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Introduction

After the discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) [1, 2], the
first results from the 13 TeV Run of the LHC show that accurate predictions for processes
that involve the production of this particle are fundamental, in order to measure its properties
and to further investigate the phenomenon of electroweak symmetry breaking. A high degree
of precision allows to look for signals of new physics, particularly in the high-energy tails
of some kinematic distributions, where discrepancies from the Standard Model predictions
could show up.

At the energies reached by the LHC, the dominant perturbative corrections are given by
the QCD sector of the Standard Model, where the first perturbative order (NLO) gives con-
tributions of the order of 20-30% to the typical cross sections, that can exceptionally reach
100% for processes like Higgs boson production through gluon fusion. The contribution com-
ing from NLO electroweak (EW) corrections, instead, is rather mild on the integrated cross
sections, basically because of the smallness of the electromagnetic coupling constant with
respect to the strong one. Nevertheless, the impact of this sector can become relevant when
inspecting some kinematic quantities, like the high-energy tails of some transverse-momentum
distributions. Moreover, electroweak corrections play an important role in the study of the
nature of dark matter and in its indirect detection. Indeed, dark-matter candidates can de-
cay into Standard Model particles, or they can be revealed at colliders as missing transverse
momentum. In the context of supersymmetry searches, instead, processes like vector bosons
plus jets production are irreducible and important backgrounds for many supersymmetric
processes. A precise knowledge of the high-energy tails of Standard Model events, including
electroweak corrections, is then essential in order to test the validity of these models.

The electroweak sector has several differences with respect to QCD, in the structure of
both the real and the virtual contributions to cross sections. Since in QED and QCD the
virtual and real corrections involve the exchange of massless particles, they are separately
divergent, and only their sum is finite. In these theories, then, the inclusion of real corrections
is mandatory. When considering weak corrections, instead, because of the exchange of mas-
sive bosons, all the contributions to the NLO cross section are finite. Moreover, the radiated
massive particles would decay, giving final states that can be experimentally distinguished
from the leading-order ones. There are no technical reasons, then, to include the real emis-
sion of W and Z bosons in a computation where the weak virtual corrections are considered.
On the other hand, the inclusion of photon emission is unavoidable in order to cancel the
singularities of the corresponding virtual diagrams. The consequence of considering virtual
electroweak corrections is the appearance of logarithms that involve ratios of different scales,
and that can be large in particular kinematic regions [3—7]. These corrections become relevant
starting from energies of order 1 TeV, where they are known to give sizable negative contri-
butions to the high-energy tails of some transverse-momentum distributions. Indeed, they
can reach 40-50% with a partonic center-of-mass energy of a few TeV, thus becoming larger
in magnitude than the NLO QCD corrections. It has been proven in refs. [8-10] that, in the



limit in which all the kinematic invariants involved are of the same order and much greater
than the electroweak scale, the structure of the electroweak virtual corrections is universal:
it can then be computed once and for all and applied to the desired processes. The one-loop
electroweak corrections in this high-energy limit are called electroweak Sudakov corrections:
they are much faster to compute with respect to the complete ones, since they consist in
universal functions that multiply leading-order matrix elements, and can be used to obtain
a next-to-leading logarithmic (NLL) approximation of the complete virtual corrections at a
reduced computational cost.

In this thesis we present the combined QCD+EW corrections to HV and HVj production,
where V' = W, Z. The associated production of a Higgs boson with a vector boson is very
important, since it allows to study the H — bb decay channel, that has the highest branching
ratio in the Higgs boson mass region, and the HV'V coupling. The second relevant process
analyzed is the associated production with a vector boson and a jet, HVj, that has the same
properties of HV and contributes to the background for Beyond Standard Model events.

In order to fully simulate hadronic events and to compare theoretical predictions with
the experimental data, the parton-level processes must be interfaced to a parton-shower
generator, that describes further collinear radiation down to the hadronic scale. The precision
needed for the LHC studies requires the hard event to be described at least at NLO accuracy,
before matching it to the parton shower. At present, both the HV and HVj processes are
described at NLO+PS QCD accuracy in MCONLO [11] and in the POWHEG [12] framework. The
NLO+PS accuracy in the electroweak sector is instead missing.

