color-correlated
Born amplitudes within this approximation have been calculated using Equation (3.31)
and have been checked against an explicit calculation of the expression given in Equa-
tion (3.30) using Form [195, 196]. They read

B2b = CF |M1a|2 +
(
CF −

CA
2

)
|M2b|2 ,

B1g = CA
2 |M1a|2 ,

B2g = CA
2 |M2b|2 ,

B1a =
(
CF −

CA
2

)
|M1a|2 + CF |M2b|2 , (7.8)

for final-state gluons. For Born contributions with initial-state gluons only one of the two
squared amplitudes, |M1a|2 or |M2b|2, contributes (the partons are labeled according to
Figure 7.1). Using Equation (3.36), it has also been checked that these color-correlated
amplitudes reproduce the correct 1/ε-poles in Equation (7.2). The spin-correlated Born
matrix elements, which are needed for the subtraction of collinear divergencies, are cal-
culated according to Equation (3.33), where again terms of the form (7.7) have been
omitted.

7.2.1.2. Real Emission Contributions

The real emission contributions contain two different structures: processes involving two
gluons, qq′ → qq′ gg H, and pure quark-scattering diagrams, qq′ → qq′QQ̄′H, and all
processes obtained by crossing.

In Figure 7.3 we show sample diagrams for the case of two final state gluons. The color-
stripped matrix elements A1a

43 include two gluons emitted from the upper quark line, A1a
34

can be obtained by interchanging two gluons. The matrix elements where one gluon is
emitted from the upper and one gluon from the lower quark line are denoted B3

4 and B4
3.

The matrix element for two final-state gluons is then given by [192]

M(fs)
4 = (ta4ta3)i1ia δi2ibA

1a
43 + (ta3ta4)i1ia δi2ibA

1a
34

+ (ta4ta3)i2ib δi1iaA
2b
43 + (ta3ta4)i2ib δi1iaA

2b
34

+ ta3
i1iat

a4
i2ib
B3

4 + ta4
i1iat

a3
i2ib
B4

3. (7.9)



7.2. Elements of the Implementation 89

A1a
43
:

3 4 3 4 3 4

3 4 3 4

B3
4
:

3

4

3

4

3

4

3

4

Figure 7.3.: Sample diagrams for two out of six possible color structures that contribute
to the subprocess qq′ → qq′ gg H. Two other structures can be obtained by
interchanging two gluons. Diagrams where both gluons couple to the lower
quark line form the two remaining color structures.

Squaring this matrix element leads to three different types of contributions,

|M(fs)
4 |2 = N2

cC
2
F

{(
|A1a

43|2 + |A1a
34|2 + |A2b

43|2 + |A2b
34|2 + |B3

4|2 + |B4
3|2
)

+ CF − 1/2CA
CF

2 Re
[
A1a

43A1a ∗
34 +A2b

43A2b ∗
34

]
+ 1

N2
c − 12 Re

[(
A1a

43 +A1a
34

)
·
(
A2b

43 +A2b
34

)∗
+ B3

4B4 ∗
3

] }
. (7.10)

Since we have neglected the pentagon and hexagon corrections and also the corresponding
local FKS subtraction terms, the real-emission contributions that contain the same color
structures as the neglected terms have to be disregarded as well. These contributions are
interference terms where both gluons couple to different quark lines. They are written in
the last line of Equation (7.10).

Compared to the original Vbfnlo routines, slight changes have been made to match
the Powheg-Box convention. The original code for the real-emission diagrams is based
on automatically generated MadGraph [197, 198] routines, where s-channel diagrams
involving a hadronical decay of an electroweak vector boson, V → qq̄, are disregarded
while running the program. Which diagrams have to be vetoed is decided due to the flavor
structure of the considered subprocess. This method works also in the Powheg-Box for
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Figure 7.4.: Feynman diagrams for the three different color structures that contribute
to the qq′ → qq′QQ̄′H subprocess, the right diagram is not included in our
approximations and has to be vetoed.

subprocesses with final-state gluons. For processes of the type qq′ → qq′QQ̄H, one has
to know which pair of quarks emerges from the decay of the gluon. In our notation the
pair is denoted QQ̄. In the MadGraph code, three different color structures as depicted
in Figure 7.4 contribute. The rightmost diagram is not included in our approximation for
Hjjj production via VBF and therefore has to be vetoed. To this end, we again use the
tagging of the parton lines as described in Section 4.2.1 and assign a different tag to the
two partons coming from the gluon decay. Accordingly, we only calculate the diagrams
where the gluon and not an electroweak gauge boson decays into a quark anti-quark pair.
This tagging is especially useful for crossed processes like Qq → Qq q′q̄′H.

