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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
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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, it is possible to separate the real cross section into a finite
and a singular part, using the flg withdamp option as explained in Sec. 5 of ref. [14], and
exponentiating only the singular part. In the context of this thesis, this feature has not been
used.

The subtraction schemes employed in the POWHEG BOX, however, have not been thought
having in mind the production of radiation from resonances. As described in detail in ref. [16],
with processes that involve decaying resonances, a possible source of problems arises when the
mapping (2.3) is performed. This mapping is constructed in such a way that, in the collinear
limit, the so-called underlying-Born configuration is obtained by appropriately merging the
two collinear particles. In order to preserve the masses of the external particles, some mo-
mentum reshuffling is needed, and this operation does not necessarily preserve the virtuality
of the intermediate resonances. The typical difference in the resonance virtuality between
the original real kinematics and the reconstructed Born-like one is of order m?/E, where m
and E are the invariant mass and the energy of the merged-partons system, respectively.

In this way, the cancellation between the real contribution R and the subtraction term
R, will be effective only if the condition m?/E < T is satisfied, being T the width of the
resonance. As I' decreases, the convergence becomes more problematic, getting completely
spoiled in the zero-width limit. In order to overcome this problem, it would be desirable to
have a subtraction method that preserves the mass of the resonance in the subtraction terms.

Further problems arise in the generation of radiation, performed according to a Sudakov
form factor of the form

2w = exp |~ [ LRI 1 00) — )01 210)

The upper limit of the integration is dictated by the maximum transverse momentum allowed
for the radiation in the process under study. The mapping that connects the real phase space
to @p and P,,q is the same used in the NLO subtraction: for this reason, also in this case the
virtuality of the resonance will not be preserved. In the R/B ratio, then, the two terms will
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not be on the resonance peak at the same time unless the condition m?/FE < T is satisfied,
and this can yield large ratios that violate the collinear approximation. Moreover, when the
NLO calculation is interfaced to a Monte Carlo shower program, radiation should have a
well-defined resonance assignment, according to which the Monte Carlo generator should be
instructed to preserve the mass of the resonance.

In order to solve these problems, in ref. [16] it is explained that the different subprocesses
contributing to the cross section have to be separated into terms with a definite resonance
history. Each term has a resonance peak only in a single resonance cascade chain, and the
mapping of the real phase space into an underlying-Born configuration is defined in such a
way that the virtuality of the resonance is preserved. When the algorithm looks for particles
that can give rise to a collinear singularity, then, it must consider only pairs originating
from the same resonance, or from the production process. This procedure constitutes the
main extension of the POWHEG BOX. The resulting code is the POWHEG BOX RES [16], that
is the resonance-aware version of the original program. The main modifications deal with
the subtraction method: instead of simply separating the real cross section into a sum of
terms that are singular in a specific kinematic region, each of these terms must also become
associated to a particular resonance history. To this end, when the partonic structure of
the different (Born and real) subprocesses is set up by the user, a subroutine automatically
generates all the relevant resonance histories for every subprocess. In this way, the full
Born flavour structure is no more represented by the only array flst_born(j,iborn): its
resonance information is stored in the f1st _bornres(j,iborn) array too. The index iborn
labels a particular Born flavour structure, while j runs over the external legs and the internal
resonances. The entries in the f1st_born array represent the flavour code of the particle (that
coincides with the PDG code [33], except for gluons that are labeled by 0). In f1st_bornres,
instead, the value of j represents pointers that allow to reconstruct the resonance structure.
These pointers contain 0 for particles generated at the production stage, while for particles
coming from the decay of a resonance the corresponding entry is the position of the mother
resonance in the list.

A big difference with respect to the original POWHEG BOX implementation arises here: since
a given process admits several resonance structures, the flavour lists can have different lengths.
The index j does not run anymore from 1 to nlegborn: for every subprocess its upper limit is
given by the corresponding value stored in the array f1st_bornlength(iborn), that contains
the length of each flavour list. At the end, an array flst_bornresgroup(iborn) is used to
group together all the Born flavour configurations that share the same resonance structure, so
that they can be integrated together with the same importance sampling. The values of this
array label the resonance structure group of the Born flavour structure iborn. The number
of different Born resonance structures is then saved in the variable fl1st nbornresgroup.
Similar arrays are defined and filled for the real subprocesses.

These operations are performed automatically in the init_processes subroutine by the
subroutines build _resonance histories and buildresgroups. The user only has to pro-
vide the list of contributing flavour structures of the Born and real subprocesses, and the
power of the electroweak and strong couplings of the Born amplitude, stored in the variables
res_powew and res_powst.

Once the resonance structure is filled, the separation of the real cross section into singular
regions can be performed. To each term, a weight is associated that makes it dominant only
in a specific resonance region. Then, the subtraction procedure has been adapted so that, for
each of these terms, the mapping of the real to the underlying-Born configuration does not
change the virtuality of the resonance. To obtain this result, in case of radiation coming from
the decay of a resonance, the subtraction procedure is applied in the resonance center-of-mass
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frame. In this way, neither the momentum of the resonance nor that of all the particles that
do not come from its decay are altered. For particles radiated from the production process,
instead, the subtraction method remains unchanged.

The two main problems of the standard subtraction methods are thus solved: both in
the calculation of the NLO cross section and in the generation of radiation the mass of the
resonance is preserved, and the radiation has a well-defined resonance assignment, so that
also the Monte Carlo shower algorithm can preserve its virtuality.

2.1.1 Resonance histories for the HV and HYVj processes

To further clarify the mechanism of resonance assignments, we apply it to the processes
relevant for this thesis. The Born level resonance structures for the HV and HVj processes
are very simple. We focus on the processes involving a W~ boson: the W' and Z boson
cases can be described in the same way. The Feynman diagram for HW ™ production, with

q1

Figure 2.1: Feynman diagram for the associated production of a Higgs boson and a W~ boson that decays
leptonically.

leptonic decay of the vector boson, is depicted in fig. 2.1. The resonance histories can thus
be described by the arrays

flst_born(:,iborn) = [i, j, -24, -24, 25, 11, -12],
flst_bornres(:,iborn) = [0, O, 0, 3, 3, 4, 4],

for all the relevant choices of initial parton flavours i, j. The resonance assignment in
flst_bornres means that:

e the third particle in the flst_born array, that is a W~ boson, is produced by the
initial-state partons;

e the fourth and the fifth particle come from the decay of the third one, that is the
aforementioned W~ boson;

e the two leptons come from the fourth particle in the list, the W~ boson just before its
decay.
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For HW=j production the Born structure is very similar. There is one more parton in the
final state, with respect to HW production: since it comes from the production stage, its
resonance assignment is set to 0,

flst_born(:,iborn) = [i, j, -24, -24, 25, 11, -12, k],
flst_bornres(:,iborn) = [0, O, 0, 3, 3, 4, 4, 0],

for the relevant choices of i, j and k. The length of the Born processes is then always the
same (i.e. 7 in HW~ and 8 in HW7j), and only one resonance group is present, so that
flst_nbornresgroup = 1.

When setting up the real subprocesses, the resonance-aware machinery becomes very
important. As for the Born structures, we describe the HW ™ case, all the other processes
work in the same way. Although this thesis is focused on the implementation of the associated
production processes at NLO+PS QCD+EW accuracy, it is also possible to obtain predictions
that consider QCD and EW corrections separately. The flag that controls this possibility is
ged_qcd, that has to be set in the POWHEG BOX RES input file. If one wants to include only
QCD corrections, ged_qcd must be set to 0: in this case the radiated parton can come
only from the initial state. We then have one resonance history: the arrays flst real and
flst_realres have the same form of the Born arrays for HW ~j production. If one considers
only electroweak corrections, instead, by setting ged_qcd to 1, the radiated particle is a
photon, that can be emitted by every charged particle. For the subprocess

flst_real(:,ireal) = [i, j, -24, -24, 25, 11, -12, 22],

we can then have two resonance assignments:

flst_realres(:,ireal)

0, 0, 0, 3, 3, 4, 4, 0],
flst_realres(:,ireal) 0, 0, 3, 3, 4, 4, 4]

[
(o, , 4].

3 3 b b b

The first one corresponds to photon emission from the initial-state partons, while in the
second one the photon comes from the decay of the W~ resonance. In this case, then,
we have flst nrealresgroup = 2. Both these resonance structures are considered by the
POWHEG BOX RES during the subtraction procedure, and they are treated in different ways, in
order to preserve the resonance virtuality when the photon comes from the W boson decay.

Finally, by setting the flag ged_qcd to 2, both QCD and QED corrections are included,
and all the subprocesses are implemented.

To obtain a complete NLO electroweak result, also the processes with an incoming photon
should be included in the computation, together with the real emission of W and Z bosons.
For the photon-initiated processes, although many PDF sets include the electromagnetic
evolution, the photon density is very small, of order a, and it multiplies a process of order «
with respect to the leading-order one. For this reason, we decided to leave out the photon-
initiated processes. The real emission of W and Z bosons, instead, has not been considered
for reasons that will be explained in Chap. 3.

2.2 The inclusion of photon radiation

If we are including electroweak corrections, as we have just seen, we have to consider the
emission of a photon. 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.
Then, this procedure was extended in the context of Z boson production in ref. [52]. In
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these articles, the leptons coming from the decay of the vector boson were considered as mas-
sive, and the treatment of photon radiation from massive charged particles was implemented
correspondingly. In this thesis, instead, both quarks and charged leptons are considered as
massless: for this reason we have modified the code so that it can generate also photon
radiation from massless charged particles.

The first relevant change is in the structure of the soft and virtual counterterms, needed to
compute the soft-virtual contribution to the NLO cross section of eq. (2.5). Photon emission,
however, is similar to gluon emission from quarks: the counterterms can then be easily
obtained from the QCD case with minor efforts.

Adapting the factors 7, and 7, in egs. (2.95) and (2.96) of the original POWHEG paper [13],

3 o 13 2 5\
for the exchange of a photon we obtain
3 / 13 2
=5 Q7 v = (7 - §7T2) Q7 (2.12)

where f denotes the flavour of the emitting particle. We can immediately see that, while the
original terms have a physical significance only for coloured particles, due to the presence
of C%, the factors in eq. (2.12) are valid for every charged particle, since they involve the
electric charge of the emitter. At this point, the counterterm for final-state QED radiation
from massless particles can be obtained straightforwardly from the results for QCD radiation
from massless quarks, that is already implemented. For every final-state charged massless
particle one soft-virtual term is added, with the same structure of the QCD case but with ~,
and ~, substituted by 7§ and v}EM, respectively.

The second important modification to the code involves the upper-bounding function used
in the generation of radiation according to the POWHEG Sudakov form factor. This function
is used to generate photon radiation using the highest-bid method. As explained in the
original paper, several upper-bounding functions have been implemented in the POWHEG BOX,
for initial- and final-state QCD radiation. These functions correspond to the upper bound of
the R/B ratio of eq. (2.10): they catch the divergent behaviour of the real cross section in
the singular region, and they include one power of the strong coupling constant, evaluated
at the transverse momentum of the emitting parton, a,(k2). Since QED and QCD radiation
share many similarities, in order to obtain the functions for photon emission we can repeat
the procedure for the QCD case, described in Apps. C and D of ref. [14], starting from the
same upper-bounding functions but using a fixed-valued electromagnetic coupling constant
« instead of a running a,(k2). We proceed in this way since the running of « is negligible in
the energy range considered, and in the limit of zero momentum transfer we have o — 1/137.

We start from describing final-state radiation. The form of the upper-bounding function
we have used is

U(Sy) = Nm, (2.13)

in which N is a normalization factor, £ is the fraction of the emitter energy carried by the
emitted particle, and y = cos 6 is related to the angle between the emitter and the radiated
particle. As in QCD, the soft and collinear final-state singularities correspond to & — 0 and
y — 1, respectively. This function is used to generate p, uniformly in

A2) = exp [— [uen ot - pdayas]. (2.14)
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in which d¢ dy d¢ is a parametrization of the radiation phase space d®,,q of eq. (2.10). The
variable k; entering the theta function can be related to the integration variables through

ky = 252(1 - ), (2.15)

being s the partonic center-of-mass energy squared. The integration ranges of &, y and ¢ are

given by
2

M
0<E<lmme=1—"2¢  _1<y<l1, 0<¢<2m, (2.16)
S

where M,.. is the mass of the system recoiling against the emitter and emitted particles.
Trading y for k2 through eq. (2.15) we get

B 2
=&
Taking the logarithm of eq. (2.14), we then obtain

y=1-=C—dy dk2, 0 < k? < s€2 (2.17)

gtllax 1 27‘( &
logd0R) = [ag [y [ do N 0k -
0 —1 0

§(1—y)
Emax 0
— 27raN/0 dé . (—dk2) ée(/@ — D). (2.18)

Since k2 depends on &, the theta function restricts the integration ranges for both k2 and &,
giving

gmax d 352 dk? N 2
—log A(p2) = 2mraN - ?5 2 k2T = 7ro; log? gr;;;xs. (2.19)
\Pr7/s T T T

At this point, the procedure for the generation of radiation proceeds in the standard way,
generating a random number 7 and solving the equation r = A(p2). In the implementation,
this equation is translated into logr = log A(p2), and solved numerically for p,. Once p; is
generated, £ is generated uniformly in log ¢ within the limits

V<6< 220

(2.21)

y is obtained through

and ¢ is generated uniformly in [0,27). The simplification with respect to the QCD case
comes from the fact that, considering a fixed coupling constant, the dependence of the inte-
grand function on k2 is much simpler.

When generating initial-state radiation, if we consider combined QCD-+EW corrections,
photon emission always occurs in competition with gluon emission: for this reason, the
upper-bounding function for QCD radiation has to be used. Including only QED radiation,
instead, the QCD function would make the generation of radiation extremely inefficient. For
this reason, we have implemented a procedure for generating initial-state photon radiation in
a more efficient way. We remind that this option is used only if the flag ged_qcd is set to 1,
otherwise the presence of QCD radiation forces the use of the corresponding upper-bounding
function.
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The upper-bounding function for QED initial-state radiation can be obtained from the
QCD one exactly as we have done in the previous case, i.e. by using a instead of a,(k2),
U(z,y) = N < (2.22)
x? y - ) N
(I —z)(1—y?)
having defined x = 1 — &, so that the singular limit is reached when z — 1 and y — =£1.
The k; variable can be related to x and y through

B =2- 0P -g?) (223)
being s, the center-of-mass energy of the underlying Born. As for the final-state case, we will
trade y for k; in performing the integral. Since the range of U(x,y) must cover the range
of the radiation variables for the given underlying-Born configuration, a practical restriction
for the integration variables is

p<z <1, p:%, (2.24)
1 32 1 72
(Tg +Tc)?