The aim of this thesis is the description of the HV and HVj associated production
processes at NLO+PS QCD+EW accuracy. The structure of this thesis is the following: in
Chap. 1 we review the main production and decay modes of the Higgs boson, we summarize
the results of the analyses, performed at the LHC, that led to the discovery of this particle,
and we describe the state of the art in theoretical predictions. Chapter 2 is dedicated to the
description of some extensions of the POWHEG BOX [13, 14] that are useful for the processes
under study. This program, one of the most commonly used tools to obtain theoretical
predictions for comparisons with the experimental data, is a Monte Carlo event generator with
NLO accuracy, that can be interfaced to parton-shower generators according to the POWHEG
method [15]. Recently, an important improvement has been introduced: the implementation
of a resonance-aware subtraction scheme [16]. The resulting code is the POWHEG BOX RES,
that allows a better description of processes in which the radiation could come from the decay
of a resonance, like photons emitted from the leptons coming from the vector-boson decay,
or gluons emitted from bottom quarks in top decay. In addition to QCD radiation, photon
radiation was introduced in the POWHEG BOX for the first time in ref. [17], in which NLO
QCD+EW corrections to W boson production were computed. The leptons coming from the
decay of the vector boson were considered as massive, and the treatment of photon radiation
from massive charged particles was implemented correspondingly. In this thesis, instead, the
charged leptons are considered as massless: we then describe the modifications introduced in
the POWHEG BOX RES to generate photon radiation from final-state massless charged particles.
In Chap. 3 we describe the high-energy limit of the electroweak one-loop corrections, and
we report the general formulae that allow to obtain the Sudakov NLL corrections to a given
process. These formulae are applied to the HV and HVj production processes in Chap. 4,
distinguishing between the production of transverse and longitudinal vector bosons, since they
behave in a different way in the high-energy limit. Finally, in Chap. 5, we present numerical
predictions and kinematic distributions for the associated production of a Higgs boson with
a leptonically-decaying vector boson and eventually a jet, in proton-proton collisions at a
center-of-mass energy of 13 TeV, obtained with the POWHEG BOX RES. We mainly focus on



observables that are sensitive to electroweak corrections. For each process (HW, HZ, HWj
and HZj), we first compare fixed-order NLO results: we analyze the differences between the
NLO EW corrections and their NLL approximation, and the impact of the electroweak sector
on the QCD results. Then, we compare NLO+PS events at QCD and QCD+EW accuracy.
We conclude by comparing the NLO4+PS QCD+EW predictions for HV production with
those for HVj production. The latter are obtained by including the MiNLO [18, 19] prescription
of choosing scales and attaching Sudakov form factors to underlying-Born configurations.
This allows us to have a HVj generator that has NLO accuracy both for HV inclusive
quantities and for HVj ones. We can then compare directly HV and HVj distributions
and see how scale variations affect them. In App. A we list some useful group-theoretical
quantities that have been used in the calculation of the Sudakov corrections, and in App. B
we compute these correction factors for the HW and HZ associated production processes.



Chapter 1

The associated production of a Higgs
boson with a vector boson

In 2012 the ATLAS and CMS Collaborations at the CERN Large Hadron Collider (LHC)
reported the observation of a new particle with a mass of approximately 125 GeV [1, 2] that,
within the present accuracy, presented all the characteristics of the Standard Model (SM)
Higgs boson. The mass was confirmed by later measurements [20-22]: thanks to this discovery
the main missing ingredient for the validation of the Standard Model is now in place.

The discovery of the Higgs boson is fundamental in order to understand the electroweak
symmetry breaking (EWSB). Within the Standard Model, EWSB is achieved through the
Brout-Englert-Higgs mechanism [23-25], which predicts the existence of a neutral scalar
particle, commonly known as the Higgs boson. While the Standard Model does not predict
the value of its mass, the production cross sections and decay branching ratios of the Higgs
boson can be precisely calculated, once the mass is known. Therefore, precision measurements
of the properties of this newly discovered particle are fundamental to verify whether it is fully
responsible for EWSB and whether there are potential deviations from the SM predictions.

In this chapter we review the main production and decay modes of the Higgs boson, and
we summarize the results of the analyses, performed at the LHC, that led to the discovery of
this particle. The H — bb decay channel, that has the highest branching ratio for a 125 GeV
Higgs boson, turns out to be very promising at the LHC when the Higgs boson is produced
via associated production with a vector boson. For this reason we then focus on this process,
studying its importance in the experimental analysis and in Beyond Standard Model (BSM)
searches, and describing the state of the art in theoretical predictions.