7.2.2. Phase Space

In contrast to Hjj production via VBF, which is finite at LO even without jet definition
cuts, Hjjj production via VBF comprises several IR divergences at tree level. The gluon
can lead to soft divergences and a pair of partons can become collinear. To avoid these
singularities one can impose generation cuts but has to make sure that the obtained
results are independent of these cuts. Another possibility, which has already been used
in V jj production via VBF and Hjj production via VBF with anomalous couplings, is a
Born suppression factor as described in Section 4.2.3. We have implemented two different
variants for the suppression factor. The first possibility is given by

F1 (Φn) =
3∏
i=1

(
p2
T,ji

p2
T,ji

+ Λ2
j

)2 3∏
i=1

(
m2
ij

m2
ij + Λ2

m

)2

, (7.11)

where the product contains all final state partons, pT,ji denotes the transverse momen-
tum of the ith parton and m2

ij = 2 pi · pj. This factor suppresses all soft and collinear
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divergences. Another possible choice has been adapted from Ref. [199] and is given by

F2 = S1 · S2,

S1 = exp
[
−Λ4

1 ·
( 3∑
i=1

1
p4
T,ji

+
3∑
i=1

1
q2
ij

)]
,

S2 =
(

H2
T

H2
T + Λ2

2

)2

, (7.12)

with

qij = pi · pj
EiEj

E2
i + E2

j

and HT = pT,j1 + pT,j2 + pT,j3 . (7.13)

The factor S1 suppresses all soft and collinear regions, S2 suits to generate more events
with moderate transverse momentum.

The phase-space generator itself has been built using the phase-space generator for VBF
Hjj production as implemented in the Powheg-Box [120]. The additional emission
needed at tree level for Hjjj production is generated using emission kinematics provided
automatically by the Powheg-Box. This method has already been used for Hjj pro-
duction [200] and three jet production [199].

7.2.3. Comparisons and Checks

The amplitudes for the Born and real-emission contributions have been checked phase-
space point by phase-space point against the original Vbfnlo code and against auto-
matically generated MadGraph [170, 197, 198] amplitudes, which have been adapted to
match the approximations used in this calculation. Very good agreement between 11 and
15 digit accuracy has been found. Additionally, the parts of the virtual amplitudes that
do not depend on the respective convention and subtraction scheme have been checked
and agree at the amplitude level. Moreover, cross sections and differential distributions at
LO for Hjjj and Hjjjj production via VBF agree perfectly between Vbfnlo and our
new implementation in the Powheg-Box.

However, as has been mentioned before, the full NLO cross section differs between our
new implementation and Vbfnlo. The discrepancy is of the order of 3% and no clear
scale dependence (µR, µF ) or analysis cut dependence is visible. Since the subtraction
in Vbfnlo and the Powheg-Box is done differently, Vbfnlo uses Catani-Seymour
subtraction [92, 93], the Powheg-Box FKS subtraction [98, 99], it is not possible to
compare the subtraction terms and the virtual amplitude separately. Due to the different
conventions some terms are shifted from the virtual to the subtraction terms and vice
versa. Therefore it has unfortunately not been possible to trace the difference between
the two implementations further down. The subtraction works for both codes. The
integration error within Vbfnlo drops only for very high statistics. A comparison with
the results obtained in Ref. [194] is not possible neither, since they include Higgs-strahlung
diagrams and only give cross sections with very inclusive cuts.

However, as shown in Figures 7.5–7.6, the deviation of the NLO prediction of Vbfnlo
and our new implementation in the Powheg-Box is rather flat in phase space. The plots
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Figure 7.5.: Comparison of various differential jet distributions at NLO between
Vbfnlo and our new Powheg-Box implementation. The ratio plot
shows the slight discrepancy between the two predictions. The yellow error
band indicates the statistical error of the Powheg-Box result, its central
value has been shifted to the red line at 0.968 (see text). The black er-
ror bars correspond to the statistical error of Vbfnlo. The cuts used are
specified in Equations (7.15)–(7.18).
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Figure 7.6.: Comparison of the differential rapidity distributions of the three leading jets
at NLO between Vbfnlo and our new Powheg-Box implementation.
The ratio plot shows the slight discrepancy between the two predictions.
The yellow error band indicates the statistical error of the Powheg-Box
result, its central value has been shifted to the red line at 0.968 (see text).
The black error bars correspond to the statistical error of Vbfnlo. The
cuts used are specified in Equations (7.15)–(7.18).
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display the invariant tagging-jet mass and the transverse momenta of the three leading
jets as well as the absolute value of the rapidity difference between the two tagging jets,
the rapidity of the two tagging jets and the location of the third-hardest jet relative to
the two tagging jets (see Equation (7.20)). The lower panel of each plot shows the ratio
of the Vbfnlo and the Powheg-Box curves. The yellow band displays the statistical
error of our new implementation. It has been shifted to the ratio of the two cross sec-
tions, σVbfnlo/σPowheg = 0.968, which is indicated by the red line. The black error bars
correspond to the statistical error of the Vbfnlo prediction. As can be nicely seen in
the ratio plot, the deviation of the two predictions is, within statistical fluctuations, flat
in phase space.