In these formulae, S is the energy of the incoming hadrons, and Z5 are the momentum
fractions of the incoming partons after radiation. We want to generate p, uniformly according
to eq. (2.14): to this end, writing y in terms of k2 we obtain

4o k2

21 dk2
sp(1 =) /(1 —2)2 — 4ak2/s,

Defining a = k2 /sy, the zeros of the square root are located at

Ty = (\/H—ai \/a>2 , (2.28)

so that
(2.27)

dy = F

with z, > 1 and x_ < 1. The presence of the square root further restricts the integration
interval for z: since its argument must be positive, x can take values only in the interval
(=00, z_] U [z, +00). The integration range of z is then reduced from p to x_. The upper-
bounding function, rewritten in terms of k2, becomes

2 sp(1 — )
U($,kT> = NO[ m, (229)
and we obtain
T max de
—log A(p2) = 27TOzN/ /
g A(pr) ] N eI
max 2 — —

— 9raN / i dk og Vit Z PV P (2.30)

2 VT —p— Vi —p
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Since z; and z_ depend on k2, and since we are looking for an upper bound, we can simplify
the integrand by noting that

— = VIT o1
log\/x+ P+ pgloguz—log(l—i—s—g)- (2.31)
VT4 =P =T —p VI = VI 2 &

At this point the integration can be easily performed analytically, leading to

2 A (2 KT, max dk? Sb
—logA(pr,) < —logA(py) = malN [ -5 log |1+ 45
P T T

. Sp . Sb
= 7alN |Liy | — —Lis | — — . 2.32
{ 2( k‘%ma) 2( p%)] (2:32)

The procedure of generation of radiation now works in the same way as the QCD case,
generating p, according to A(p2) by solving logr = log A(p2), and then using the veto
method to obtain p, distributed according to A(p2). At the end, all the other variables are
obtained through the relations introduced in this derivation.

Thanks to these improvements, QED radiation can now be generated consistently and
efficiently, both in the massive- and in the massless-emitter case. NLO electroweak corrections
can then be included in the POWHEG BOX RES, provided that the matrix elements for the
virtual and real corrections are supplied.

2.3 The automated generation of matrix elements with
OpenLoops

In the last years, many progresses have been made in the field of automated matrix element
generation. One of these generators is OpenLoops [53], based on fast numerical recursion
relations for the generation of tree and one-loop scattering amplitudes [54]. Combined with
the OPP reduction method [55] implemented in CutTools [56] and the scalar one-loop li-
brary OneLQop [57], or with the tensor integral reduction methods [58-60] implemented in
COLLIER [61], the employed recursion allows to achieve very high CPU performance and a
high degree of numerical stability. Indeed, the small fraction of numerically-unstable one-loop
matrix elements is automatically detected and rescued through re-evaluation with CutTools
in quadruple precision.

In order to take advantage of these features in the POWHEG BOX RES, a general process-
independent interface between the POWHEG BOX RES and OpenLoops has been developed [62].
This interface allows for a straightforward implementation of many NLO processes, gener-
ating QCD or electroweak corrections. It is obtained through a FORTRAN9O module called
openloops_powheg. Internally, the POWHEG BOX RES+0OpenLoops framework automatically
compiles, loads and manages all the required OpenLoops amplitude libraries.

The interface provides three subroutines, with the same structure as the POWHEG BOX sub-
routines setborn, setreal and setvirtual. These are openloops_born, openloops_real
and openloops_virtual. The subroutines openloops_borncolour, openloops_realcolour
and openloops_init are provided, too. The former two supply the required colour informa-
tion, returning a colour flow for the Born and real matrix elements, in the large colour limit,
on a probabilistic basis. The latter includes the synchronization of all the parameters between
the POWHEG BOX RES and OpenLoops, and has to be called at the end of the init_processes
subroutine.
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Several OpenLoops internal options can be changed directly from the input file of the
POWHEG BOX RES. In particular, it is possible to switch between the tensor-integral reduction
methods implemented in COLLIER and the OPP reduction methods implemented in CutTools.
The default behaviour uses COLLIER, while inserting the line

olpreset 1

in the input file, the program uses the reduction via CutTools. In a similar way, the insertion
of the line

olverbose OpenLoops_verbosity_level

allows to select the verbosity level of OpenLoops. While all the relevant input parameters
are automatically passed to OpenLoops during the POWHEG BOX RES initialization procedure,
further parameters can be set directly through the routine

set_parameter (parameter,value)
character(*), intent(in) :: parameter
TYPE, intent(in) :: value

Here, TYPE can be an integer, double or character type, according to the parameter that has
to be set. For example, if the user wants to change the value of the Higgs boson mass to
200 GeV, the following call has to be performed:

call set_parameter ("h_mass", 200d0)

The OpenLoops amplitude libraries for a given process, in the POWHEG BOX RES+-OpenLoops
framework, can be obtained by running the script generate_process.py, available in the
POWHEG-BOX-RES/OpenLoopsStuff directory, with the following arguments:

./generate_process.py library_name -order_ew=m -order_qcd=n -name=dir_name

Here, 1library name corresponds to the OpenLoops amplitude library of the desired process,
a list of which can be found on the official website [53], while m and n denote the order of the
Born cross section in terms of powers of the electromagnetic and strong coupling constants,
O(a™a?). This execution builds a rudimentary POWHEG BOX process structure in the directory
POWHEG-BOX-RES/dir_name. For example, the call

./generate_process.py pphlnj -order_ew=3 -order_qcd=1 -name=HWj

yields the structure for a NLO+PS generator including all required tree level and one-loop
amplitudes for pp — HW(— lv) + 1 jet production with QCD corrections. At this point,
the user only has to provide the list of contributing flavour structures and the powers of the
electroweak and strong couplings of the Born amplitude, as explained in Sec. 2.1.

Currently NLO QCD corrections to any Standard Model process are supported by this
interface, while electroweak corrections will be available soon. In the context of this thesis, we
have used a dedicated interface, provided by the authors of OpenLoops, to obtain the matrix
elements for the electroweak virtual and real corrections to the HV and HVj processes. The
Born, Born-correlated and real QCD amplitudes in HV7j processes have instead been obtained
through the automatic interface [63] to MadGraph [64, 65]. All the other contributions have
been computed analytically.
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2.4 The optimization of the virtual corrections

The computation of virtual electroweak corrections is the most CPU-demanding part of the
calculation. For this reason, the best way to improve the efficiency of the generator is to
minimize the number of calls to the virtual part of the cross section, taking care not to
spoil the statistical accuracy of the complete result. Two different strategies can be adopted,
depending on what part of the simulation a user is interested in.

If one needs to compute fixed NLO results, this minimization can be achieved by eval-
uating the virtual and real contributions with independent statistical accuracies. In the
POWHEG BOX RES there is the possibility to separate the virtual cross section from the rest,
in such a way that it can be computed with an accuracy that matches the one of the real
contribution, thus saving computer time. More specifically, the code can be run twice. In
the first run, the flag novirtual is set to 1 in the POWHEG BOX RES input file: in this way,
no call to the calculation of the virtual corrections and of the soft-virtual terms is done,
and the corresponding distributions do not contain these contributions. The code is then
rerun by using the same importance-sampling grids computed in the first run, with the flag
virtonly set to 1, novirtual set to 0 and with lower statistics with respect to the previous
run. The virtual contributions are thus called fewer times with respect to the Born and real
ones. Finally, the kinematic distributions obtained in the two steps can be combined.

All the NLO results presented in this thesis have been obtained by applying this procedure.

If instead one is interested in generating Les Houches events, it is more convenient to
avoid the computation of the virtual corrections for the large number of events that are
vetoed during the generation. This can be done, provided that one renounces to generating
events with constant weight. The events are generated with settings such that the virtual
cross section is not included: then, through a reweighting procedure, one can recompute the
complete weight associated to a given event. In this way, the virtual contribution is computed
only once for each event, instead of several tens of times, thus reducing dramatically the
running time of the code.

In order to do so, one first generates events with the flag novirtual set to 1. Then, the
following lines are added to the input file:

rwl_add 1

rwl_file -’

<initrwgt>

<weight id=’xx’> some reweight info </weight>
<weight id=’yy’> some reweight info </weight>

</initrwgt>

For each <weight line, a new weight is generated and added to the event. These weights are
all computed with the inclusion of the virtual corrections, and with the information stored
in this line. This option can also be used to perform scale variations: in this case, the first
run is performed with the central-scale values, and in the subsequent runs the scaling factors
are varied.

In this thesis we have used a slightly different variant of this reweighting procedure: the
interested reader can find all the details in Chap. 5.
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2.5 The MiNLO procedure

One of the most problematic issues of QED and QCD calculations is the fact that, being
forced to adopt a perturbative expansion, the appearance of unphysical renormalization and
factorization scales p and ur is unavoidable. The dependence of the results on these scales
would vanish only when considering all the terms of the expansion, a task that cannot be ful-
filled at all. These scales are then used to estimate the theoretical uncertainty associated to a
fixed-order computation, usually by varying them by a factor of two around a “central” value.

The main problem related to the appearance of renormalization and factorization scales
is that their “central” value is not fixed by the theory, and could be determined by requiring
either the perturbative corrections to be small or the scale sensitivity to be minimized. Indeed,
a “wrong” choice would give rise to large logarithms involving the ratio between these scales
and the characteristic scales of the process, thus leading to sizable unphysical corrections.

If we consider for example a Drell-Yan process, a reasonable scale choice is the intermedi-
ate vector-boson mass. With more complex and exclusive processes, like V + jets production,
more scale choices are possible: the higher the final-state multiplicity, the bigger the number
of possible choices becomes. It would thus be desirable to have a method for suggesting the
central scales starting from the kinematics of the process under consideration, rather than
on a posteriori studies.

In the context of leading order matrix element - parton shower (MEPS) merging algo-
rithms, a method for assigning the renormalization and factorization scales has been proposed
in refs. [66-68]. In the so-called CKKW formalism, the kinematic configuration of the process
is associated with the most probable branching history by means of a jet clustering algorithm.
The relative transverse momentum at each branching defines the renormalization scale for
the corresponding factor of ay at the vertex, while the factorization scale is associated with
the MEPS matching scale. Also the Sudakov form factors are included, in order to account
for the large double logarithms that arise when the clustered event contains well separated
scales. This procedure incorporates all the large logarithms associated with rendering the
event exclusive with respect to the radiation above the MEPS merging scale, that is the scale
beneath which the parton shower algorithms are used to populate the remaining phase space.

The partons are recursively recombined according to a k,-clustering algorithm, in order
to reconstruct the most likely branching history. At each vertex ¢ a nodal scale ¢; is assigned,
equal to the relative transverse momentum at which the clustering has taken place. In
addition, a resolution scale () is assigned, meaning that the cross section is interpreted
as being inclusive for all radiation below this value. The procedure ends when no more
clusterings are possible: the remaining particles form the primary system, to which is assigned
a scale equal to its invariant mass Q).

At this point, the CKKW cross section is obtained by taking the tree-level matrix element,
with the strong couplings associated at each node evaluated at the corresponding scale ¢;. The
remaining powers of the coupling constant, associated to the primary system, are evaluated
at the scale ). At next-to-leading logarithmic (NLL) accuracy the Sudakov form factor can
be written as

Q3 .2 2
Af@%,@@:exp{— [ o 106 % 4y o (f))}}, 239)

where f = ¢, ¢, and the functions A; and By have a perturbative expansion in terms of
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constant coefficients,
Ap(as) =Y Agial,  Bp(as) =) Byial. (2.34)
i=1 i=1

To each intermediate line involving a parton f that connects the nodes ¢ and 7 is assigned a
Sudakov form factor A QL D)
F\ 20> 9 2 2
Af(Q(2)7 qjg) = Af(‘]quz' )- (2.35)

This factor represents the probability that no branching occurs between the scales ¢; and g;.
External lines have a Sudakov form factor equal to A;(QZ, ¢i), where k is the node connected
to the external line. At the end, the factorization scale is set to ().

Thanks to eq. (2.34), the Sudakov form factor can be expanded in powers of the strong
coupling constant, according to

ApQ2Q3) =1+ AW(@Q2Q3) + O (a?). (2.36)

In this formula, AS})( 2,Q3) represents the effective NLO correction that is included in the
Born term when the CKKW prescription is used. Each event, reweighted to include these
Sudakov form factors and scale assignments, is then passed to a Monte Carlo parton shower
generator, with the requirement that no radiation is generated above )y, so that this region
is governed by the exact tree-level matrix element, and the remaining phase space is filled by
the shower.

Since the POWHEG BOX is an event generator with NLO accuracy, it is necessary to adapt
the calculation of NLO cross sections so that the Born term is evaluated with the scales and
Sudakov form factors prescribed by the CKKW formalism, while the full result maintains
formal NLO accuracy. Moreover, the accuracy near the Sudakov regions must be comparable
to that of the corresponding tree-level calculation in the adopted CKKW scheme.

This result has been obtained in refs. [18, 19]. The procedure, called MiNLO for Multi-scale
improved NLO, includes the choice of the scales appearing in the coupling constants associ-
ated with the Born level and with the NLO (virtual and real) corrections. Since the NLO
virtual correction already includes the O(a;) expansion of the Sudakov form factor, a term

A;l)( 2,Q3) has to be subtracted for each Sudakov form factor included. To this end, after
performing the clustering and evaluating the coupling constants at the corresponding nodal
scales, the Born term in the inclusive cross section for the computation of the underlying-Born

kinematics (the so-called B function in the POWHEG BOX method) is modified according to

B—Bx [1-2> AD(@Q )], (2.37)

J

where the index j runs over the Born-level final-state partons.