1.1 Production modes and decay channels

The Higgs boson is a fundamental ingredient of the Standard Model. It is predicted by
spontaneous electroweak symmetry breaking, the solution proposed in 1964 by Higgs, Brout
and Englert to explain how the Standard Model particles acquire their physical mass. This
model allows to introduce mass terms for gauge bosons and fermions in the SM Lagrangian
without violating the unitarity and the renormalizability of the theory. As a result of this
phenomenon, particles acquire mass by interacting with the Higgs boson. The Higgs boson
couples to vector bosons with a coupling proportional to the square of their mass, and it
couples to fermions through Yukawa-type interactions, with a coupling proportional to the
mass of the fermion itself. The coupling to photons or gluons occurs only through a loop
of massive particles. Since the masses of the Standard Model particles are well known from



(a) Gluon fusion. (b) Vector boson fusion.

(c) Associated production with a vec- (d) Associated production with a ¢t
tor boson. pair.

Figure 1.1: Main contributions to the production of a Higgs boson at a hadron collider.

experiments, these couplings can be accurately tested.

The production modes and decay channels of the Higgs boson, then, preferably involve
couplings to heavy particles. The four main processes through which a Higgs boson can be
produced at a hadron collider are the gluon fusion, the vector boson fusion, the associated
production with a vector boson and the associated production with a tf pair. A sample of
the Feynman diagrams for these processes is depicted in fig. 1.1, while fig. 1.2, taken from
ref. [26], shows the corresponding total cross sections for a 125 GeV Higgs boson at different
center-of-mass energies.

The dominant production process in the LHC energy range is by gluon fusion, shown in
fig. 1.1 (a): the same process could be realized with a loop of bottom quarks, but it is sup-
pressed because of the lower mass of the fermion involved. This process is sensitive to a fourth
generation of quarks: since the Higgs boson coupling to fermions is proportional to their mass,
including a new generation of heavy quarks would change drastically the cross section.

The second relevant contribution, reported in fig. 1.1 (b), comes from the vector-boson fu-
sion channel (VBF). The process involving two W bosons is enhanced with respect to the one
with two Z bosons because the latter has a smaller coupling to fermions. Looking at fig. 1.2
we see that, in the whole energy range considered, the cross section for this process is about
one order of magnitude smaller than the gluon fusion one. Nevertheless, this channel is very
interesting because the presence of two spectator jets with high invariant mass in the forward
region provides a powerful tool to tag the signal events and discriminate the background.

Another important process is the associated production with a vector boson, HV, in
fig. 1.1 (c): the cross section is smaller than in the VBF channel, but the vector boson can be
identified quite easily if it decays leptonically. At the Tevatron, this was the main searching

8



M(H)= 125 GeV -

L

8 W) —
C OFE 18
N3LO I
%\ - PP = k! —%
T 10 E
1 - 0 EW) .
- cp + N *
o pp - NS 1
£ {NLO QCP NLO EW)
© 1 - WH ( + W - =

107t

1072

6 7 8 9 10 11 12 13 14 15
s [TeV]
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erator center-of-mass energy. The bands indicate the theoretical uncertainties, and the labels the accuracy
of the computation.

channel in the low-mass region. At the LHC, instead, this channel has been considered
less promising, because of larger backgrounds. However, some studies [27] have indicated
that at large transverse momenta, employing modern jet reconstruction and decomposition
techniques, the associated production channel is a promising searching mode.

Finally, the last relevant process is the associated production with heavy quarks, shown
in fig. 1.1 (d). Even if the cross section is more than two orders of magnitude smaller than
the dominant one, this channel can give important information on the Yukawa coupling of
the Higgs boson to heavy quarks. The cross section for bbH production is comparable to
that of ttH and, for center-of-mass energies smaller than 13 TeV, even larger, thanks to the
available phase space.

Moving to the decay channels, fig. 1.3, also taken from ref. [26], shows the branching
ratios of the Higgs boson in the mass window around its physical mass. In this region the
fermionic decay channels play an important role: in particular, the channel H — bb has the
highest branching ratio (58% for M, = 125 GeV) since the b quark is the heaviest particle
that can be produced on shell. However, the most promising decay channels for the Higgs
boson do not depend only on the corresponding branching ratios, but also on the capability of
detecting the signal while rejecting the background. For this reason, H — bb is not accessible
if the Higgs boson is produced through gluon fusion, since it would give a fully hadronic
final state that cannot be easily resolved in the background. For the same reason, even
the VBF production channel is only marginally accessible. The associated production HV,
instead, thanks to the leptonic decay of the vector boson, allows the H — bb decay mode
to be studied, although the production process has a smaller cross section. Being able to
study this channel is very important, because it gives the possibility to measure the Yukawa
coupling of the Higgs boson to down-type fermions.
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Figure 1.3: Branching ratios of the Higgs boson in the mass region around 125 GeV.