The hardest emission within the Powheg framework is generated according to

dσPWG = B̄ (Φn) dΦn

{
∆PWG

(
Φn, p

min
T

)
+ ∆PWG (Φn, kT ) R (Φn,Φrad)

B (Φn) Θ
(
kT − pmin

T

)
dΦrad

}
, (7.14)

see Equation (3.22). The Powheg Sudakov factor is defined in Equation (3.25) and only
depends on the ratio of the respective real emission and Born matrix element squared.
The B̄ function corresponds to the NLO cross section with fixed underlying Born kinemat-
ics. Since the Born and real-emission matrix elements and cross sections agree between
Vbfnlo and the new Powheg-Box implementation and the B̄ function, i.e. the NLO
distributions, seems to differ by a constant factor, only the overall normalization of the
B̄ function should be affected by the discrepancy. Therefore we will divide out the to-
tal cross section in the following discussion. Since parton shower effects do not depend
on the normalization, the shown results should be valid even after providing the correct
normalization.

To find the origin of the discrepancy and the validation of one of the two codes is left for
future work.

7.3. Phenomenological Results

In this section we give numerical results for VBF Hjjj production obtained using our
new implementation in the Powheg-Box. The Higgs boson, with mass MH = 126 GeV
and width ΓH = 4.095 MeV, is produced in proton-proton collisions at the LHC with
a center-of-mass energy of 8 TeV. We are using the CT10nlo - fixed 4-flavor PDF
set [124] as implemented in the Lhapdf library [125] and the corresponding value of
the strong coupling, αs(MZ) = 0.1127. Partons are clustered into jets via the anti-kT
algorithm [126] using the FastJet package [127, 128] with a resolution parameter of
R = 0.5. The electroweak parameters are calculated via tree-level relations from the weak
gauge-boson masses, MW = 80.398 GeV and MZ = 91.1876 GeV, and the Fermi constant,
GF = 1.16637 · 10−5 GeV−2. The widths of the massive gauge bosons are calculated
thereof to ΓW = 2.095 GeV and ΓZ = 2.506 GeV, respectively. The renormalization and
factorization scales are µR = µF = MH/2, unless explicitly stated otherwise.
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We demand at least three well observable jets with a minimum transverse momentum of

pT,j > 20 GeV, (7.15)

as well as a rapidity bounded by
|yj| < 4.5. (7.16)

The two hardest jets, called tagging jets, are required to additionally satisfy

ptag
T,j > 30 GeV. (7.17)

Since our approximations for Higgs boson production via VBF in association with three
jets are only valid when imposing typical VBF cuts, we demand

mtag
jj > 500 GeV, ∆ytag

jj > 4 and ytag
j1 × y

tag
j2 < 0. (7.18)

The kinematics of the Higgs boson is not restricted.

As before, we will interface the NLO calculation to three different parton showers, Pythia
version 6.4.25 with the Perugia 0-tune (Feb 2009) [27], the angular-ordered shower and the
pT -ordered Dipole Shower (DS++), both implemented in Herwig++ version 2.7.0 [28–
32]. As has already been explained before, additional wide-angle, soft radiation is missing
in the standard angular-ordered Herwig++ shower. We estimate the effect of this
additional soft radiation from the comparison of Herwig++ with the pT -ordered DS++.
As before, we include parton shower effects, but neither hadronisation nor effects from
underlying event simulations.

For the plots shown in the following we have used a generation cut of pT,parton > 10 GeV for
the three partons present in the Born process and in addition, m2

ij = 2 pi · pj > (5 GeV)2

for all three possible combinations is required. Additionally, we have used the Born
suppression factor F1 as defined in Equation (7.11) with the parameters Λm = 10 GeV
and Λp = 0. This has been necessary to generate enough events in the phase-space region
defined by Equations (7.15)–(7.18). The cross sections at fixed order and after including
parton shower corrections are

σNLO = 73.35± 0.19 fb, σPythia = 66.28± 0.43 fb,

σHerwig++ = 69.60± 0.45 fb, σDS++ = 70.05± 0.46 fb. (7.19)

As explained in Section 7.2.3, we will only show normalized distributions in order to not
depend on the possibly wrong normalization.

As has been stated before, it has to be ensured that the Born generation cut does not
influence the final results. Therefore we have generated a sample of events using the Born
suppression factor F1 as defined in Equation (7.11) with the parameters Λm = 10 GeV
and Λp = 10 GeV and only mild generation cuts of pT,parton > 2 GeV and mij > (2 GeV)2.
The comparison of the two samples after showering with Herwig++ are displayed in
Figure 7.7 for the rapidity of the third-hardest jet with respect to the two tagging jets (left)
and the transverse momentum of the fourth-hardest jet (right), where the cut has been
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Figure 7.7.: Comparison of two event samples using a Born suppression factor (blue)
and generation cuts (black) after showering with Herwig++, the details
are explained in the text.

lowered to pT,j4 > 1 GeV. We observe no sizable deviations within statistical fluctuations
and therefore conclude that the used generation cut has no apparent influence on the
results.