2.5.1 MiNLO in the HVj generators

When the MiNLO procedure has been proposed, it has been applied to the production of a
Higgs, W or Z boson plus one or two jets. Indeed, in ref. [19] it was shown that, by applying
this procedure to the NLO production of a colourless object in association with one jet, it
is possible to reach NLO accuracy for quantities that are inclusive in the production of the
colour-neutral system, i.e. when the associated jet is not resolved. We refer to this as the
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improved MiNLO. Since the HVj process can be interpreted as the production of a jet and a
virtual colourless vector boson, that decays into an HV pair, the improved MiNLO approach
can be applied also to this case. For this process, the two relevant energy scales entering
the process are the invariant mass of the virtual vector boson, My, = (py + pv)?, and its
transverse momentum, k;. The inclusion of the Sudakov form factors and the assignment of
scales for the couplings modifies the B function of eq. (2.8), giving

B ((I)B) = as(kg) Ag(MI%IV’ qu")
X {B((I)B) [1—2AW (M2, E2)]+ V(®5) + / Ad®,0q R(P3, @rad)} . (2.38)

In this equation, one power of oy has been stripped off from the Born, virtual and real
contributions, and it has been explicitly written in front, with its scale dependence. The
improved MiNLO procedure requires for the factorization scale, and for the scale at which the
remaining power of a, in V', R and A((]I) is evaluated, to be again k;. In the definition of
Aq(]W2 k2), the coefficients A1, Ago, By and By s have to be included in order to preserve

NLO ggéuracy. Their value for the present case is given by (see refs. [69-71])
Aq,l = % F Aq,2=4—71T20F [(%—%2> OA_gn:|7 Bq,lz_%OFa
Bio = 5 [(%2 =) 2 (e - e+ 5G) oGy
+ (g - 7{-2) anf} +4A2 G, (2.39)

The O(ay) expansion of the Sudakov form factor is instead given by

1 k2 k2
AV K2 = o (kD) {— §Aq71 log? M_gv + B, log Mgvl : (2.40)

With these inclusions, events generated according to eq. (2.38) have NLO accuracy for distri-
butions inclusive in the HV production, and also for distributions inclusive in the HV 41 jet
production. This generator can then replace the HV one, since it has the same NLO accuracy,
and in addition it is NLO accurate in the production of the hardest jet.
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Chapter 3

The high-energy limit of the NLO
electroweak corrections

An efficient comparison between theoretical expectations and experimental results requires
high precision, both in the detector performance and in the computation of collider ob-
servables. At hadron colliders like the LHC the dominant higher-order corrections to a
tree-level process come from QCD corrections. Nowadays NLO QCD corrections are com-
pletely automatized. Several frameworks are available: MCONLO [72] and its extensions, the
POWHEG BOX [13-15] and its resonance-aware extension [16], SHERPA [73] and many more.
They are often interfaced to automated matrix-element generators, that provide the one-loop
amplitudes. The POWHEG BOX can be interfaced to GoSam [74] and OpenLoops [54]. Other gen-
erators that are commonly used are BlackHat [75], RECOLA [76] and MadGraph5_aMC@NLO [77].
All of these frameworks allow the computation of NLO cross sections matched with a parton
shower algorithm.

To increase the theoretical precision in the computation of observables, the next step is
to consider NNLO QCD corrections, of order a? with respect to the leading-order process.
For typical LHC processes, this kind of corrections gives contributions that can reach 10%,
thus improving the precision in a non-negligible way. However, the drawback is that these
corrections are in general very complicated to calculate: indeed, the NNLO contributions to
the cross section for a given process involve multi-loop diagrams, and final states with high
multiplicity.

Since the search for new physics needs to proceed with precision at the highest possible
level, also the electroweak sector plays an important role. In fact, as in principle it is not
known how new physics could manifest itself, one has to look for even small deviations from
the Standard Model predictions. The electromagnetic coupling constant is very small if
compared to the strong one, since az(M,) ~ 0.119, while a(M,) ~ 1/128 = 0.008. For
this reason, looking only at the value of the coupling constants, the electroweak contribution
is expected to be more than ten times smaller than the QCD one. While this reasoning
has some physical soundness for inclusive quantities, for exclusive distributions things can be
different. In fact, for several processes, the NLO EW corrections turn out to give contributions
comparable to the NNLO QCD ones. Moreover, they are known to alter the shape of some
important distributions, like the W boson transverse mass in the TeV region or the Z boson
mass [78], thus affecting their determination. Finally, even if the effect of the electroweak
corrections is rather mild on the integrated cross sections, they usually give sizable negative
contributions in the high-energy tails of some transverse-momentum distributions. Indeed,
in these kinematic regions, they can reach 40-50% [79, 80] with a partonic center-of-mass
energy of a few TeV, thus becoming larger in magnitude than the NLO QCD corrections.
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The importance of considering also NLO EW corrections comes from the fact that these
energy ranges can be reached by the LHC.

For all of these reasons, both the theoretical and the experimental communities agree on
the importance of the inclusion of electroweak corrections, as can be seen by examining the
Les Houches wishlist, in tabs. 1 - 3 of ref. [80], where the state of the art of several Standard
Model processes and the desired accuracy in the theoretical computations are shown. It
appears clear that, together with NNLO QCD corrections, also NLO EW corrections play an
important role in all the relevant final-state topologies (namely Higgs boson, jets, heavy-quark
and EW gauge boson production).

3.1 The Sudakov logarithms

The high-energy tails of some transverse-momentum distributions receive sizable corrections
from the electroweak sector because at high energies electroweak corrections are dominated
by double and single logarithms of the typical energy scale of the process over the mass of
the electroweak bosons My, with V' = W, Z. These are called Sudakov logarithms [3-7]. The
leading contributions, double-logarithmic corrections, are proportional to alog?(s/M2), in
which /s is the partonic center-of-mass energy, while the subleading ones are proportional
to alog(s/M2). These logarithms are the result of the emission of virtual or real massive
gauge bosons from the external particles, and they stand for the soft and collinear singu-
larities that would appear if the exchanged bosons were massless. For this reason they are
called mass singularities. M, plays the role of infrared (IR) regulator for the singularities
of loop diagrams, like the infinitesimal photon mass A usually introduced to regularize the
IR singularities appearing in massless gauge theories. The high-energy regime /s > M,
corresponds to the IR regime of the electroweak theory, where the gauge-boson masses can
be neglected if compared to the other energy scales.

The electroweak sector has many differences with respect to QCD, in the structure of
both the real and the virtual contributions to the cross section. Soft and collinear emissions
of real massless particles give rise to divergences, that cancel the ones coming from one-loop
corrections providing a finite result. In the electroweak case the situation is different for
two reasons. First, even if the masses of the W and Z bosons act as IR cutoffs in one-loop
corrections, they are physical parameters. There is no technical reason, then, for including
the contribution coming from the radiation of an extra massive gauge boson. This represents
a big difference with respect to the other theories, in which the singularities coming from the
virtual corrections are regularized by introducing arbitrary regulators, that are canceled only
when the IR-divergent real contributions are included in the calculation. This is precisely
the case of photon emission, for which one introduces an infinitesimal mass A. All the
logarithms involving this parameter, that would diverge when taking the limit A — 0, cancel
when summing the virtual and real contributions in the unresolved region, so that the result
remains finite.

Another motivation to exclude real emissions of W and Z bosons, even if they contribute
at the same perturbative order, comes from the fact that, being unstable particles, they subse-
quently decay. This leads to different final states in the detectors, that can be experimentally
distinguished, not being degenerate with the leading-order ones.

If, however, real weak corrections were included, one could naively expect a complete
cancellation of the Sudakov logarithms, just like in the case of photon emission. In the
electroweak case, instead, the non-abelian structure of the gauge group leads to a mismatch
between virtual and real contributions, as long as one does not sum over the non-abelian

33



charges of the external particles. The mismatch is a violation of the Bloch-Nordsieck theo-
rem [81-84], that states that observables which are inclusive over soft final states are IR safe.
This violation is due to the non-abelian nature of the electroweak charges in the initial state.
The same phenomenon occurs in QCD, however in this case it has no physical consequences
because of the colour averaging of the initial partonic states, needed in QCD since the colour
charges do not exist as free asymptotic states. In the electroweak case the weak isospin charge
of the initial state is fixed, and no averaging is performed: this leads to the non-cancellation
of the Sudakov logarithms.

The origin of this non-cancellation can be understood by considering, for example, fully
inclusive eTe~ annihilations. Virtual corrections are related to the cross section o.+.-. The
same holds for the real corrections that involve the emission of a photon or a Z boson.
However, the emission of a W boson changes the isospin of the incoming electron, turning
it into a neutrino. The corresponding corrections are thus related to the cross section o+,,,
and they do not cancel the virtual contributions. An average over the different possible
isospin states (e+e—, Oety,, Op e O, ) Would lead to a full cancellation of the logarithms [85].
Nevertheless, at hadron colliders this averaging is not possible because different weak isospin
states receive different weights from the parton distribution functions.

In ref. [86] the role of weak boson emission and the compensation between virtual and real
corrections were studied for several LHC processes. The result was that, as expected, the real
cross section becomes important at high energies and compensates the negative contribution
coming from the virtual corrections. However, this compensation is never exact, and in some
cases, the real cross section is even bigger than the virtual one.

In refs. [87-91], the real emission of weak bosons was treated in analogy with QED or
QCD: all the tree level diagrams with the emission of an extra W or Z boson were considered,
with the gauge boson produced on shell and integrated over the full phase space. The result
was a significant cancellation between real and virtual corrections, though still incomplete
due to Bloch-Nordsieck violations. In refs. [79, 92], instead, the decay of the extra boson
was investigated when the final states were degenerate with the leading-order ones, for both
Standard Model and BSM processes. Also in these cases the cancellation between virtual
and real contributions turned out to be only partial, and dependent on the process and on
the event selections.

Electroweak virtual corrections are much more involved than the QCD ones, because
they receive contributions from a wider set of particles (v, W, Z, H), many of which are
massive and interact with the colorless sector too (leptons, for example). However, in the
high-energy regime, in the limit in which all the kinematic invariants are of the same order
and much bigger than the electroweak scale, and for processes that are not mass-suppressed
at high energies (the so-called Sudakov limit), the leading part of the one-loop corrections is
universal [8]. It depends only on the flavour and on the kinematics of the external particles:
it can thus be computed in a process-independent way and written as a sum of universal
functions that multiply tree-level matrix elements. This approximation can be very helpful,
since the calculation of the full electroweak corrections is computationally demanding. In
the Sudakov limit, the universality of the leading part of the electroweak corrections allows
to develop general algorithms [9, 10, 93] for the fast calculation of these contributions, that
catch the main part of the corrections. The bulk of the corrections can then be obtained
with a reduced computational cost, while the non-logarithmic part is process-dependent, and
requires to be computed for every desired process. Since this approximation includes the
dominant and the subdominant logarithmic terms, the level of accuracy reached considering
these corrections is next-to-leading-logarithmic (NLL).

The leading-logarithmic part of the corrections comes from the exchange of soft-collinear
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gauge bosons between pairs of external particles, and gives a negative contribution. The
subleading part, instead, arises when soft or collinear gauge bosons are exchanged. It is often
positive, and tends to compensate the leading term. It is for this reason that the tails of
typical p; distributions receive negative contributions from the electroweak corrections.

Since these logarithms correspond to the singular behaviour of the loop integrals, the
logarithmic structure of the corrections shares the same features as the one emerging from
the IR limit of QED and QCD in mass regularization. The factorization properties of the
Sudakov corrections over the tree-level matrix element are instead similar to the ones of
the QCD corrections, because of the non-abelian structure of the underlying gauge groups,
SU(3) for QCD and SU(2) x U(1) for the electroweak theory. Nevertheless, there are some
differences between the two IR limits, related to the nature of the weak charges and to the
spontaneous symmetry breaking of the electroweak sector.

In fact, spontaneous symmetry breaking implies that the masses of the W and the Z
bosons are physical parameters. For this reason, even if at high energies My, and M, act
as IR regulators for the loop diagrams, their values cannot be set to zero: one-loop weak
corrections are thus always IR-finite, even if they can be very large because of the leading
logarithms. Another consequence of electroweak symmetry breaking is that also the scalar
sector enters the computation of the corrections, both because the collinear factorization
is based on the Becchi-Rouet-Stora invariance [94] of the Standard Model and because of
the Goldstone-boson equivalence theorem [95-97] that relates longitudinally polarized gauge
bosons to the corresponding Goldstone bosons at high energies.

In this thesis real corrections due to the radiation of massive W and Z bosons are not
included: we focus on one-loop virtual contributions, and on their high-energy limit. We
consider the limit in which the partonic center-of-mass energy, as well as all the kinematic
invariants, are much bigger than the electroweak scale. Furthermore, we must consider only
matrix elements that are not mass-suppressed, i.e. matrix elements with mass dimension d
that, in the high-energy limit, scale as £, and neglect all the contributions of order M E4=".

In this limit, the phenomenon of electroweak symmetry breaking has some consequences.
First of all, introducing a weak scale of order M, spontaneous symmetry breaking creates
a gap between this scale and the fictitious photon mass. Because of this gap, electroweak
corrections are not symmetric at low energies, where they are usually split into an electro-
magnetic part, due to photon loops, and the remaining weak part. At high energies, instead,
it is more convenient to separate the corrections in a different way, to reflect the SU(2) x U(1)
symmetry. For this reason, the resulting logarithms coming from + and Z boson loops are
split into various parts. The contributions corresponding to a fictitious heavy photon and a
Z boson with mass M, are added to W boson loops, determining a symmetric electroweak
contribution. The logarithms originating from the gap between the photon mass and the
weak scale are instead collected in a pure electromagnetic contribution. Finally, the log-
arithms originating from the gap between M, and M, are of minor importance and are
collected together.

The second consequence is the presence of longitudinal gauge bosons as physical states.
These bosons are not present in a symmetric gauge theory, since they represent a charac-
teristic feature of spontaneous symmetry breaking, arising in the Higgs mechanism together
with the Higgs boson. In the high-energy limit, above the EWSB scale, longitudinal gauge
bosons are related to the unphysical components of the scalar doublet, the Goldstone bosons,
by means of the Goldstone-boson equivalence theorem, that will be treated in Sec. 3.3.

In the following sections we summarize the formalism and the results obtained in refs. [8, 9]
for the description of the high-energy limit of electroweak one-loop corrections. We first fix
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the notation and introduce some concepts useful to derive the universal formulae that describe
the Sudakov limit. Then, we report these process-independent correction factors.