Among the bosonic decay channels, the one that has the highest branching ratio is
the H — WW?™ channel. Even if the W boson is much heavier than the b quark, with
M, ~ 125 GeV at least one of the vector bosons has to be produced off shell, thus decreas-
ing the branching ratio. This channel is very important when coupled to the VBF or HV
production modes, since it allows to deeply investigate the coupling of the Higgs boson to
vector bosons. The same considerations can be applied for the decay into a pair of Z bosons.

Another relevant decay channel is H — v+, that occurs through a closed loop. Although
the branching ratio is roughly three orders of magnitude smaller than the dominant one, it
gives a very clear experimental signature: a bump over the extrapolated background into the
signal region, in correspondence with the invariant mass of the two photons. For this reason,
it played the main role in the Higgs boson search.

1.2 Experimental results

The analysis of the experimental data from the LHC Run 1 was based on the datasets of
proton-proton collisions, with integrated luminosities of up to 4.7 fb~! at /s = 7 TeV and
20.3 fb~! at /s = 8 TeV recorded by the ATLAS detector, 5.1 fb~! at /s = 7 TeV and
up to 19.7 b=t at /s = 8 TeV recorded by the CMS detector, in 2011 and 2012. The
first data collected during the LHC Run 2, at /s = 13 TeV, allow initial measurements with
comparable precision. This analysis was focused mainly on five channels: three bosonic decay
modes, H — ~vy, H - WW* — 212v, H — ZZ* — 41, and two fermionic ones, H — bb and
H — 7771, Together they account for approximately 88% of all decays of a SM Higgs boson
at My ~ 125 GeV. The hadronic decays of the vector bosons have been excluded, because of
the high background.

The discovery of the Higgs boson was based primarily on the mass peaks observed in

10
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Figure 1.4: ATLAS distribution of the diphoton reconstructed mass (left), and CMS distribution of the
four-lepton reconstructed mass (right).

the H —» vy and H — ZZ* — 4l channels. These decay modes play a special role due to
their high sensitivity and the excellent mass resolution of the reconstructed diphoton and
four-lepton final state. In particular, H — 77, shown on the left-hand side of fig. 1.4, is
characterized by a narrow resonant signal peak above a large falling continuum background,
containing many events. H — ZZ* — 4l, instead, on the right-hand side of fig. 1.4, gives
only a few tens of signal events per experiment, but it has very little background.

The Higgs boson was discovered by combining the measurements performed in these
bosonic decay modes. The results on the mass determination are taken from ref. [28], that
summarizes the analyses performed by the ATLAS and CMS Collaborations. These results
are reported in fig. 1.5, while their combination gives

M, = 125.09 + 0.21 (stat) + 0.11 (syst) GeV. (1.1)

The uncertainties are dominated by the statistical error, even when the Run 1 data sets of
ATLAS and CMS are combined: nevertheless, the experimental accuracy will rapidly increase
during the next years, when the full data sample of the Run 2 will be available.

The H — WW?* — 2[2v channel has not been included in the mass measurement, since
the presence of neutrinos in the final state gives a relatively poor mass resolution. The same
resolution problems hold for the two fermionic decay modes H — bb and H — 7~ 7+, that
moreover suffer from large background contributions and then have lower sensitivity.

Nevertheless, obtaining information on the fermionic decay channels is very important in
order to test the Higgs boson coupling to all of the Standard Model particles: combining the
results coming from H — bband H — 771, both the collaborations have published evidence
for the decay of the Higgs boson into fermions [29-31]. The best way to distinguish the signal
over the background is to look for these decay channels when the Higgs boson is produced
via associated production with a vector boson. Even if the cross section for the HW and HZ
processes is smaller than the gluon fusion and VBF ones, they are still interesting channels.
The only other relevant process that allows to analyze the decay of the Higgs boson into a
pair of bottom quarks is the associated production with a t¢ pair, but it has an even smaller
cross section and presents a fully hadronic final state. For the associated production HV,