In Figure 7.8 we show the normalized distributions of the invariant tagging jet mass and
the transverse momentum of the Higgs boson at fixed NLO, calculated using our new
Powheg-Box implementation, and matched with the three parton showers Pythia,
Herwig++ and DS++. As can best be seen in the ratio plots, which display the re-
spective parton shower effects, the NLO prediction is essentially unaltered when including
additional radiation. On account of the unitary of the parton showers only the normal-
ization, which is factored out here, changes due to the migration of some events which do
not pass the cuts after the showering stage. This is the same observation as for V jj and
Hjj production via VBF, see Chapters 4 and 5.

The effect of the parton showers on the distributions of the three hardest jets, which
are now all taken into account at NLO accuracy, is mostly insignificant. To justify this
statement we plot the normalized differential distribution of the transverse momentum
and of the rapidity of the two tagging jets and the first sub-leading jet in Figure 7.9. As
for Higgs production in association with two jets (Chapter 5), the tagging jet distributions
do not receive noticeable parton shower corrections.

Taking the Powheg prediction for Hjjj production via VBF as starting point for the
parton showers, this observation now also applies partly to the third-hardest jet, see
the two distributions in the lower panel of Figure 7.9. The predictions at NLO and the
ones obtained with the two Herwig++ showers are in good agreement. However, for the
rapidity of the third-hardest jet, deviations between the prediction of Pythia and the two
Herwig++ showers are visible. Pythia predicts more jets in the central region of the
detector compared to the NLO, Herwig++ and DS++ distributions. As we have seen
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Figure 7.8.: Differential distribution of the invariant tagging jet mass and the transverse
momentum of the Higgs boson, normalized to the respective cross section
in Equation (7.19). The NLO curve (black) has been obtained using our
new Powheg-Box implementation, the three colored lines correspond to
the NLO prediction matched with Pythia (red), Herwig++ (blue) and
DS++ (turquoise). In the ratio plot the shower effects are displayed. The
yellow error band corresponds to the statistical uncertainty of the NLO
prediction. In the ratio plot, the normalization of the various curve has
been included.

in Chapter 4 for electroweak gauge boson production via VBF, Pythia has predicted
more jets in the rapidity gap between the two tagging jets due to uncorrelated, soft
radiation. On the contrary, the two Herwig++ showers predominantly have radiated
additional partons in the collinear region between the two tagging jets and the beam axis.
This effect, which has also been observed for VBF Higgs production in Chapter 5 (see
Figure 5.5), now almost vanishes for the two Herwig++ showers when considering the
first sub-leading jet, which has now formal NLO accuracy. The predictions obtained with
Pythia still show deviations from the fixed order result which will be discussed below in
more detail.

In the top panel Figure 7.10 we show the location of the third-hardest jet relative to the
tagging jets,

y∗3 = yj3 −
yj1 + yj2

2 . (7.20)

Compared to the VBF Hjj case (Figure 5.5), the agreement between the showered and the
fixed-order distribution of y∗3 is improved for Herwig++ and DS++, whereas Pythia
still predicts more jets in the rapidity gap than the NLO calculation. The deviations of
Pythia from the fixed order result account for roughly 10-20% and are hence of the same
order of magnitude as in the VBF Hjj case. In addition, the differential distribution of the
Pythia prediction for y∗3 in Hjj and Hjjj production via VBF is essentially the same.
The difference between the three shower predictions can be further studied by investigating
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Figure 7.9.: Normalized differential distributions of the transverse momentum and of
the rapidity of the three hardest jets in VBF Hjjj production at NLO and
showered with Pythia, Herwig++ and DS++. The respective ratio
plot shows the influence of the parton showers on the NLO result. The line
styles are assigned as in Figure 7.8.
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Figure 7.10.: The y∗3 distribution (top) and the transverse momentum of the third-
hardest jet in the rapidity gap (bottom left) and between the two tagging
jets and the beam axis (bottom right) at NLO and showered with Pythia,
Herwig++ and DS++. The line styles are assigned as in Figure 7.8.

the transverse momentum distribution of the third-hardest jet in the rapidity gap and in
the region between the beam axis and the two tagging jets (Figure 7.10, lower panels).
To split the phase space into these two regions we again exploit the variable

z∗3 = y∗3
|yj1 − yj2|

. (7.21)