3.2 Structure of the Sudakov logarithms

We begin by fixing some conventions and notations. The particles involved in a process
can be fermions, scalar particles and gauge bosons. Chiral fermions and antifermions are
denoted by fi, and fi,, where k = L,R stands for the chirality, ¢ = 4 denotes the
weak isospin, j = 1,2, 3 corresponds to the fermion generation and f = @), L distinguishes
between quarks and leptons. Gauge bosons are denoted by V¢ = A, Z, W*, and they can
be transversely (V) or longitudinally (V,*) polarized. Finally, scalar particles are denoted
by ®; = H,x,¢*. H is the Higgs boson, while y and ¢* are the Goldstone bosons, that
can be used to treat processes with longitudinally polarized gauge bosons (Z,, W) by the
Goldstone-boson equivalence theorem. All of these fields are labeled by ;.

We now consider an arbitrary process involving m incoming and n —m outgoing particles
with momenta p;,

21(P1) - - m(Bm) = Pt (Prmy1) - - on(Pn)- (3.1)

As a convention we deal with all particles incoming, so that the process can be written as

©1(P1) - - - P (Pm) Prms1(=Pms1) - - - Pn(—Pn) = 0, (3.2)

i.e. substituting outgoing particles with the corresponding incoming antiparticles, and revers-
ing their momenta.

Defining now p; = p; if the i-th particle in eq. (3.1) is incoming, p; = —p; if it is outgoing,
the process (3.2) can be written as

Y1 (pl) s @m(pm) @m—&-l(pm—&-l) s @n(pn) — 07 (3'3)

and for the matrix element we have

M2 (py . pp) = GEEa(py ... pa) H vy, (D5)- (3.4)

J=1

The function G is the Green function associated to the process, and the fact that its elements
are underlined means that the external legs are truncated. This function is then contracted
with the wave functions v, (p;) of the external particles: these are the Dirac spinors if the
external particle is a fermion, the polarization vectors for gauge bosons, and 1 if the external
particles are scalars.

In order to reach the Sudakov limit, we focus on the following kinematic region: we
consider the external legs on shell, and all the other kinematic invariants much larger than
the electroweak scale,

N 2
(Z}%) ~s>M,, 1<N<n-1L1 (3.5)
i=1

This request corresponds to a high center-of-mass energy and considerable scattering angles:
in this region the matrix elements can be expanded in the small parameters M;/\/s < 1,
where the various M; represent the mass scales that enter the process. In order to consider
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only matrix elements that are not mass-suppressed, we restrict ourselves to the ones that at
leading order scale as

MG (pr . pa) ~ EY, (3.6)

being d the mass dimension of the matrix element. For the one-loop corrections, defining
[l = [(ox +21)?| ~ 12p1 - 21| > M, (3.7)
we consider only double- and single-logarithmic corrections of order

ST MPE (py ) ~ EL
SSEMPLPn (py L py) ~ B, (3.8)

where L and [ are the double and single logarithms

(8% |’f‘ kl|

L = L(|ry|, M?) = — log® ==, l=1(ry|, M?) = —log —=-. 3.9

(Irul, M7') = —log i (Irwal, M7') = o log (3.9)

In this way, we neglect contributions of order M E¥ "L M" E4 "] and aE?, the latter
because they are constant with respect to the leading-order matrix element.

In order to make the results as symmetric as possible we relate the energy-dependent part

of the logarithms to the scales s and My,. We then write all the logarithms in terms of

S

27
M,

Q

47

(07

s
L(s) = L(s, M?2) = i log R
w

log? I(s) = 1(s, M2) = (3.10)
and logarithms of mass ratios and ratios of invariants. Finally, we collect together all the
double-logarithmic contributions proportional to L(s) and I(s)log(|ry|/s), and the single-
logarithmic contributions proportional to [(s), that make up the main part of the correc-
tions. They can be thought of as the part of the corrections that originates from above the
electroweak scale.

We do not include «log(M2/M?2,) terms, since My, ~ M,, apart from the contributions
proportional to I(s)log(M2/M?2) which grow with the energy. We also neglect pure angular
contributions of type alog®(|ru|/s) and alog(|ry|/s), since, in the Sudakov limit, all the
kinematic invariants are of the order of s.

In this limit, it has been shown in refs. [8-10] that the virtual one-loop corrections assume

the general form

sMP (0 oo = SN T 00 b )
1) n A 1 8)\1 1S n

@11 Pyt

The first term is the contribution related to the renormalization d); of the dimensionless
parameters \; that appear in the matrix element. The second term contains contributions
that factorize in momentum space into leading-order matrix elements multiplied by univer-
sal correction factors, 67, . These are tensors with SU(2) x U(1) indices that can be
associated to single external particles or to pairs of them. The dimensionless correction fac-
tors, together with the running of the coupling constants, can be evaluated in a completely
process-independent way keeping the dominant L(s) and I(s) terms. The SU(2) transformed

matrix elements Mg %" instead, are process-dependent.
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It can be proven [8] that mass singularities arise in one-loop diagrams from a restricted set
of Feynman diagrams, in specific regions of the loop momentum, namely from diagrams with
virtual gauge bosons coupled to the external legs in the momentum regions in which these
bosons are soft and/or collinear to the external legs. The factorization of these contributions
is a consequence of gauge symmetry, in particular of the charge-conservation relations and
the Ward identities of the electroweak theory. The result is a set of logarithmic corrections
that, grouped together, take the form

SM = 5" M + 55 M + §°M + 6" M. (3.12)

The first two terms correspond to the double-logarithmic contributions: they originate from
one-loop diagrams in which soft-collinear gauge bosons are exchanged between pairs of ex-
ternal legs. The leading part 0“°¢ consists of angular-independent double logarithms like
L(s), while the subleading part §°5° contains the angular-dependent contributions propor-
tional to [(s)log(|rw|/s). The other terms are instead single-logarithmic contributions. The
factor 0 contains collinear or soft single logarithms, originating from the renormalization
of the asymptotic fields, from corrections to processes involving longitudinal gauge bosons,
and from the emission of collinear virtual gauge bosons from the external legs. 6™ collects
instead the contributions of ultraviolet origin, related to the renormalization of the dimen-
sionless parameters.

These NLL corrections can be further grouped in 6°" = §5¢ + §%5¢ and in 6% = §° + §**.
In the following sections we report the analytic formulae for these correction factors. In the
derivation of the results, some group-theoretical quantities are involved, such as the electric
charge @) of the external particles, their weak isospin 7%, or the electroweak Casimir C*V:
their values can be found in App. A. We introduce some shorthand notations: with sy, and
cw we refer to sinfy, and cos 6y, respectively, where 6, is the Weinberg angle.

3.3 The Goldstone-boson equivalence theorem

In order to obtain the structure of eq. (3.12) for the one-loop electroweak corrections, one
of the fundamental requests is to neglect mass-suppressed matrix elements. However, this
approach is not applicable to processes that involve longitudinal gauge bosons V¢ = 7, W,
To understand the reason, we consider a process with a longitudinal gauge boson and n other
external particles,

V(@) e1(p1) - - - on(pn) = 0. (3.13)

The matrix element is given by
o Vie
MYVES#n (g, pr . pa) = ei(q) G 5 (g, pr Hv% p;); (3.14)

in which the amputated Green function G is contracted with the Dirac spinors and with the
longitudinal polarization vector

q* Mo
e;(q) = Mo +(9( o > (3.15)

with ¢° = Eye > M,.. We immediately see that the matrix element contains mass terms in
the denominator: in this case, then, it appears clear that the contributions of order M, E4™
cannot be neglected.
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However, in the high-energy limit the dominant part of the longitudinal polarization vec-
tor is proportional to the momentum of the gauge boson: for this reason the matrix element
can be simplified using the electroweak Ward identities. These relations connect amputated
Green functions involving longitudinal gauge bosons with amputated Green functions in-
volving the corresponding Goldstone bosons. The result is the Goldstone-boson equivalence
theorem (GBET) [95, 96], and can be stated as

MVE P1n (¢,p1---pn) = i(1=Qva) AV A PaP1oipn (¢,p1...pn) + O (MEd_l) . (3.16)

The factor
AV =14+8A"" (3.17)

consists of a trivial lowest-order contribution and a loop part, that enters the computation
of the single-logarithmic corrections associated to the external particles, contained in §°.

In 1985 this theorem was generalized to matrix elements involving more than one lon-
gitudinal boson. The proof can be found in ref. [97], the result is that the substitution of
eq. (3.16) applies to each of the m bosons involved, and the original matrix element becomes

m
MVE VT 1o (@1 Gm, P1--Pn) = H (1= Quar) 4V
k=1

MO P gy ) + O (MBS, (318)

Thanks to this theorem, at leading order the matrix element can be rewritten as
Mg)/gl"'vgm P1.--Pn H 1 Qvak q)al Dapy P10 + O (MEd—l) ’ (319)

while the one-loop corrections split up into two parts, as

<
<
<
3
N
§
||M3

:«>.
§

VLam P1.--Pn + H Z‘(l*Qvak )5M‘ba1"'¢’am “pl"'@”, (320)
k=1

which means that the corrections to the GBET are combined with the corrections to the
matrix element involving Goldstone bosons.

3.4 Double-logarithmic corrections

The double-logarithmic corrections originate from those loop diagrams in which virtual gauge
bosons V= A, Z,W* are exchanged between pairs of external legs. The logarithmic contri-
butions come from the integration region in which the exchanged bosons are soft and collinear
to one of the external particles. Like in QCD, the integrals can be computed using the eikonal
approximation, that consists in neglecting all mass terms and setting the momentum of the
gauge boson to zero. It can be shown that these contributions are the only ones that are
not mass-suppressed in the eikonal limit: for example, the exchange of a fermion between
two external lines would give a suppressed contribution due to the Dirac equation for the
fermionic spinor and to the identity p*> = p* = m7, that introduces a mass term in the matrix
element.

The detailed derivation of the results can be found in ref. [8]. Here we sketch the procedure
and list the resulting formulae. Considering the exchange of a virtual gauge boson V¢ between
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two external legs k and [, the one-loop corrections evaluated in eikonal approximation turn
out to be

n
DL P1-.-Pn _ Ve va Pl Pt e PPy
0" M - Z Z Z Z ]S%/Sﬂk ISDl“Pl MO

k=1 I<k Vae=AZ W* ¢, 0p

o
X [1 M2 L) Y I gOm,Jwva,zwwm,)] , (3.21)
m=k,
where the integral
dz M2 — M2, — M? M?
Io(My, Mya, My) = — [ — log| 1+ —2 v L L o2 3.22
C( 1’ v 2) /0‘ ‘T Og( Mga_,le x—i_Mga_ZEx) ( )

gives large logarithms only if the mass of the soft gauge boson V¢ is much smaller than
one of the other masses. This happens in the case of photon exchange diagrams, and with
weak-boson exchanges in which one of the particles ¢,,, ¢, is a top quark or a Higgs boson.

The eikonal approximation applies to external chiral fermions, transverse gauge bosons
and Higgs bosons. Because of the longitudinal polarization vectors, matrix elements involving
longitudinal gauge bosons have to be expressed in terms of matrix elements involving the
corresponding Goldstone bosons, using the GBET, according to eq. (3.19). Since the one-
loop corrections to the GBET do not involve double-logarithmic contributions, we can apply
this theorem in its leading-order form,

3

MV VT @ron = T a0 Quew) gP1 A Pe-- B @10 (3.23)

By inspecting eq. (3.21) we note that the log?(|ry|/M2.) terms are angular-dependent, since
they contain the invariant r;. In order to make the result as symmetric as possible, we can
split these contributions into

T | kl’ 2 [Tl
log? | = log” —
M2, M 2 M 2
The last term can be neglected if all the invariants are of the same order. In this way we can
separate the leading soft-collinear contributions from the subleading ones, that depend upon

the angles between the involved momenta.

+ 2log

log — + log (3.24)

3.4.1 Leading soft-collinear contributions

Using some charge-conservation relations in the high-energy limit, that follow from the
SU(2) x U(1) global symmetry, the angular-independent leading soft-collinear corrections
in eq. (3.21) can be written as a single sum over external legs. Evaluating the sum over
the gauge bosons, and keeping the angular-independent part in eq. (3.24), these corrections
become

BUMEn =D D D MET (3.25)
k=1 @pr
in which the correction factors take the form
2
ew 2 S (0% 9
1
+ Lo — 5 ikLem(Sv A2,mfak)} . (3.26)
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The first term represents the double-logarithmic symmetric electroweak part, proportional to
the electroweak Casimir C®V that can be found in eq. (A.13). This term is always negative,
and diagonal except in the case of neutral gauge bosons, where some mixing happens due to
the non-diagonal components C%) and C3"%. The factor

M2, M2, m2 ]

Lem(s,)\Q,mi) 5 log —5- 2 Y 4 log? SVl — log? 2 (3.27)

47T

21
oo

contains logarithms of electromagnetic origin, that diverge when taking the limit of the
photon mass A — 0. Finally, ;7" is relevant only if one of the particles ¢, @) is a heavy
quark, a Higgs boson or a longitudinal gauge boson:

R Tl b
SESON = 6,y % % og? XZ—;V (3.29)
Lok = % % og’ ]\% (3.30)
OO = % {4331/03‘/ log® %};’ + Z;W log® ]]\\44312:} : (3.31)
s % é 2 5\‘44_;21 (3.32)
gson _ Lo My (3.33)

= — lo .
A 4s2,c2, g’ M?