11
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Figure 1.5: Measurements of the Higgs boson mass from the individual analyses of ATLAS and CMS, and
from the combined analysis. The systematic, statistical and total uncertainties are indicated. The red vertical
line represents the central value of the combined measurement, while its total uncertainty is reported in the
gray shaded column.

instead, a method to reduce the background has been proposed in ref. [27]: the proposal
was to investigate HV production in a boosted regime, in which both the Higgs boson and
the vector boson have large transverse momentum (p; 2 200 GeV). In this phase space
region the cross section is a small fraction of the total one (about 5%), but the intermediate
virtual vector boson that produces the HV pair must have a very high virtuality. It will
then be produced in the central region, and the transversely boosted kinematics of the Higgs
boson and of the vector boson ensures that their decay products will have sufficiently large
transverse momentum to be tagged. As a consequence, the signal-over-background ratio
can be significantly improved, and also the HZ — Hwvv channel becomes visible because
of the large missing transverse momentum. Moreover, in the context of BSM searches, HV
production with high invariant mass provides the leading source of irreducible background
for the detection of exotic new particles decaying into an HV pair.

When the cuts for the boosted products are applied, this becomes one of the most promis-
ing channels to constrain the Yukawa coupling of the Higgs boson to the bottom quark. It
is very useful also for studying the H — 7~ 7" decay channels, particularly if the 7 leptons
decay hadronically, because the leptonic decay products of the vector boson satisfy the trigger
requirements with high efficiency.

An important part of the analysis has focused on the determination of the signal strength
i, 5, that is one of the most common parameters for comparing theory expectations with
experimental results. The signal strength is defined as the ratio of the measured Higgs boson
rate 1 — H — f with respect to its Standard Model prediction,

o; X BRf

(0'2' X BRf)SM7 (12)

Mlmf =
where o denotes the cross section for the production mode i, and BR is the branching ratio

for its decay into f. This parameter represents a measure of potential deviations from the
Standard Model predictions, under the assumption that the Higgs boson production and
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decay kinematics do not change appreciably from the theoretical expectations.
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Figure 1.6: Signal strength for each specific channel ¢ — H — f. The error bars indicate the 1o intervals,
while the green bands represent the theoretical uncertainties. Not all the decay channels are reported for
each production process, either because they are not measured with meaningful precision or they are not
measured at all, as for the H — bb channel in gluon fusion or in VBF.

Figure 1.6, taken from ref. [32], shows the combined ATLAS and CMS results for the
signal strengths of the various production and decay processes. The combination of the
ATLAS and CMS analyses gives the following results,

,uHZ’bg = 04+ 04,
e = 1.1%1.0. (1.5)

As expected, the last result has bigger uncertainties, because of the background that makes
this process harder to detect. Nevertheless, these experimental results show a good agreement
with the Standard Model predictions. Combining all ¢ — H — f measurements it is possible
to obtain a global signal strength for Higgs boson production and decay,

p= 1097510 = 1.0975,57 (stat) 553 (syst). (1.6)

The systematic uncertainty is slightly bigger than the statistical one, mainly because of the
large uncertainty in the gluon fusion cross section. The overall result is however consistent
with the theoretical predictions within less than 1o.

The associated production and VBF processes turn out to be very useful even in the
search for anomalous couplings of the Higgs boson. These processes, indeed, provide direct
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access to the coupling HV'V: due to the highly off-shell nature of the propagator in HV pro-
duction, small anomalous couplings can lead to significant modifications of cross sections and
kinematic distributions. In particular, the HV invariant mass is highly sensitive to anoma-
lous HV'V couplings. Probing this coupling in the region where the virtuality of the virtual
gauge boson is far off shell can show sensitivity to the presence of higher-dimensional effective
operators, beyond the limit that can be tested from the determination of the branching ra-
tios H — V'V. Moreover, if the Higgs boson decays into fermions, the associated production
process HV allows to test also anomalous Yukawa couplings. Since the masses of down-type
fermions can be obtained through different mechanisms in BSM theories [33], it is of great
importance to study the coupling of the Higgs boson to bottom quarks in order to establish
its nature.