The two tagging jets are localized at |z∗3 | = 0.5, i.e. |z∗3 | < 0.5 corresponds to the rapidity
gap and |z∗3 | > 0.5 to the region between the tagging jets and the beam axis. The
Pythia prediction lies slightly above the Herwig++ ones for jets in the rapidity gap
(Figure 7.10 left) and slightly below in the region between the tagging jets and the beam
axis (Figure 7.10 right), which again can be traced back to the population of the available
phase space with soft and collinear radiation. Moreover, the two Herwig++ showers
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Figure 7.11.: Differential distribution of the transverse momentum (left) and the rapid-
ity of the fourth-hardest jet relative to the two tagging jets as defined in
Equation (7.22), both normalized to the Higgs plus four-jet cross section.
In the left plot the cut on the transverse momentum of the fourth jet
has been lowered to pT,j4 > 1 GeV, whereas the standard cuts defined in
Equations (7.15)–(7.18) have been kept for the normalization. The line
styles are assigned as in Figure 7.8.

are in good agreement and coincide with the NLO prediction.

However, major differences between the three shower predictions become visible, as ex-
pected, starting with the distributions of the fourth-hardest jet, since it is only LO accurate
and softer than the other three jets. In Figure 7.11 we display the differential distribu-
tion of the transverse momentum (left) and of the location of the fourth-hardest jet with
respect to the two tagging jets (right), defined as

y∗4 = yj4 −
yj1 + yj2

2 . (7.22)

The distributions are normalized to the Higgs plus four-jet cross section. For the pT,j4
distribution the cut on the transverse momentum has been lowered to pT,j4 > 1 GeV,
whereas the cross section for the normalization incorporates the cuts specified in Equa-
tions (7.15)–(7.18). In the low transverse-momentum region the damping of the Powheg
Sudakov factor becomes manifest, whereas for a moderate transverse momentum of 20-
40 GeV the predictions including parton shower effects match the NLO result. For higher
transverse momenta the showered distributions fall below the fixed order curve due to
additional radiation which is not re-clustered together with the fourth-hardest jet.

The parton shower corrections to the y∗4 distribution again show differences between the
Pythia and the two Herwig++ showers. As has already been observed for the distribu-
tions of the third-hardest jet in V jj and Hjj production via VBF, the Pythia prediction
lies above the NLO curve in the central region between the two tagging jets, whereas the
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two Herwig++ showers produce more additional partons between the two tagging jets
and the beam axis which are likely to be reclustered together with the fourth-hardest
parton into the fourth hardest jet. Again, predictions of the standard angular-ordered
Herwig++ shower and the pT -ordered dipole shower DS++ are in good agreement,
thus we deduce that also in this case additional soft, wide-angle radiation missing in the
angular-ordered shower is negligible.

We have seen that by interfacing Hjjj production via VBF to parton showers within
the Powheg approach, the discrepancy between the Pythia, Herwig++ and DS++
predictions manifest in the distribution of the third-hardest jet in Hjj production via VBF
is partly resolved and the two Herwig++ showers match the NLO prediction. Pythia
still produces more jets in the central detector region than predicted by the fixed-order
calculation. To give a complete description of Higgs production via VBF, the merging
of the Hjj and Hjjj calculation and the matching to different parton showers would be
desirable, but is beyond the scope of this thesis.

7.4. Conclusion

We have matched Higgs production via VBF in association with three jets, using some ap-
proximations for the NLO calculation, to the three parton showers Pythia, Herwig++
and DS++ by exploiting the Powheg-Box framework. The NLO calculation is based
on matrix elements included in Vbfnlo. Unfortunately, the normalization of the NLO
cross section of our new implementation and the original Vbfnlo code differs by roughly
3%. The validation of one of the two codes is left for future work. However, as this
discrepancy is rather flat in phase space, the matching to parton showers is nevertheless
possible and should yield the correct results when normalizing the distributions to the
total cross section.

We have shown that the shower corrections of Herwig++ and DS++ to the third-
hardest jet are in better agreement with the NLO prediction than for Hjj production
via VBF, whereas Pythia still predicts more jets in the central detector region. Major
differences between the three parton showers appear in the distributions of the fourth-
hardest jet, which is only LO accurate. Moreover, since the DS++ and Herwig++
predictions are in good agreement, we conclude that the effect of wide-angle soft radiation
is negligible for the process studied here. To give a more complete description of VBF
Higgs production at the LHC, the merging of the Hjj and Hjjj calculation in the VBF
approximation and a matching to parton showers at NLO accuracy would be worthwhile,
but is beyond the scope of this work.





CHAPTER 8

SUMMARY

In this thesis, several VBF processes available at NLO accuracy within Vbfnlo have been
matched to the parton shower Monte Carlo generators Pythia 6 and Herwig++ using
the Powheg method as implemented in the Powheg-Box. This matching is required
to give an accurate description of differential distributions measured at the LHC. VBF
is particularly suitable to scrutinize the couplings of the newly discovered boson to SM
particles and to study its CP and spin quantum numbers.