3.4.2 Subleading soft-collinear contributions

The second term of eq. (3.24) maintains a sum over the possible pairs of external legs, and
constitutes the subleading part of the corrections,

RLCEEES 9 DD DD DRIV R e

k=1 I<k Va=A,Z,WE @,y

The contributions from the various gauge bosons are:

M3, |7 kz|
A, SSC o
O pnprsr = Gy [IOg M2, + log 5~ 2 ] log =17 ., 12,0, (3.35)
Z,SSC _ o S |7
55%'%%‘?1’% o % 10g M‘?V 1 0g —— s [jk/SOk ISDZ/‘PZ’ (336)
w*,ssc _ & S |7’kz| +
R . log M_Vzvl I(,Dk/gok Igolmpl (3.37)

The couplings I* and 7 are diagonal, except for I# in the neutral scalar sector (H, x): this
means that also these corrections generally factorize over the original Born matrix element.
For the exchange of W¥ bosons, owing to the non-diagonal matrices /=, some contributions
coming from SU(2)-transformed Born matrix elements appear. They are generally not related
to the original Born matrix element and have to be evaluated explicitly.
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3.5 Single-logarithmic corrections

The corrections with a single-logarithmic structure originate from the renormalization of
the asymptotic states, from the corrections to the GBET, from mass-singular loop diagrams
in which a collinear virtual gauge boson is emitted and from the renormalization of the
dimensionless parameters that appear in the matrix element. In the derivation of these
results, we exploit the renormalization-scale independence of the S matrix and we set the
dimensional-regularization scale to p? = s, so that only mass-singular logarithms of type
log(u?/M?2) and log(s/M?2) are large.

3.5.1 Corrections associated to external particles

The first part of these corrections comes from the collinear limit of loop diagrams in which an
external line splits into two internal lines. In this case too, following ref. [8] it can be proven
that, in the collinear approximation, we obtain contributions that are not mass-suppressed
only if at least one of the internal lines after the splitting is a gauge boson.

These corrections must be added to the mass singularities that originate from the renor-
malization of the asymptotic fields and from the corrections to the GBET. The contributions
associated to external fermions, transverse gauge bosons and Higgs bosons are given by the
known field-renormalization constants (FRCs), 67, /2 for each external leg. For longitudinal
gauge bosons, together with the FRCs, we also have to consider the corrections to the GBET
dAY" as in eq. (3.17).

The FRCs are fixed such that the fields do not mix and the residua of renormalized
propagators are equal to one: this means that the renormalized fields correspond to physical
fields, and no extra wave function renormalization constants are required. For this reason the
wave function renormalization factors that usually appear on the right-hand side of eq. (3.4)
are set to 1.

Taking care of the double counting (for example we have to subtract the soft-collinear
part of the result, already included in 6“9), also these single-logarithmic contributions can
be written as a sum over the external legs,

MO =B Y B METT (3.38)
k=1 @
with
_ coll
551&‘1% o (6‘:\25901@ + 5‘:%/%%) ,u2:s . (339)

For external Higgs bosons the correction factor reads

a 5 M? 3 m? s m?
0= — 209" log — — 1 2 — cl —1 Sl 3.40
in= 1 205 (lon 577 —om ) - o 7t (los g7 e (340
For transverse gauge bosons, instead, we obtain
a (1 .o ow S M?
STav;z = [5 (b0 + b5, Evaye) log Uz + 8pays Q2 log )\—;V
w
M2, M? m? 1
+ 5vavb 248%VVMV2V log Mé; + Tvavb log M—é‘/] - §5VGA5vbA AO{(M‘?V) (3.41)

The factors b5% , are given in eqs. (A.36) - (A.39), Eya.+ is non-vanishing only for the
neutral gauge-boson combinations F,, = —FE,, = 1, and the last term Aa(]\/[‘f,) corresponds
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to the running of the electromagnetic coupling constant from zero momentum transfer to the

scale My,,
2

M,
Aa(M2) = 33 > NLQy log (3.42)
" "
The sum runs over the generations j = 1,2,3 of leptons and quarks with isospin ¢ = =+,
omitting the top quark, and NZ is the colour factor. Tlaya has components

1 8
TWW = 2_2a TZA - 07 TAA = =
sz, 9
9 — 2452, + 3254 1652, — 6 (3.43)
T — w w T — w
7z 3652, c2 ’ Az Sy Crr
W =W w W

The correction factor for external chiral fermions is

C /g !
5]” Jfe =9 ]6‘”’{4

in which the term 6" is relevant only for external heavy quarks,

o

1 M? ]\42
ew 2 W
QCfJ lo g +Q d<§logm—?+log )\2 )

65 } (3.44)

foo
o % {— (s) E—é + - log ]\”;ng (A?Z;V Lo gi;c{i i 1)} , (3.45)
& = 55%1 [—Z(S) E—ng + %logﬁ—é (ﬁ—é - )] . (3.47)
Finally, for longitudinal gauge bosons we have
538/"5 = 6va,v“% {QC’(%W log ]\/ZQV — 4;/ ]\TZ‘; (logMi‘%/ — log XZ—;)
+ 83];‘]%\2/2 lo j\\g + Q7. log ]\f—ﬂ (3.48)

3.5.2 Logarithms from parameter renormalization

The last source of logarithmic corrections comes from the renormalization of the parameters
that appear in the considered matrix element. These corrections can be obtained from

M@l “Pn
6PRM¢1 Pn __ Z _5/\1 ) (349)
z 2
where d\; are the counterterms that renormalize the bare parameters \;,

At high energies and for matrix elements that are not mass-suppressed, the running of the
masses in the propagators or in couplings with mass dimension gives only mass-suppressed
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contributions. For this reason, we can restrict ourselves to the running of the dimensionless
parameters \; = g1, g2, Ay, Ay, i.e. the gauge couplings g¢i, go, the Higgs self-coupling A

and the top-quark Yukawa coupling \;.

They represent a convenient set of independent

parameters to describe electroweak processes at high energies, but they are not directly related
to observable quantities. We then use the parameters \; = e, cy, hy, by, that involve the
electric charge e, the cosine of the Weinberg angle ¢, and two mass ratios hy = M2 /M2, and
hy = my/My,. For the renormalization of these parameters the on-shell scheme is adopted [98].

The electric charge is defined in the Thomson limit of Compton scattering,

the masses of

the gauge bosons and of the top quark are defined as the poles of the propagators of the
corresponding physical fields and the Weinberg angle is fixed by ¢y, = My, /M.
After the parameters have been renormalized, they can be translated into the original set

of parameters by the following relations:

2

€ (& € €

= —, = —, A = — s >\ =
g1 o 92 . H 28‘2/‘, H t \/§SW
The relations for the corresponding counterterms, instead, are
o _ e 1dd,
g1 e 2’
b de 1o _de & od
g2 e 2 s e 282 ¢
a0 O
)\H g2 th 7
(5At . 592 (5ht
Ay 92 hy

h. (3.51)

(3.52)

(3.53)

(3.54)

(3.55)

In the third relation additional effects originating from tadpole renormalization have been

absorbed into a redefinition of the counterterm §h, — Shef.
We now list the counterterms for the physical set of parameters, from

which one can

obtain the single-logarithmic corrections to the desired process according to eq. (3.49):

2

de 1 o I 9
o = 9 |:_ EbAA IOgM_VQV + AO‘(]WW) )
oes, _ OMZ  oMj
v Mg Mj
2 2 2 4 2
a [ Sw,ew L M; 9+ 6s;, — 325}, m;
= L AW e 1 . 1
dr [cw R VPR VF) 1822 ez |
Sheft a 3M?2 1 w? ; m?
- pew w 1 — 60V |1 c 1 t
e am { { ww T2z \C T e e |8 T3e 8
+ 3M, <log i~ — log Mg’) + NG my (1 — 22’%> <log—2
252, M2, M2 M2 s2,. M2, M2 M2
3 ) 9M?2 1 M?
—Cg - Y14+ — ) | log—= .
5 g g () e
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Ohy a [1 ,u2 3+ 2Nt m?2 3 M2 m2
0 = - bew 1 C t 2 Cew Cew 1 - l n
he  in {2 ww 108 3 | =55 = e — o (G + G| (o 0 —log 37
1 m; 5 M3
- 205" ) log 7 log ~—% 3.5
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The renormalization of the Weinberg angle is obtained combining the renormalization factors
for the masses of the vector bosons,

SMZ. « 2 N m? u? m?
= = (0, — A0S c Ty — log —L
M2, in {( vev w108 e+ o5 g (8 e ~ s g
5M2%, . M2 2N! m?
b2 qog iy 2T, L og —t} (3.60)
6s2,M2 M2 3 UV T M2

3.6 The leading-pole approximation

In order to derive the one-loop Sudakov electroweak corrections to the associated production
of a Higgs boson and a vector boson that decays leptonically, plus eventually a jet, we must
make some approximations that regard the virtualities of the particles involved. Denoting
by P, = q,q, g a generic parton, the leading-order process can be written as

Pu(p1) Pa(p2) = H(ps) V(E) (Po(pe)) — H(ps) (o) Blps) (Polpe) ), (3.61)

where k = pys + ps. In HV production, Fj is not present, and the two incoming partons are
always a quark-antiquark pair. When considering HV7, instead, the additional gluon can be
in both the initial or final state.

As outlined in ref. [99], the treatment of processes that involve the production and decay
of unstable particles like the vector boson V' in eq. (3.61) poses some theoretical problems
when considering gauge invariance. In fact, an intermediate gauge boson with momentum
k and mass M, can give rise to poles 1/(k? — M?2) if it is treated as a stable particle. This
problem can be resolved by introducing the gauge boson decay width, i.e. by performing the

replacement
1 1

M2 K= M2+l M,
The decay width arises naturally when resumming to all orders the imaginary parts of higher-
order diagrams that describe the gauge boson self-energy. However, in performing this sum-
mation, only a restricted subset of diagrams is included. The results obtained considering
incomplete higher-order contributions can thus violate the Ward identities of the theory or
retain some gauge dependence.

One way to ensure gauge invariance is to use the pole scheme [99]: in this scheme the
complete amplitude is decomposed by expanding it around the poles. Since the physically-
observable residues of the poles are by themselves gauge invariant, gauge invariance is not
broken if the finite width is taken into account in the pole terms, as in eq. (3.62). This
procedure can be viewed as a gauge-invariant prescription for performing an expansion in
powers of I'y, /M. However, there is no unique definition of the residues, since their calcu-
lation involves a mapping of off-shell matrix elements with off-shell kinematics to on-shell
matrix elements with restricted kinematics. The ambiguity comes from the fact that this
mapping is not unique, since one has to specify the variables that must be kept fixed in the
mapping. The resulting implementation dependence manifests itself in differences of order

(3.62)
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O(I'y /M, ). However, when electroweak corrections are taken into account, these differences
become subleading since they are multiplied by a factor a. The intrinsic error associated to
this procedure goes then below 0.1% except far off resonance, where the pole scheme cannot
be viewed as an effective expansion in powers of 'y, /M.

In order to apply the pole scheme to the associated production processes HV and HV7, we
write the propagator of the unstable gauge boson as a sum over the vector boson polarizations,

1 e e (k)
%z
K2 — M2 Ty M, < g ) Z . M2 +zr M, (3:63)

In this way the complete matrix element factorizes into the matrix element for the production
of a Higgs boson and a vector boson (plus eventually a jet), multiplied by the intermediate
fixed-width propagator and by the matrix element for the decay of the vector boson. This is
called leading-pole approximation (LPA),

Py Py Hiy I (P, 1 Py Py HVy (Ps) i
M(]lLF?; 1l2(Ps) _ =5 I T ZM 1Py H V) ( GMVA—>12 (3.64)

The momentum of the vector boson must be projected on shell in order to ensure gauge
invariance, both in the production and in the decay subprocesses. In the overall propagator,
instead, it retains its original value. The sum runs over the physical helicities of the vector
boson.

3.6.1 On-shell projection

In order to use the leading-pole approximation, we need to build a mapping that, conserving
energy and momentum, projects on shell the momentum of the vector boson and rescales its
decay products. We choose to keep fixed the solid angles formed by the vector boson and by
one of the leptons.

In the center-of-mass frame of the HV pair, the spatial momenta of the vector boson and
of the Higgs boson are equal and opposite, k= —p3: as a consequence, preserving the solid
angle of the vector boson also preserves the direction of the Higgs boson. In this frame the
two four-momenta can be written as

k= (EVJZ)  pg= (EH, —E) . (3.65)

The condition that has to be fulfilled, in order to have on-shell bosons and preserve the
energy, is

V5= B + B = P+ M + VPP + (3.60)

where p°" is a vector with the same direction of k. This relation, solved for |p°"|, gives

—»on| _

1 2
2\/3 [s — (My + My)?] [s — (M, — My)?], (3.67)
and thus

M2 — M?
E® = PR+ M2 = e 2‘\//§ L8 (3.68)

s+ M2 — M?
pon24+ M2 = ——2E Y 3.69

on
EH
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Summing up the results, the on-shell projected boson momenta read
e o e R e (o A | (3.70)

At this point we have to rescale the momentum of the decay products, to comply with the
on-shell projection just performed. To this end, we choose to keep fixed the direction of
the lepton [(py): the result can be obtained simply by multiplying the components of its
momentum by (°", computed in the following way. Care has to be taken in choosing this
rescaling factor such that both the lepton and the antilepton remain massless. In other words,
the following relations have to be fulfilled together:

(P +pg")* = M2
pg" = ¢ pa
pgt =y —pg"
(p§")* = (p")* = 0.
Combining the first two relations and using the fact that the leptons are massless we get

2¢°" (py - p2™) = M?Z. Inserting now the third relation into this one, we finally obtain the
rescaling factor

(3.71)

2

en— My (3.72)
2 (pa - )

For processes that do not involve the production of a jet at Born level, the HV center-of-mass

frame coincides with the partonic one. For HVj processes, since the jet recoils against the

HYV pair, we first have to perform a boost in the center-of-mass frame of the Hl;l, system,

and carry out all the previous steps on the boosted momenta. At the end, we return to the

laboratory frame with an inverse boost.

If the center-of-mass energy is smaller than the sum of the vector-boson physical masses,
Vs < My + My, the argument of the square root in eq. (3.67) becomes negative. In this
case, the event has not enough energy even to produce a vector boson and a Higgs boson at
rest. For this reason, if this happens we set the whole matrix element of eq. (3.64) to zero.

3.6.2 Virtual corrections in the leading-pole approximation

The leading-pole approximation has many advantages in the context of virtual corrections.
Apart from providing a gauge invariant answer, it reduces drastically the number of diagrams
that have to be computed, since the matrix element splits into components with less particles
than the original process. On the other hand, the definition of the LPA is somehow prob-
lematic for photon emission diagrams. Photon radiation from the initial and from the final
states leads to propagators that become resonant at different locations in the phase space,
depending on the photon energy. For this reason, the LPA will be applied only to the virtual
corrections, while for the real emissions, for the computation of the counterterms and for the
leading-order contributions we use the full matrix elements.