Assuming the validity of the SU(2) custodial symmetry and a universal scaling of the
fermion couplings relative to the Standard Model predictions, the observations have been
compared with the expectations for the Higgs boson by fitting two parameters k, and k.
These are common scaling factors for the couplings to massive vector bosons and to fermions,
respectively. Other analyses have been performed, distinguishing between x,, and x,, and
among the various possible fermions, but the results are consistent with the hypothesis of
a common factor for bosons and another one for fermions. In this analysis, no BSM effects
have been accounted for, in the theoretical predictions. Figure 1.7, taken from ref. [32], shows

w 1.6 — T
x ' ATLAS and CMS
| LHC Run1l

r—— 68% ICL ----------- 95% CL. + Bestfit *. SM expected 1
0.8 1 1.2 1.4
KV

0.4

Figure 1.7: Results of 2D likelihood scans for the ky and k, parameters performed by the ATLAS and CMS
Collaborations, and their combination. The crosses indicate the best-fit values, the contours show the 68%
and 95% CL regions, and the star represents the Standard Model values (v, kr) = (1,1).

the 2D likelihood scan over the (k,, k) parameter space, with the 68% and 95% CL regions.
Both for the single experimental analyses and for the combined results the Standard Model
expectation, (ky,kr) = (1, 1), lies within the 68% CL region defined by the data. Because of
the way these compatibility tests are constructed, any significant deviation from (1, 1) would
not have a straightforward interpretation within the Standard Model and would imply BSM
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physics. The best fits, with the corresponding uncertainties, are reported in tab. 1.1.

ATLAS CMS
Ky | 1.0940.07 | 1.01+0.07
kp | 11140.16 | 0.877015

Table 1.1: Best-fit values and uncertainties for the scaling factors x, and Kp.

Summarizing, the analysis of the 2011 and 2012 datasets has investigated the Higgs boson
production and decay properties: the results obtained are consistent with the Standard Model
expectations, with no significant deviations in the measurement of both the signal strength
and the coupling of the Higgs boson to the other particles. The results from the LHC Run 2,
with a center-of-mass energy of 13 and 14 TeV, will significantly decrease the statistical
uncertainties, leading to much more precise results.

1.3 Theoretical accuracy

In order to perform accurate comparisons between the experimental data and the theoretical
predictions, it is fundamental to reduce as much as possible the theoretical uncertainties. For
all of the reasons explained in this chapter, the associated production of a Higgs boson with
a vector boson that decays leptonically is a very interesting process. To fully exploit this
channel it is then important to have accurate theoretical predictions for the production cross
section and for the associated distributions.

The next-to-next-to-leading order (NNLO) QCD corrections to the HV inclusive cross
section have been known for many years [34]. In recent years, a fully differential NNLO
calculation of HV production has been presented in refs. [35, 36], while in refs. [37, 38] also the
next-to-leading order (NLO) corrections to the decay of the Higgs boson into a b-quark pair
have been considered, and combined with the NNLO corrections to the production process.
Moreover, the role played by gluon-induced contributions to the associated production HZ
has been studied in ref. [39], in which they have been calculated at NLO. The results obtained
show that, while NNLO corrections to the inclusive cross section are quite small, of the order
of 1-2%, their impact can increase substantially when cuts are imposed on the decay products
and on differential distributions.

In refs. [40, 41], NLO electroweak (EW) corrections have been studied: even if quite small
at the level of the total cross section, they can give sizable contributions in the high-energy
tails of some differential distributions. These outcomes will be explained in detail in Chap. 3.
These corrections have then been implemented in the public code HAWK [42], that gives the
possibility to combine NLO QCD and EW corrections. VHONNLO [43], instead, allows to
compute the inclusive cross section for HV production at NNLO QCD 4+ NLO EW accuracy.

All of these results come from fixed-order computations. In order to fully simulate a
hadronic event and to compare theoretical predictions with experimental data, the parton-
level processes have to be interfaced to a parton-shower generator, that describes further
collinear radiation down to the hadronic scale. The precision needed for the LHC studies
requires the hard event to be described at least at NLO accuracy, before matching it to the
parton shower: this level of accuracy is usually called NLO+PS. The associated production
of a Higgs boson with a vector boson, matched with a parton shower generator, has been
implemented in MC@NLO [11] and in the POWHEG BOX [12] framework. The latter also includes
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NLO+PS predictions for HV + 1 jet (HVj): the HVj simulations have been implemented
using the Multiscale improved NLO (MiNLO) approach [18], that will be described in Sec. 2.5.

In ref. [19] it was shown that, for processes where a colourless system X is produced in
hadronic collisions, it is possible to simulate both X and X 41 jet production simultaneously
at NLO+PS accuracy, without introducing any external merging scale. It was then shown in
refs. [19, 44] that, with a merged generator of X and X + 1 jet, and the NNLO differential
cross section for X production, it is possible to build a NNLO+PS accurate generator for
X production. This approach was used to build, in ref. [45], a NNLO+PS generator for
HW production.