The first considered processes have been the production of the electroweak gauge bosons
W and Z via VBF. These processes provide the possibility to study the VBF topology and
to test the theoretical predictions before moving on the the more involved Higgs boson
signal. The parton-shower corrections to the leptonic decay products and to the two
hardest (tagging) jets are marginal, whereas the third-hardest jet, whose matrix elements
are only LO accurate, is sensible to the parton shower in use and receives corrections up
to 30–40%. We have additionally shown that soft, wide-angle radiation missing in the
standard Herwig++ shower has no visible effect on the studied distributions.

The second process, Higgs boson production via VBF, has been studied using anomalous
couplings which parametrize BSM physics in a model-independent way, using an effective
Lagrangian approach. As discussed, parton-shower corrections are essentially the same
for the SM and the studied BSM scenarios. In addition, the distinction of Pythia and
Herwig++ in observables related to the third-hardest jet are the same as for W and
Z production via VBF and are of the order of 20% for the cuts used. The disparity
between the fixed-order result and the Pythia, Herwig++ and DS++ prediction for
the rapidity of the third-hardest jet is partly resolved when considering Higgs production
via VBF in association with three jets at NLO accuracy. The two Herwig++ showers
and the NLO prediction are in good agreement, whereas Pythia still predicts more hard
jets in the rapidity gap between the two tagging jets.

In addition, we have discussed the program Repolo, which uses the Vbfnlo framework
to reweight SM events supplied by Les Houches event files of VBF Higgs production at
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LO or NLO accuracy. Repolo is capable of reweighting events to account for anomalous
couplings of the Higgs boson to SM particles or to replace the Higgs boson by a spin-2
particle. Thereby it provides predictions of differential distributions in these BSM models
without the need of a complete recalculation of the process for each scenario. In addition,
Repolo is able to supply signal-background interference effects needed in heavy Higgs
boson searches.



APPENDIX A

REPOLO INPUT FILE

In this appendix we specify the main input parameters for Repolo, set in the repolo.dat
file.

A.1. Main Input Parameters

• PROCESS: Process ID as described in Table A.1 for the BSM option and in Table A.2
for heavy Higgs reweighting.

• ECM: The center-of-mass energy,
√
s, of the collider, measured in GeV. The variable

should be set to the value used in the Les Houches Event file.

• INPUT_FILE: Name of the input Les Houches Event file. Default is pwgevents.lhe.

• ID_MUF and ID_MUR: Choice of the factorization and renormalization scale.

All other options are analogous to the vbfnlo.dat input file [24–26] and can also be found
in the Repolo manual [201].

A.2. BSM and heavy Higgs Parameters

Repolo can reweight Standard Model events either by altering the HV V couplings using
effective dimension 5 or 6 operators, or by taking signal-background interference for a
heavy Higgs boson into account. The different options can be set as follows:

• SBI_REW: Switch for heavy Higgs-reweighting (true). If set to false, the BSM
option is used.

• HQSQR: Choice of the q2 distribution of the heavy Higgs boson used to generate the
input events. See Table A.3 for a list of available options. Default is 1.
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ProcId Process Bsm

100 pp→ H jj anomalous HV V couplings

101 pp→ H jj → γγ jj anomalous HV V couplings, spin-2 ID 191

102 pp→ H jj → µ+µ− jj anomalous HV V couplings

103 pp→ H jj → τ+τ− jj anomalous HV V couplings

105 pp→ H jj →W+W− jj → `+1 ν`1`
−
2 ν̄`2 jj anomalous HV V couplings, spin-2 ID 195

106 pp→ H jj → ZZ jj → `+1 `
−
1 `

+
2 `
−
2 jj anomalous HV V couplings, spin-2 ID 196

107 pp→ H jj → ZZ jj → `+1 `
−
1 ν`2 ν̄`2 jj anomalous HV V couplings, spin-2 ID 197

Table A.1.: Process IDs for pp → Hjj production via vector-boson fusion in the SM.
Anomalous HV V vertices can be used in every process, the spin-2 option
with the respective ProcID is only available for γγ, WW and ZZ decay
modes.

• ANOM_CPL: If set to true, anomalous Higgs boson couplings are used. Anomalous
coupling parameters are set via the file anom_HVV.dat. Default is false.

• SPIN2: Option for the spin-2 model. This is available for the process pp→ S2jj →
V V jj (see Table A.1). Default is set to false. Spin-2 parameters are set via the
file spin2coupl.dat.

• HMASS: Higgs boson mass in GeV. Default value is 126 GeV.