In leading-pole approximation, the electroweak corrections to processes that involve the
production and decay of an unstable particle can be divided into two categories: the factor-
izable corrections and the non-factorizable ones. The former are the ones associated either
to the production or to the decay subprocess, while the latter connect these subprocesses.
However, for many processes [100-103], the non-factorizable corrections turn out to be very
small: the most relevant contributions come from the exchange of soft photons between the
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production and decay subprocesses, but they typically give percent-level corrections. For this
reason, in this work we neglect them and focus only on the factorizable ones. The corrections
to the matrix element (3.64) can then be written as

_ ) 1 5 I
5MP1P2—>Hl1l2(P6) _ |:5MP1P2—>HV>\(P6) MVA—)llh
LPA k* — M2 + il M, ; ’
i M(1)91152—>HVA(P6) 5MVA_>l1[2:| : (3.73)

where the various 6 M denote the virtual corrections to that particular process. Since the
decay process involves no high-energy variables, being all of the kinematic quantities of the
order of M, the corresponding virtual corrections vanish in the Sudakov limit. For this
reason, we do not consider the term in the second line of eq. (3.73), and we obtain

_ _ 1 _ _
5MP1P2—>H11Z2(P6) — 5MP1P2—>HV)\(P6) MV)\_)ZIZQ. 3.74
LPA k2 — M2 +ily My 4 0 (3.74)

The virtual contribution to the cross section is given by the interference between this matrix
element and My, evaluated in leading-pole approximation.

We need then to compute the matrix elements for the production and the decay sub-
processes, for both transverse and longitudinal V' bosons. The production of a longitudinal
gauge boson can be treated using the GBET, substituting it with the corresponding Gold-
stone boson. For the decay process, instead, we can keep the longitudinal gauge boson, since
the GBET applies at high energies and this process does not involve high-energy variables.
Moreover, if we used the GBET, the matrix element for the resulting process would con-
tain a vertex ¢f f’, that is proportional to the mass of the fermions involved, and thus the
contribution would vanish.
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Chapter 4

The NLO Sudakov corrections to the
HY and HV) processes

This chapter is dedicated to the computation of the NLO Sudakov electroweak corrections
to the associated production of a Higgs boson with a vector boson and eventually a jet, in
leading-pole approximation. We consider only leptonic decays of the vector boson, excluding
the Z — vv channel. In the following we refer to leptons of the first generation, although our
results remain valid also for the other generations, as long as these particles are considered as
massless. With v and d we denote generic up- and down-type quarks, with no assumptions
on their generation, unless specified.

We first describe these processes at leading order, calculating their matrix elements for
both transverse and longitudinal vector bosons. Then, we move to the inclusion of one-
loop corrections in the high-energy regime, deriving the correction factors from the general
formulae described in the previous chapter.

All the group-theoretical quantities involved in the following are listed in App. A, while
the detailed derivation of the results can be found in App. B.

4.1 The HW associated production

We start from describing the production of a Higgs boson with a W boson that decays into
an electron-neutrino pair. Due to the couplings of the W boson, this process involves only
left-chiral quarks and leptons

d(p1) s (p2) — H(ps) W™ (k) — H(ps) e, (pa) Ve(ps), (4.1)

d(p1) ur(p2) — H(ps) W (k) — H(ps) €] (pa) ve(ps). (4.2)
We focus only on these two processes, since the ones with the initial-state particles inter-
changed can be described in the same way, and are related by simple transformations. In

leading-pole approximation, we need the matrix elements for the production and decay of
both transverse and longitudinal W bosons.

4.1.1 Production of a transverse W~ boson

The Feynman diagram for the production of a transverse W~ boson is shown in the left-hand
side of fig. 4.1. The process can be written as d,(p1) u,(p2) = H(ps) W, (k) or, making all
the particles incoming,

dy(p1) G (p2) H(—ps) Wi (—k) — 0. (4.3)
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Figure 4.1: Feynman diagram for the associated production of a Higgs boson with a transverse W~ bo-
son (left), and with a ¢~ Goldstone boson (right), at leading order.

Its matrix element can be written as

@ + 2 Ar_
MCOlL LHWr _ € . M,, VuCZlKM 2 : (4'4)
2sz, q

where the spinorial part has been grouped in A;_ as in eq. (B.7). Here and in the following
sections, ¢ = p; + p2. The process with exchanged initial particles has the same matrix
element apart from the spinorial part, that becomes

Al =i 0L (p1)Y" ur(p2) €, (—F). (4.5)

4.1.2 Production of a longitudinal W~ boson

The production of a longitudinal W~ boson has the same structure as for a transverse one.
Nevertheless, at high energies this particle has to be substituted by the corresponding Gold-
stone boson, according to the GBET. The result is shown in the right-hand side of fig. 4.1.
The process, with all particles incoming, is

dy(p1) Uz (p2) H(—ps) W, (=k) = 0, (4.6)
and the application of the GBET formula in eq. (3.19) turns it into
./\/l(thﬂLlLﬂ/VL+ _ i(l—QW+)MgLﬂLH¢+ _ MgLﬂLH¢+. (47)

The computation of the matrix element gives

2
MgLfLLHWg _ MgLﬁLH¢+ o € VCKI\/I AL_ (48)

- 2\/583‘/ ud q2 3

having defined A, as in eq. (B.47). In this case too, the exchange of the initial-state particles
produces a modification only in the spinorial part

AL = —i0,(p)y" ur(p2) (=K + ps)y. (4.9)

By inspecting the results obtained in eqs. (4.4) and (4.8), we see that the former contains
a factor My, coming from the Higgs vertex, that is absent in the longitudinal case. The
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transverse matrix element is then mass-suppressed and, at high energies, it should be ne-
glected. Moreover, the universal formulae for the electroweak Sudakov corrections, derived
in Chap. 3, are based on some identities that are fulfilled only by matrix elements that, in
the high-energy limit, are not mass-suppressed. Therefore, they should not be applied to
this process. Nevertheless, several results that contribute to the Sudakov logarithms, like
eq. (3.21) or the running-coupling effects, can be applied even to mass-suppressed matrix
elements. We can then compute the Sudakov corrections for the production of a transverse
W boson, and compare the results with the full electroweak one-loop corrections in order to
obtain information about the correctness of this approximation. In Sec. 4.6.3 we study the
relevance of the transverse polarization, both at leading order and with the inclusion of elec-
troweak corrections, to understand if can be effectively neglected due to its mass suppression
or if it has to be included.

4.1.3 Decay of the W~ boson

The matrix element for the decay of a W~ boson has the same form for all the polarizations A,

M — \/563 . ()", (ps) € (k). (4.10)

4.1.4 Production of a transverse W boson

The matrix element for the production of a transverse W™ boson,

dy(p1) ur(p2) H(—p3) W, (k) — 0, (4.11)
is very similar to the one for the W~ boson, the only relevant change is in the spinorial part,
where the quark spinors are interchanged,

2 !

- _ A
MW €y o e (4.12)

V252, q2

The exchange of the initial-state particles causes the replacement of A/, with A;_.

4.1.5 Production of a longitudinal W boson
Applying the GBET to the process d,(p1)u.(p2) H(—p3) W, (—=k) — 0 we get, differently
from the W~ case,

MgL“LHWE _ Z’(l*Qw—)MgLULI'hﬁ_ _ _Mg_LULHQb_. (4_13)
The vertex that involves the Goldstone boson changes sign, so that we obtain once again

= _ . 2 /
MgLuLHWL _ _MdLuLH¢7 _ € CKM AL—

= — . 4.14
0 2\/553‘/ ud q2 ( )

As for the W~ boson, changing the initial-state particles amounts to using A,_ as spinorial
part. Again, the transverse matrix element is mass-suppressed with respect to the longitudi-
nal one.
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4.1.6 Decay of the W boson
The decay of a W boson is given for all polarizations by

Wi —etre . €

My = —1
‘ \/ESW

y (ps)y"vr (pa) €, (F). (4.15)

4.1.7 Sudakov electroweak corrections

The Sudakov electroweak corrections can be obtained by applying the procedure described
in Secs. 3.4 and 3.5 to the processes under study.

The correction factors containing logarithms of type log(M?2 /A?), which involve the ficti-
tious photon mass A, represent the IR-divergent part of the corrections coming from photon-
exchange diagrams. In order to obtain a finite result, these contributions should be combined
with the soft-collinear singularities of real photon emission. This subtraction procedure is
performed in the POWHEG BOX RES in dimensional regularization. The POWHEG BOX RES re-
quires the finite part of the virtual cross section with a precise normalization factor, as
described in egs. (2.11) and (2.12) of ref. [14]. A mapping of the A-logarithms into € poles
is then mandatory, in order to consistently match the Sudakov corrections to the POWHEG
subtraction. While for processes with massive fermions and without W bosons in the final
state this mapping is known,

1 5 1

it is not entirely clear if an analogous formula holds for the processes under study. For this
reason, in the following we do not omit the Sudakov correction factors that contain logarithms
of type log(M?2 /\?). Further studies regarding this issue will be performed in the near future,
in order to define a matching procedure that allows to obtain correctly matched results.

As will be described in Secs. 4.3.4 and 4.4, for HZ and HZj production a matching
can be derived. This matching is approximate in the HZj case, and exact for HZ. For
the W-boson production processes, instead, this procedure is more complicated, due to the
presence of charged gauge bosons to which the photon couples. The corresponding results,
then, are not precisely matched to the POWHEG BOX RES. This is certainly a problem from
the theoretical point of view and for the analysis of the NLO results obtained including
the Sudakov EW corrections. For the analysis of the showered events in Chap. 5, however,
we focus on the results obtained with full QCD+EW accuracy, that contain the complete
one-loop electroweak corrections and are thus perfectly matched to the POWHEG BOX RES.

The logarithms of type log(M?2 / m?c), that involve the masses of the light fermions my,
together with the factor Aa(M?2), are instead relevant only if the on-shell scheme is used,
with «(0) as input. As described in Sec. 4.5, in the implementation of these processes we
use the G, scheme, that already incorporates these terms in the definition of ay,. For these
reasons, in both HV and HVj production, we do not consider the Aa(M2) term and the
logarithms that contain my-.

Moreover, since the bottom quark is considered as massless, we do not include the
terms 0,°“" and ¢, " in our correction factors.

For processes that involve only four particles, p; + ps + ps +ps — 0, some identities relate
the kinematic invariants: in particular, ris = r34, 713 = 794 and r14 = r23. The formula that
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describes the subleading soft-collinear corrections, eq. (3.34), simplifies then to
@ M?
SsC p1P2p3P4 w
0> MRS — o E E {log + log M2,

Vaz=A, Z, W oy

P1P1 T Porp2 0 P31 P3 TPy

12 a a a a
x [1og| |(JV I3 o MG I MG

P1rP1 = P3rP3 Por P2 ‘P4“P4

+10g| | (IV“ [ M%01/‘P2803/<P4+ v Mwwgwam/)
S

+ 10g| 14| (Iva M‘P1/<P2‘P3<P4/+IV“
S

P1rP1 T Pyrpa Par P2 <P3/<P3

M‘PI‘P2“P3”P4>:| . (4.17)

To obtain these factors, we split them into two components, one coming from the exchange
of neutral gauge bosons, the other from the exchange of charged bosons

= + = + - +
5sschLuLHWT — 5ssc,nMdLuLHWT + 5ssc,iMdLuLHWT' (4.18)

We now compute the corrections to the associated production of a Higgs boson and a W~
boson, and we obtain the correction factors for the W case from these results.

Transverse case

We focus on the process of eq. (4.3), whose matrix element is given in eq. (4.4). In the com-
putation of the single-logarithmic corrections associated to the parameter renormalization,
the parameters that have to be renormalized are e, My and s, . The correction factor for
the last one can be obtained from

8./\/10 (562 a-/\/lO (SCZ

2 Yw = T 9o YCwe
ocz, 0s?,

(4.19)

Even if M,, is a dimensional parameter, in this case its renormalization must not be neglected
because the original matrix element is mass-suppressed. The corresponding correction factor
would indeed give a contribution that scales with energy exactly as the matrix element does.
For the leading soft-collinear contributions we obtain
. 1
§HEC MW {— 5 L(s) 2657 + €3 + OF] + 6,7
2
Z

T2 ULV + () 4+ (5 + (1)) = 5 (@ Lan(s, 3% )

+1(s)log
+ Q2 L5142 + Qs Lol 2. 32)] b M, (420)
where C¢" = C5¥ = Cg¥ and the factors Len(s, A*,m) and 6;°°" are given in egs. (3.27)
and (3.31).
Defining t = (p; — p3)?> = r13 and u = (p; — k)? = ry4, the subleading soft-collinear factors
take the form
_ t
5SSC’“MdLuLHW;: = |:2Z(S) (RdLW+ log % - RuLw+l g !)

|ul

2
. (Q log 1l — 9,1 '“)QW]MO, (4.21)
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z zZ
(SSSC,j:MdeLLHW,IJf — 2[(5) Sw {logm (IuL . Qu + [dL )

s \2cy  2sy  S%cw

17 I?
—logm( 4, _ Qi + ==& )] M. (4.22)

s \2cw 25w Sicw

Ry, 4, is a factor related to the charge and to the weak isospin of the involved particles
according to

R¢1¢2 = Q¢1Q¢2 + 151152- (4'23)

The single-logarithmic corrections associated to external particles read

i 3 m? mi 1 M,
5CMdLuLHWIf — {g |i(__t + T ) lOg . + (_ _ 2crew) log _H:|
4m m 24s;, ? M3,

w

ew ew 1 ew 3 m2

w w

e M 02 02 4oL g 4.24
+E Og?(@d—i_Qu—i_Qw) 0, (4.24)

with Ty and b5, defined respectively in egs. (3.43) and (A.39). Finally, for the corrections
from parameter renormalization we obtain

5PRMdLULHW;:{Ck|: 5 lOgMg_(9+653V—32s§V+TWW_ 3 mf)l mf}

4 |12s2 P02 185t 152, M2 ) 82
3 3 m?