Summing up, the accuracy reached in the QCD sector is high enough to comply with
the experimental results that are coming from the LHC Run 2. In the electroweak sector,
instead, the NLO+PS accuracy is still missing.

Since one of the goals of the ongoing LHC Run is to show, if present, signals of new
physics, a precise knowledge of the production cross sections is mandatory. One of the main
BSM searches concerns the Supersymmetric extensions of the Standard Model (SUSY). This
symmetry predicts the existence of a superpartner for every Standard Model particle: to every
boson is associated a fermion with the same mass and internal quantum numbers (apart from
spin), and vice-versa. Since supersymmetric particles have not been observed yet, if SUSY
exists it must be necessarily a spontaneously broken symmetry. These particles would then
have a higher mass with respect to their Standard Model partners and this would explain
the fact that, up to now, the LHC has not discovered them. Many supersymmetric particles
could be produced and detected at the LHC: the main production channels are squark-
antisquark, gluino-squark and gluino-gluino pairs, if they are light enough to be produced.
Typical squark and gluino decays contain isolated leptons and jets, and they produce a stable
Lightest Supersymmetric Particle (LSP), if an R-parity conserving SUSY model is assumed.
Since the LSP cannot be detected, missing transverse momentum will be observed in the
detector. Therefore, the typical experimental signature of a supersymmetric event consists
of multiple jets, isolated leptons and missing transverse momentum.

This signature can be obtained with Standard Model processes in several ways: for ex-
ample W+ jets events with leptonic decay of the W boson, or the production of ¢t pairs
in which both quarks decay into Wb pairs, and then one vector boson decays leptonically
while the other one decays hadronically. Even if the cross section is much lower, HWj pro-
duction too can contribute to the background, if the Higgs boson decays into a bb pair and
the W boson decays leptonically. It is therefore important to study also this process with
high accuracy. These production processes are important by themselves, since they allow to
study the coupling of the Higgs boson to vector bosons and to b quarks. At present, the HV
process is described at NLO-+PS accuracy in QCD, while both electroweak NLO+PS and
QCD NNLO+PS are missing.

For all of these reasons, this thesis is dedicated to the implementation of the associated
production of a Higgs boson with a vector boson and eventually a jet, at NLO+PS accuracy,
in the POWHEG BOX, considering both QCD and EW corrections. The leptonic decay of the
vector boson has been fully taken into account: for the Z production processes we have
considered only the decay of the vector boson into charged leptons. Although in the rest
of the work we will refer to these processes with the shorthand notations HV and HVj, we
have computed the amplitudes for these processes with full spin and decay correlations of
the final-state leptons.
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Chapter 2

The POWHEG BOX RES framework

The POWHEG BOX [13, 14] is a Monte Carlo event generator with NLO accuracy that can be
interfaced to parton shower generators according to the POWHEG method [15]. It is one of
the most commonly used tools to obtain theoretical predictions for comparisons with the
experimental data. Within this framework, the hard event can be described at NLO+PS
accuracy, while the subsequent part of the shower is left to a Monte Carlo parton shower
program that supports the Les Houches Interface for User Generated Processes, such as
Pythia [46] or Herwig [47], up to the formation of hadrons.

Since its release, the POWHEG BOX has undergone many extensions and modifications that
improved the precision and the efficiency of this generator. All the information and the
instructions for downloading this program can be found at http://powhegbox.mib.infn.it.

This chapter is dedicated to the description of the modifications that are relevant for the
implementation of HV and HVj at NLO+PS QCD+EW accuracy in the POWHEG BOX.

2.1 The treatment of resonances

When QED or QCD corrections are included in a fixed-order computation, the appearance of
soft and collinear divergences cannot be avoided, because of the exchange of massless parti-
cles. Nevertheless, considering infrared-safe observables these divergences cancel between the
virtual and real corrections as a consequence of generalizations of the KLN theorem [48, 49],
and the result is finite.