• HWIDTH: Although Repolo can calculate the total and partial widths of the Higgs
boson, it is also possible to set its width to this input parameter. Default is
-999 GeV, which means that the internally calculated value of the width is used.
For the heavy Higgs option, the width is set to the value recommended by Higgs
Cross Section Working Group [48].
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ProcId 105 106 107

Signal pp→ H jj(
→W+W− jj

→ `+1 ν`1`
−
2 ν̄`2 jj

)
is simulated

pp→ H jj
(→ ZZ jj →
`+1 `
−
1 `

+
2 `
−
2 jj

)
is simulated

pp→ H jj
(→ ZZ jj

→ `+1 `
−
1 ν`2 ν̄`2 jj

)
is simulated

SBI pp → W+W− jj →
`+1 ν`1`

−
2 ν̄`2 jj

pp → ZZ jj →
`+1 `
−
1 `

+
2 `
−
2 jj

pp → ZZ jj →
`+1 `
−
1 ν`2 ν̄`2 jj

Background pp → W+W− jj →
`+1 ν`1`

−
2 ν̄`2 jj,

mh = 120 GeV

pp → ZZ jj →
`+1 `
−
1 `

+
2 `
−
2 jj,

mh = 120 GeV

pp → ZZ jj →
`+1 `
−
1 ν`2 ν̄`2 jj,

mh = 120 GeV

Table A.2.: Process ID for pp → Hjj production via vector-boson fusion in the SM
for heavy Higgs production. SBI denotes the full process with signal, back-
ground and their interference.

HQSQR q2 distribution of the Higgs Boson

0 on-shell

1 Breit Wigner distributed

2 CPS propagator (Passarino) [178, 179]

Table A.3.: q2-distribution of the Higgs options.





APPENDIX B

LES HOUCHES EVENT FILES

For convenience we recapitulate the Les Houches Event (LHE) file format, as presented
in [33, 34]. These event files are the standard output of parton-level event generators and
can be used as input to shower Monte Carlo programs.

The main structure of the file, taken from [34] is as follows:

<LesHouchesEvents version="1.0">

<!--

# optional information in completely free format,

# except for the reserved endtag (see next line)

-->

<init>

mandatory initialization information

# optional initialization information

</init>

<event>

mandatory event information

# optional event information

</event>

(further <event> ... </event> blocks, one for each event)

</LesHouchesEvents>

The compulsory information in the init block consist of

• IDBMUP(1/2), the ID of the two beam particles according to the Particle Data Group
convention [154];

• EBMUP(1/2), the energy of the beam particles in GeV;

• PDFGUP(1/2), the author group according to Lhapdf [125];
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• PDFSUP(1/2), the PDF set IDs according to Lhapdf [125];

• IDWTUP, a switch which specifies the interpretation of the event weight;

• NPRUP, the number of different user subprocesses;

• XSECUP(IPR), the cross section in pb of subprocess IPR in the range 1 through NPRUP;

• XERRUP(IPR), the statistical error for XSECUP(IPR);

• XMAXUP(IPR), the maximum event weight for this subprocess;

• LPRUP(IPR), the user process ID that can appear in IDPRUP.

The event blocks are organized as follows, the first line comprises the common event
information with

• NUP, the number of particles in the event;

• IDPRUP, the ID of the process in this event;

• XWGTUP, the event weight;

• SCALUP, the scale of the event in GeV;

• AQEDUP, the QED coupling constant used in this event;

• AQCDUP, the QCD coupling constant used in this event.

The additional NUP lines contain the information of each particle I in this event,

• IDUP(I), the particle ID according to the Particle Data Group convention [154];

• ISTUP(I), a status code, e.g. ∓1 for incoming/outgoing particles;

• MOTHUP(1:2,I), the index of the first and last mother particle for outgoing particles
coming from a decay;

• ICOLUP(1:2,I), a tag for the color and anti-color flow line;

• PUP(1:5,I), the lab frame momentum of the particle (px, py, pz, E,m) in GeV;

• VTIMUP(I), the distance from production to decay in mm;

• SPINUP(I), the cosine of the lab-frame angle between the spin-vector of I and its
mother particle. 9 for unpolarized particles.

Additional information of the event can be written afterwards in a comment line starting
with #. One often used example is
#pdf id1 id2 x1 x2 scalePDF xpdf1 xpdf2

where #pdf is the identifying label, the other entries specify the used PDF values and
scales.
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[115] B. Jäger, S. Schneider, and G. Zanderighi, Next-to-leading order QCD corrections
to electroweak Zjj production in the POWHEGBOX. JHEP 1209 (2012) 083,
arXiv:1207.2626 [hep-ph].

[116] J. M. Campbell and R. K. Ellis, Next-to-leading order corrections to W + 2 jet
and Z + 2 jet production at hadron colliders. Phys.Rev. D65 (2002) 113007,
arXiv:hep-ph/0202176 [hep-ph].

[117] J. M. Campbell, R. K. Ellis, and D. L. Rainwater, Next-to-leading order QCD
predictions for W + 2 jet and Z + 2 jet production at the CERN LHC. Phys.Rev.
D68 (2003) 094021, arXiv:hep-ph/0308195 [hep-ph].