+(s) (— A Vo, L —t> } Mo, (4.25)
2 ww 482 M2

where we have included the contributions coming from the W-boson mass renormalization.
Moving to the process with the initial-state particles interchanged, we can obtain its
correction factors from the ones that we have just calculated. Indeed, the spinorial part
changes, but this does not influence the structure of the electroweak corrections since they
factorize on it. Most of the corrections involve a sum over the external particles: for this
reason, the exchange of the position of two particles plays no role, and the contributions
remain the same. The only modifications concern the subleading soft-collinear corrections:
interchanging the initial-state particles, the kinematic invariants become |ry;| < |ry;], for
j =3,4, i.e. t becomes u and vice-versa. The subleading soft-collinear corrections can then
be obtained from the previous ones, eqs. (4.21) and (4.22), simply by switching ¢ and w.
The corrections to the production of a transverse W™ boson turn out to be the same
as the ones for HW production, since all of the group-theoretical quantities that appear
in the formulae take the same value for the two kinds of processes considered (for example,

(I7,)% = (17)% Oy = CR).

Longitudinal case

We now move to the calculation of the corrections to the associated production of a Higgs
boson and a longitudinal W~ boson, starting from the process (4.6). By applying the GBET
we found that the matrix element for this process is equivalent to the one for the production
of a Higgs boson and a ¢~ Goldstone boson. The same equivalence also holds for the one-loop
corrections: for this reason we compute SM82H9"  The matrix element has been computed
in eq. (4.8): in this case, the parameters that have to be renormalized are only e and sy, .
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The leading soft-collinear contributions take the form

5LschLﬂLH¢+ _ {—L(S) (C§W+C§>‘”) +5[L{SC,h+ LSC,h

ot
o) og 312 (7,02 (12, + (I + (122~ 3 Q3 Lunls )
+ Q2 Lom (8, A*,m) + Q7 Lew(s, \*, M3)] }Mo, (4.26)
while the subleading ones, split according to eq. (4.18), read
e et — 2o S Qg - Q10 ) @t

+2I(s) {log id (il 1] — Ruy4+) — log u(zlz 17 — Rdmﬁ)} Mo, (4.27)

Hx~ ur

Hx ur,

_ t
5SSC’iMdLuLH¢+ = 2[(8) |:10gg (Zjlix]ci - RuL¢+) - 10g % (Z]Z IZ RdL¢+):| Mo. (428)
In the end, the single-logarithmic corrections are

2 2
drapHét _ o 3 mt my 1 ew M
IMETTE = {E {232 M2 %80t (832 — 263" Jlog 3

2
my

+1(s) l30§w+4(]§,w 2 I8

:| +10g ]\fg (Qd + Q2 + Q2)} M07 (4 29)

5PRMdLﬂLH¢+

« 5 M?2 9+ 652, — 325t m2
= |— log W log —L | — bV . 4.
[47r (632 Sz 1854 Mgv) bwwus)} Mo (4.30)

The correction factors for the process with the initial-state particles interchanged, and the
ones for the production of a longitudinal W+ boson, can be obtained by applying the same
procedure described in the transverse case.

4.2 The HWj associated production

The quark-initiated associated production of a Higgs boson with a W boson and a jet is given
by the following partonic processes,

dp(p1) ur(p2) — H(ps) W (k) g(ps) — H(ps) e, (pa) Ve(ps) 9(ps), (4.31)
d.(p1) us(p2) — H(ps) W (k) g(ps) — H(ps) €} (pa) ve(ps) 9(ps), (4.32)

plus the ones with an initial-state particle interchanged with the final-state gluon. We begin
by describing the process (4.31): by applying the leading-pole approximation we see that,
also for HWj production, we need to distinguish between transverse and longitudinal W
bosons. Nevertheless, the results are very similar to the HW case: the only relevant change
is the insertion of a gluon along the fermionic line. We first write the fermionic current as

Nl PR s

S5 = 0alpa) 7 (p — pe)? (ps — p2)

Fo =Pl v (), (4.33)
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in which & labels the chirality of the quarks involved. The processes and its matrix elements,
with all particles incoming, are then

d(p1) e (p2) H(=p3) Wy (—k) g(=ps) — 0, (4.34)
. 2
dLuLHW g 7 € CKM a v_T
M, ™ = ——=—M st4SE e (—k) €,(—ps), 4.35
. 2
drap HWig drarHotyg t € CKM a v
MEEHWES ity L S (ke 4 pa) e (—ps), (4.36
0 BN g ( P3)u€u(—ps), (4.36)

being g, the strong coupling constant and t* the colour matrix. The matrix element with the
initial-state particles interchanged can be obtained by modifying the spinorial part as done
in HW production, while the processes with a gluon in the initial state can be described by
applying crossing symmetry.

The computation of the Sudakov corrections almost comes for free from the HW case.
This is due to the fact that the only added particle, the gluon, is not involved in the elec-
troweak corrections because of its quantum numbers: for this reason many of the corrections,
that consist in a sum of radiator functions over the external particles, remain unchanged. In
particular, 6" M, §° M and §°® M maintain the same values of HW production for both the
transverse and the longitudinal cases. The only change is in 0%°° M, because with five parti-
cles involved the kinematic invariants are not equal one to another anymore. Moreover, when
considering processes with the gluon in the initial state, the application of crossing symmetry
modifies some of the kinematic invariants ry;. For example, in the process g, — HW d, the
kinematic logarithm related to the exchange of a vector boson between the two quarks does
not involve anymore 719, but rather ro. By applying crossing symmetry, however, we can
use the original correction factors in which we perform the exchange 15 <> 196. As a result,
in these cases log(|r12|/s) does not vanish anymore. Applying the general formula (3.34) for
the subleading soft-collinear corrections, in the transverse case we obtain

2

)\2

5SSC,nMdLﬁLHW%Lg — —lOg |T12|

o tog 2 (108 0 0,0 10 0,0, ~10g 2

QdQu) MO

+2I(s) (log Ir ;4’ Ry, w+—log @ R, w+—log |7“712] RdLuL) My, (4.37)

SSC,+ A qdrar, HWi g _ |T’23| Qq [ci; |T24| [dZL
0P M 9 = 2l(s)sy |log — + log 22—z

s 28y 2cy s s%cw
|7”13| Qu ]f |7”14| ]qf
—1 - —L ) —log — —% . 4.38
%% 28w 2cyw %8s s2, cy Mo (4.38)

For the production of a longitudinal W~ boson, instead, the results are

( |T14‘ Qd Q¢ log — |T24| quﬁ — log ’T12| Qd)

2

6SSC,nMdLﬂLH¢+g — log )\2

+21(s) {— 1og’ ;2’ Ruy,q, + log Ir ;4’ Ry, s — 1og@3m+
+alZ, (1og—|7°;3‘ Iz —log Ir 23’12 + log ‘Z‘*' )] Mo, (4.39)
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g pgiots's = o) fog 72 e <108

—ilZ, (10g Iral 17, —log [rad] IdLH M. (4.40)
S

The corrections to the process with the exchanged initial particles can be obtained from
these ones by transposing r13 <+ ro3 and 714 <> r94. The W™ case has the same leading-order
matrix element as the W~ apart from the spinorial component, and the same corrections.

4.3 The HZ associated production

By repeating the procedure used in the previous sections we can obtain the Sudakov correc-
tions to the associated production of a Higgs boson and a Z boson. The main difference with
respect to the production of a W boson is that the neutral gauge boson couples to both left-
and right-handed currents. We use

q(p1) @(p2) — H(ps) Z(k) — H(ps) " (ps) e (ps) (4.41)

as working example, and we obtain the results for the process with initial-state particles
interchanged in the same way as in the HW case. Since both left- and right-handed particles
are involved, we can write the process in leading-pole approximation, making the chiralities
Kk, k' explicit, as

wGn—Het e 1 HZ ZA—>e e
Mq qr— w Rl : quqﬁ—> 2\ M w! 442

0,LPA k,Q o M% + 'ZFZM Z ( )
When computing the squared matrix element, the only terms that contribute to the final

result are
2

? 1 wQr—HZ Z)\—>e:,e;,
- <k2 _ M§)2 + F%Mg Z ZMg e A Mo . (4.43)
K,k A

We then need the matrix elements for the production and decay of both transverse and
longitudinal Z bosons, with the different chiralities involved.

qg—Hete~
)MQLPA

4.3.1 Production of a transverse Z boson

The production of a transverse Z boson, q(p1) q(p2) — H(ps) Z+(k), where ¢ stands for both
up- and down-type quarks, has the same structure as the W boson case. Making all the
particles incoming this process becomes

q(p1) G(p2) H(—p3) Z+(—k) — 0. (4.44)

In writing the matrix element we keep track of the quark chirality x in the group-theoretical
quantities involved, so that we can describe both the left- and right-handed cases at the same
time. The matrix element for this process can then be written as

MITHZr e*M, Z

SWCW

(4.45)

with the spinorial part collected in A%, according to eq. (B.78). The process with exchanged
initial particles gives the same matrix element apart from the spinorial part, that becomes

AITNZ =—1 'Dn(plyyuun(p” 62(_16) (446)
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4.3.2 Production of a longitudinal Z boson

The production of a longitudinal Z boson, with all particles incoming, reads

q(p1) G(p2) H(—ps) Z,(=k) — 0, (4.47)

and the application of the GBET formula gives

MEIHZL = (1=Q2) \aIX = pg307IX (4.48)

The matrix element is
quHZL _ ~MQ¢?HX — e’ Iz A’ZZ 4.49
0 =My —qunqz’ (4.49)

having defined A%, in eq. (B.126). Even in this case, the exchange of the initial-state particles
modifies only the spinorial part, turning it into

AL = —iTe(p )V un(p2) (—F + D3) - (4.50)

As we can see by inspecting the results obtained, the mass-suppression of the transverse
matrix element manifests itself also for the Z boson case, due to the fact that the topology
of the HW and HZ production processes is the same. The comments of Sec. 4.1.2 on the
relevance of the transverse polarization also hold for this process.

4.3.3 Decay of the Z boson

The matrix element for the decay of a Z boson is the same for all the polarizations A, and is
made up of two components, one for each lepton chirality «’, like for the quark current,

./\/lZ*_wJre :—zeZI Uper ( ”Unf(pél)eﬁ(k’). (4.51)

4.3.4 Sudakov electroweak corrections
Transverse case

For the process in eq. (4.44) the matrix element has the form given in eq. (4.45): we thus
need to compute the correction factors for left- and right-handed initial state particles, that
multiply the corresponding part of the matrix element. The structure of these factors how-
ever remains the same both varying the flavour ¢ of the particles involved and considering
different chiralities k. The corrections coming from parameter renormalization involve the
renormalization of e, ¢, and M, that has to be included for the same reasons of My,. In
performing the renormalization of the Weinberg angle, we recall that it appears also in the
definition of I, as in eq. (A.12).
For the process involving g, and its corresponding antiparticle, the leading soft-collinear
corrections read
1

§USC ManHIT {— 5 L(s) [2057 + O3 + O3] + 6,7

2

+1(s )log]]\\j [2(12) +(I§)2] —QgLem(s,AQ,mg)}MO. (4.52)

w
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The subleading soft-collinear contributions, instead, have a different form for up- and down-
type quarks. Moreover, they come only from the exchange of charged bosons, and for this
reason they involve only left-handed particles. Defining a common factor

cw(ltc) [, It |u \

F55¢ = — WQS—:‘?VW |:] 4 1Og (4.53)

the corrections for up- and down-type quarks become

 HZ FSSC

C Uk Uy —
555C M [A— 6/@Ll(5) ]Z MO; (454)
dedcHZ o F77°
ssc wdr o CKM

55 M To= G, Z VoK 7 Mo, (4.55)
in which the sum over the quark generations does not include the top quark, u; = wu,c.

Moving to the single-logarithmic contributions, we obtain

. 3 m? m? M? M?
gOMasastize ) X[ 2 T p e T Z__o0ev ) o
M {47r 1o,z H ez Jloe g | gra e — 208 | lee g

ew ew 1 ew 3 m? a 2 M2
+l(8) lBC’qK + 20@ + Ebzz — E M—‘?V} + % Qq log )\—;V MO; (456)

e p et HZr {gK 5 5Py M )log M3

A [\ 652,  6¢2, 1252 M2

9+ 652, — 325k 1 3 2 2
(94653, — 325y, pb)p, o 3 MmN
18s2, 2 s

1 3
+z()[ b +qu I + 205" Qb%—s—ﬁ”Mo, (4.57)
w

with the flavour- and chirality-dependent factor p,, defined in eq. (B.121).

The process with interchanged initial-state particles gives the same correction factors:
to obtain them we should perform a ¢ <> u exchange, but eq. (4.53) is symmetric in these
invariants.

Longitudinal case

We now analyze the production of a longitudinal Z boson, see eq. (4.47), that, as usual,
has to be treated according to the GBET, and it gives the matrix element of eq. (4.49): the
parameters that have to be renormalized are therefore e and cy,.

For the longitudinal case too we consider the corrections to the process involving quarks
q with chirality x: the leading soft-collinear corrections are

2
§HC st = {— L(s) [C2% + O3] +20(s) log 22 [(IZ 2 + (%)

M‘?V 9k
RO G~ Q2 L, 1) Mo (4.58)
To compute the subleading soft-collinear contributions we define a common factor
Cw t] |ul
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and separate the corrections to processes with initial-state up- and down-type quarks accord-
ing to

5SSC ureHx 5.1 FESC
M = Ourl(s) 77 Mo, (4.60)
ssC A qdwdcHx _ CKM 2 FSSC

555° M = 5.l § Ve MO (4.61)

Finally, the single-logarithmic corrections are

5CMQN‘?NHX — g 3 mt ]_ g mt + Mg
ir (252 M2 O8Nz T\ 38202

w

M2
a0z g 2]
w

ew ew 3 m% o 2 M2
+ l(S) |E%CW~ + 4C¢ - E M_‘?V:| + % Qq log )\—;/V MO; (462)
_ 1 p 5 M2  9+6s% — 32s! m?
5PR aqrHXx _ g i dk ey | H w w 1 t
M {47r(s2 * cgv> [6 82 182, °M2
+1(s) { Y+ qf—W beW} } M. (4.63)

Interchanging the initial-state particles does not modify the results, for the same symmetry
reasons explained before.