One of the methods to expose the cancellation of the singularities is the subtraction
method. Calling @5 and & the Born and real phase spaces, a generic NLO cross section can
be written as

dO'NLO = [B(®B> + V<CI)B)] d(I)B + R((I)R) d(I)R, (21)

where B, V and R represent the Born, virtual and real cross sections. The mean value of an
infrared-safe observable can then be obtained from

(0) :/OdaNLO :/[B(@B) + V(®p)]|O(®p) dPp +/R(<I>R)(’)(<I>R) dPp. (2.2)

Assuming that soft and collinear divergences are treated in dimensional regularization, d®g
and d®g are evaluated in D = 4 — 2¢ dimensions. In this way, the singularities associated to
the emission of soft and/or collinear particles appear as poles in e.

In order to implement the subtraction method, a parametrization of the real phase space

is introduced,
q>R - (I)R ((bBa (I)rad) 5 d(I)R = d(I)B dq)rad7 (23)
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where ®,,4 represents three variables that describe the emission of the extra particle involved
in the real corrections. The real phase space must be parametrized in such a way that
it matches the Born one in the limit of soft/collinear emission. Then, one introduces an
approximation of the real cross section, R, with the same behaviour of R in the soft and
collinear limits. Equation (2.2) can then be rewritten as

© - | [B<<1>B>+V<<1>B>+ [ d0s R, 000)| O05)

+/ [R(q)Ba q)rad)o(q)Ba quad) - Rs((DBa (I)rad)o(q)B)} d(I)B dq)rad' (24)

This formula is identical to the previous one, having just added and subtracted a contribution.
Nevertheless, in the square bracket of the first term, the soft and collinear divergences arising
from the integration of R, over the radiation phase space cancel with the ones coming from
the virtual cross section. Furthermore, thanks to the infrared-safety property of O, the
divergences in the second square bracket cancel at integrand level, being R, the singular
approximation of R. This term can then be integrated in D = 4 dimensions through numerical
methods. The cancellation of the singularities in the first term, instead, can be obtained
analytically once and for all. In fact, defining the soft-virtual contribution as

st<q)B) = llf% |:V((I)B) + /Rs(q)B7 CI)rad) ch)rad ) (25)
e—
that is finite by construction, eq. (2.4) becomes

©) = [ [B@w) + V(@] O(05) do

+ / R(® 5, Braa)O(@ 5, Brag) — Ru(®p, 8,0 O(B5)]dP dbroa,  (2.6)

and also the first integral can be evaluated numerically in four dimensions.

Many formulations of this method have been proposed, that differ in the parametrization
of R,. For example, in its original implementation, the POWHEG BOX used both the Catani-
Seymour [50] and the Frixione-Kunszt-Signer [51] subtraction schemes.

The general formulas for the full NLO cross section derived according to the POWHEG
method can be found in eqgs. (4.13), (4.16) and (4.17) of ref. [13]. We report them here for
completeness,

do = Zbe@B)d@B{Afb(cbg,pi,mm)
fo

Bor =05

(R(@r) A @p, k) Ol — P da] ) " |

Bb ((I)B)

p3

arefar|fo}

The function B/ (@) is the NLO inclusive cross section at fixed underlying-Born flavour
configuration f;, and kinematics ®p,

Bi®y) = [B@®p)+Val®s), + 3 {[R(@R)—RS@R)]dcprad} o
ar€{ar|fo} ar
Y [Tor@n + [ Torene) 28)

ag€fag|fo}
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The real contributions are separated into terms labelled by the index «,.: each of them denotes
a flavour structure and a singular region. With the notation «, € {a,|f,} we group together
all the real singular contributions that have f, as underlying Born flavour. The square
brackets with subscript a, and superscript ®} = ®p mean that everything inside refers to
the particular real contribution labelled by «,., and has underlying-Born kinematics equal to
®p. The factors GgP and G5, instead, are needed to obtain the complete cancellation of
the initial-state collinear singularities.
Finally, A (®p,p2) is the Sudakov form factor,

[R(®R) 0(kr(Pr) — pr) dPrad]
B (@)

P =0p
T

o . (2.9)

Al @p,py) =expq — Y

Oére{arlfb}

It corresponds to the probability that no emission occurs with transverse momentum £k,
bigger than p;, that is a function of the kinematics variables of the particular singular region
considered. This factor is used to generate the hardest radiation according to the POWHEG
method [15]. Looking at eq. (2.7), then, the first term represents the probability that no
resolvable emissions occur down to the scale p™ that is the scale at which QCD becomes
non perturbative, while the second one corresponds to the probability of evolving down to
the scale k; without emissions and then emitting a parton with transverse momentum k&
(which is required, through the # function, to be larger than pii).

In the generation of the events, i