[118] E. Re, NLO corrections merged with parton showers for Z+2 jets production using
the POWHEG method. JHEP 1210 (2012) 031, arXiv:1204.5433 [hep-ph].

[119] J. M. Campbell, R. K. Ellis, P. Nason, and G. Zanderighi, W and Z bosons in
association with two jets using the POWHEG method. JHEP 1308 (2013) 005,
arXiv:1303.5447 [hep-ph].

[120] P. Nason and C. Oleari, NLO Higgs boson production via vector-boson fusion
matched with shower in POWHEG. JHEP 1002 (2010) 037, arXiv:0911.5299
[hep-ph].

[121] A. Denner, S. Dittmaier, M. Roth, and D. Wackeroth, Predictions for all processes
e+ e− → 4 fermions + gamma. Nucl.Phys. B560 (1999) 33–65,
arXiv:hep-ph/9904472 [hep-ph].

http://arxiv.org/abs/1401.7610
http://dx.doi.org/10.1140/epjc/s2002-01069-2
http://dx.doi.org/10.1140/epjc/s2002-01069-2
http://arxiv.org/abs/hep-ph/0207365
http://arxiv.org/abs/hep-ph/9309227
http://dx.doi.org/10.1103/PhysRevD.70.074011
http://dx.doi.org/10.1103/PhysRevD.70.074011
http://arxiv.org/abs/hep-ph/0405269
http://dx.doi.org/10.1103/PhysRevD.69.093004
http://arxiv.org/abs/hep-ph/0310156
http://arxiv.org/abs/1311.5336
http://dx.doi.org/10.1007/JHEP09(2012)083
http://arxiv.org/abs/1207.2626
http://dx.doi.org/10.1103/PhysRevD.65.113007
http://arxiv.org/abs/hep-ph/0202176
http://dx.doi.org/10.1103/PhysRevD.68.094021
http://dx.doi.org/10.1103/PhysRevD.68.094021
http://arxiv.org/abs/hep-ph/0308195
http://dx.doi.org/10.1007/JHEP10(2012)031
http://arxiv.org/abs/1204.5433
http://dx.doi.org/10.1007/JHEP08(2013)005
http://arxiv.org/abs/1303.5447
http://dx.doi.org/10.1007/JHEP02(2010)037
http://arxiv.org/abs/0911.5299
http://arxiv.org/abs/0911.5299
http://dx.doi.org/10.1016/S0550-3213(99)00437-X
http://arxiv.org/abs/hep-ph/9904472


120 Bibliography

[122] S. Alioli, P. Nason, C. Oleari, and E. Re, Vector boson plus one jet production in
POWHEG. JHEP 1101 (2011) 095, arXiv:1009.5594 [hep-ph].

[123] P. Nason and C. Oleari, Generation cuts and Born suppression in POWHEG.
arXiv:1303.3922 [hep-ph].

[124] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, et al., New parton
distributions for collider physics. Phys.Rev. D82 (2010) 074024, arXiv:1007.2241
[hep-ph].

[125] M. Whalley, D. Bourilkov, and R. Group, The Les Houches accord PDFs
(LHAPDF) and LHAGLUE. arXiv:hep-ph/0508110 [hep-ph].
http://hepforge.cedar.ac.uk/lhapdf/.

[126] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-k(t) jet clustering algorithm.
JHEP 0804 (2008) 063, arXiv:0802.1189 [hep-ph].

[127] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder.
Phys.Lett. B641 (2006) 57–61, arXiv:hep-ph/0512210 [hep-ph].

[128] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User Manual. Eur.Phys.J. C72
(2012) 1896, arXiv:1111.6097 [hep-ph].

[129] S. D. Ellis, Z. Kunszt, and D. E. Soper, Jets at hadron colliders at order α3:
s A Look

inside. Phys.Rev.Lett. 69 (1992) 3615–3618, arXiv:hep-ph/9208249 [hep-ph].

[130] ATLAS Collaboration, G. Aad et al., Study of Jet Shapes in Inclusive Jet
Production in pp Collisions at

√
s = 7 TeV using the ATLAS Detector. Phys.Rev.

D83 (2011) 052003, arXiv:1101.0070 [hep-ex].

[131] J. R. Andersen and J. M. Smillie, QCD and electroweak interference in Higgs
production by gauge boson fusion. Phys.Rev. D75 (2007) 037301,
arXiv:hep-ph/0611281 [hep-ph].

[132] A. Bredenstein, K. Hagiwara, and B. Jäger, Mixed QCD-electroweak contributions
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Jessica Frank and Christian Röhr for the inspiring atmosphere. In addition, the work of
the coffee machine is greatly appreciated.

This work would not have been possible without a smoothly running computer infra-
structure. Therefore, special thanks go to the admins, Johannes Bellm, Bastian Feigl,
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