For HZ production we can easily perform the matching between the A-logarithms and
the € poles. In fact, since the only virtual diagram that involves the exchange of a photon
is the correction to the quark vertex, we know exactly this correction factor in dimensional
regularization. By setting u? = s, all the dominant contributions vanish, and the same must
hold for the Sudakov corrections expressed in logarithmic form. To this end, we can neglect
all the terms proportional to log(M2 /A\?), and add the following term to the final result,

6E\natchM%¢7mHZA — Qg [L(S) _ 3[(3)] MO‘ (464)

The double-logarithmic term is needed to cancel the photonic contribution to C*V in the §™5¢

factors, while the single-logarithmic one removes the charge-dependence of C*V in €.

4.4 The HZj associated production

The last process to be implemented is the HZj associated production process. The quark-
initiated partonic process is given by

q(p1) @(p2) = H(ps) Z(k) g(ps) — H(ps) €™ (ps) e~ (ps) 9(ps), (4.65)

plus initial-state particles interchanged and crossing-symmetry processes. The matrix ele-
ments for the production of a transverse and a longitudinal Z boson are similar to the ones
in HZ production, with the insertion of a gluon,

q(p1) q(p2) H(—p3) Zx(—k) g(—ps) — 0, (4.66)
: 2
q. ¢ € a v
METHZT9 _?EMzgst > 17 S e (—k) e (—ps), (4.67)
62

MITHZLs —  pqaatixg gt > 172 SM (—k +ps)e,(—ps).  (4.68)

q° 28w
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The fermionic current S#” is defined in eq. (4.33). The Sudakov corrections are almost equal
to the case without the jet, apart from the subleading soft-collinear contributions. For the
transverse case we have

p— o M? |7“12|
§SCn Masa Iy — {2l(s) anqﬁ%logA—ZvQ?] log == Mo, (4.69)

e [(s) 0, 1|1 r
(5ssc,iM wUeHZrg L {__[§SWCW(10g| ;3| —|—10 | 23‘) —i—IdZLl ‘ ;2’

z 2
Iz s

3 Iz
+ (log Irad + log |Tz4|>} + 263, <% — uL) log@}/\/lo, (4.70)

SW Sw Cw

550 pqdndsHZrg ZnL {32 Z’ yo| [—swcw (log |’f’;3| + log \7’23’)
dr,

3
— 17 log ’r;ﬂ + v (1 g—‘t“‘ +log _Im!ﬂ

Sw S

IZ
2, <% _ ﬂ) log |Tz4| } Mo, (4.71)

Sw Cw

having distinguished between up- and down-type initial quarks. The corrections to the lon-
gitudinal case take the form

§35Cn MIGHXg — 9] () [anqn log —|T;2| + (z’[ﬁx)Qlog —|Tz4|} M,
2) |“2’M 472
+_Q 0g —— )\2 05 ( . )
. 1(5)0n1 |712] |734]
y U U H _ ’LL ¢ 3
R e [1@1 e
Wour,

s <log@ + 10g|r—;4| + log ‘23‘ + log ’Tz4|>} Mo, (4.73)

7 Z(S)(S |T34| Rd |T12|
5350+ dedsHxg _ KL _lo L¢> CKM 2 ]z 1
M 0g + Z %S ;

+ S (log —|T;3| + log —|T;4| + log ]7“23| + log |Tz4|)} } M. (4.74)

These results also hold for the processes with exchanged initial quarks, because they would
require the permutations 73 <> 7193 and ry4 <> 794, but the expressions above are sym-
metric under it. For this process, the matching of the A-logarithms into € poles is not as
straightforward as in the HZ case, and we cannot define a matching contribution analogous
to eq. (4.64). Nevertheless, the complete photonic one-loop corrections can be obtained by
evaluating the analytic QCD virtual amplitude with Cp = 1 and C', = 0. This does not
represent the Sudakov photonic corrections, but it is still a result that, in the high-energy
limit, gives the correct behaviour. By inserting it in place of the formulae for the Sudakov
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photonic corrections, adding also a term

. r
Sateh AfandnHZrg — QS L(s) — 3l(s) + 2I(s) log ‘%2' Mo, (4.75)
in order to cancel the photonic contributions to 0“%¢, §%°¢ and ¢, we can then have more
precise predictions than what would be obtained by simply neglecting the log(M2 /\?) terms
without introducing any matching factor.

4.5 Input parameters

In this thesis we consider LHC proton-proton collisions at a center-of-mass energy of 13 TeV.
As input parameters to study HV and HVj production we use the following masses and
widths for the gauge bosons,

M, = 91.1876 GeV, I, =2.509 GeV,
M, = 80.399 GeV, Iy = 2.099 GeV. (4.76)

The widths of the W and Z bosons are consistently calculated at NLO QCD using the other
input parameters. We consider the Higgs boson on shell, with zero width and a mass equal
to My = 125 GeV. Assigning a finite width to the Higgs boson in the final state could
invalidate some Ward identities of the electroweak theory: proceeding with zero width, we
avoid these possible problems. The treatment of unstable particles is done in the complex-
mass scheme [104]. In this scheme the masses are considered as complex quantities,

pi = M? —ilyM;  for i=W,Zt. (4.77)

This leads to complex couplings and, in particular, to a complex weak mixing angle. The
electroweak couplings are then derived according to the G, scheme, that represents the
optimal choice to describe pure SU(2) interactions at the electroweak scale. The fundamental
parameters are the (complex-valued) masses of the W and Z bosons and the Fermi constant,
G, =1.16637x10"° GeV 2. Starting from them, the Weinberg angle and the electromagnetic
coupling constant are given by

M
12

252 12 G 1
s2 =1 =1-c, o= ‘\/_SWMW £l = (4.78)
m

©132.28’

and all the other couplings can be derived accordingly. In this scheme, the weak corrections
to muon decay are included in the renormalization of the electric charge [40]: as a conse-
quence, the electroweak corrections are independent of logarithms of the light-quark masses.
Moreover, this definition of « effectively resums the contributions associated with the run-
ning of the electromagnetic coupling constant from zero energy transfer to the electroweak
scale My, that correspond to the factor Aa(M?2) of eq. (3.42). For the values of the CKM
matrix we use

d S b
U 0.97428 0.2253 0.00347 (4.79)
|[VeRM| = ¢ 0.2252 0.97345 0.0410 '

t 0.00862 0.0403 0.999152

We use the NNPDF2.3_as 0119_qed parton distribution set [105], that includes QED contri-
butions to the parton evolution (PDF number 244800 from LHAPDF6 [106]). The value of
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as(My) from this set is 0.119. Finally, in HV production, the renormalization and factoriza-
tion scales are set equal to the invariant mass of the HV pair at underlying-Born level,

2
Mr = fip = Myy, MEJV = (pH +Pn _'_pfz) ) (4'80)

while in HVj the MiNLO procedure discussed in Sec. 2.5.1 is applied, and the scales are set
accordingly.

4.6 Validations

We now illustrate several validation checks that we have done. We first compare the NLO EW
predictions of the POWHEG BOX RES for HW and HZ production with the fixed-order NLO
results obtained with HAWK [41]. To this end, we set the flag ged_qgcd to 1 in the input file in
order to compute only electroweak corrections. These are obtained by including the virtual
contribution and the real emission of a photon, as explained in Sec. 2.1.1. Then, we verify
the validity of the leading-pole approximation and carry out some studies on the relevance
of the vector-boson polarizations, both at leading order and with the inclusion of NLL. EW
corrections.

Since in these tests we include different contributions to the virtual electroweak cross
section (i.e. the full corrections or their Sudakov approximation), we need to be able to
switch between them. The POWHEG BOX RES implementation of the processes under study
offers this possibility, by changing the value of the flag select _ew virt in the input file.
When this flag is set to 1 the full virtual contribution, provided by OpenLoops, is evaluated.
By setting it to 2, instead, the virtual electroweak cross section is obtained by computing
only its high-energy limit, using the formulae derived in Secs. 4.1.7 and 4.2 for the associated
production of a Higgs boson, a W boson and eventually a jet, and applying the formulae
in Secs. 4.3.4 and 4.4 for HZ/HZj. The leading-order and the real terms are obtained by
considering the corresponding complete matrix elements, i.e. without applying the leading-
pole approximation, as explained in Sec. 3.6.2. The Born amplitudes that enter the Sudakov
corrections are instead factorized into production and decay terms, and are computed in the
high-energy limit. The corresponding formulae can be found in the previous sections of this
chapter. Finally, by choosing 0, the virtual electroweak contribution is completely excluded.
If no value is selected, the default behaviour of the code is to perform the full calculation.

4.6.1 Comparison of the electroweak corrections to HV produc-
tion with HAWK

In this section we compare the NLO EW POWHEG BOX RES implementation of HV produc-
tion with the NLO results obtained with HAWK. This code was originally designed for the
description of Higgs boson production via vector boson fusion, but the topology of the two
processes is very similar since the same amplitudes appear in a crossed variant. The code
has then been adapted by the authors to deal also with the associated production processes.

HAWK gives the possibility to include or omit real corrections due to photon-initiated
processes: since in the POWHEG BOX RES these ones have not been taken into account because
of the smallness of the photon PDF, we exclude them accordingly in the HAWK computation.
The CKM matrix elements are set to

Vaa | = [VE™ | = 0.974, Vas ™I = V™ = /1 = V™%, (4.81)
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omitting the mixing with the third generation of quarks. Moreover, owing to the smallness of
the bb-initiated contribution in HZ production, this channel has not been included. Finally,
since in HAWK the renormalization and factorization scales are by default set to the sum of
the Higgs and the vector boson physical masses,

i = pp =M, +M,, V=W,27 (4.82)

in this comparison we set the POWHEG BOX RES scales accordingly. Moving to event selections,
photons are recombined with charged leptons if R,; < 0.1, where R,; is the angular separation
variable in the y — ¢ plane, between the photon and the charged lepton,

Ry = \/(yy — )+ A¢2,. (4.83)

Here, y denotes the rapidity, and ¢.; the angle between [ and 7. In case of recombination of
the photon with the lepton, we simply add their momenta and consider the resulting particle
as a “dressed lepton”. If more than one charged lepton is present in the final state, the
possible recombination is performed with the lepton having the smallest value of R.;. After
recombination, we apply the following cuts on the charged leptons,

ph. > 20GeV, ly'| < 2.5, (4.84)
while for HW production we also require a missing transverse momentum of
F. > 25GeV. (4.85)

In the following we show the results for this comparison.
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Figure 4.2: NLO EW predictions for the transverse momentum of the Higgs boson in HW production.
Comparison between the POWHEG BOX RES (solid lines) and the HAWK (dashed lines) implementations, for
both HW~ and HW ™ production. Due to the complete overlap of the curves, the dashed lines are hardly
visible.

In the figures related to HW production, the POWHEG BOX RES results are plotted with a
solid line, while the HAWK ones are plotted with a dashed line. In many plots some lines are
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hardly visible: this is due to the complete overlap among the curves. The distributions for
HW™ production are reported in blue, and the ones for HW ™ production are shown in red.
The vertical bars represent the statistical errors associated to the integration procedure.

Figure 4.2 shows this comparison for the Higgs boson transverse-momentum distribution.
The agreement between the POWHEG BOX RES and the HAWK implementations is perfect within
the statistical uncertainties, such that the two curves are almost indistinguishable. Similar
conclusions can be drawn for the Higgs boson rapidity and pseudorapidity, reported in figs. 4.3
and 4.4: the two curves are indistinguishable in the whole y* and n" ranges considered. Then,
in figs. 4.5 and 4.6 we show the missing transverse momentum and the rapidity of the lepton:
for these distributions too the agreement between the implementations is remarkable.
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Figure 4.3: NLO EW predictions for the rapidity of the Higgs boson. Same labels as in fig. 4.2.
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Figure 4.4: NLO EW predictions for the pseudorapidity of the Higgs boson. Same labels as in fig. 4.2.
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Figure 4.5: NLO EW predictions for the missing transverse momentum. Same labels as in fig. 4.2.
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Figure 4.6: NLO EW predictions for the rapidity of the lepton. Same labels as fig. 4.2.

At the end, in figs. 4.7 - 4.11 we repeat this comparison for HZ production, drawing the
same conclusions. We remark that, even for this series of plots, the complete overlap between
the two results makes one of the curves hardly visible. Nevertheless, each plot contains two
curves.
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Figure 4.7: NLO EW predictions for the transverse momentum of the Higgs boson in HZ production.
Comparison between the POWHEG BOX RES and the HAWK implementations.
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Figure 4.8: NLO EW predictions for the rapidity of the Higgs boson. Same labels as in fig. 4.7.
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Figure 4.9: NLO EW predictions for the pseudorapidity of the Higgs boson. Same labels as in fig. 4.7.
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Figure 4.10: NLO EW predictions for the transverse momentum of the electron. Same labels as in fig. 4.7.
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Figure 4.11: NLO EW predictions for the rapidity of the electron. Same labels as in fig. 4.7.

4.6.2 Validation of the leading-pole approximation

In order to implement the Sudakov corrections, we first have to make sure that the leading-
pole approximation provides a good estimate of the full matrix element. We focus on HW
and HWj production: we consider leading-order results, and we compare the complete re-
sults with the ones obtained using the approximated matrix elements. For HWj, we apply
the MiNLO procedure described in Sec. 2.5.1 in order not to require a minimum transverse
momentum for the leading jet. In the plots, the complete results are reported with a solid
line, while the approximated ones are shown with a dashed line. In some plots, due to the
overlap between the solid and the dashed curves, the latter is hardly visible. Nevertheless,
each plot contains both solid and dashed lines. The vertical bars represent the statistical
errors associated to the integration procedure.

HW- HW+ HW HWj
o0 [fb] | 51.19 4 0.04 | 80.09 & 0.06 | 44.07 & 0.03 | 69.53 + 0.05
o0 [fb] | 50.89 + 0.04 | 79.64 4 0.06 | 43.83 & 0.03 | 69.15 + 0.05

Table 4.1: Total leading-order cross section for the HW and HWj production processes at a center-of-mass
energy of /s = 13 TeV, for the complete calculation and for its leading-pole approximation. The HWj cross
sections have been computed with the MiNLO procedure active.

We begin by giving the total cross sections in tab. 4.1: the differences between the two
implementations are less than 1%. Moving to more differential cross sections, we plot the
W-boson transverse momentum in fig. 4.12. These distributions disagree for values of p;
below 60 GeV, with discrepancies that reach 10%, while above this value the agreement be-
tween the two implementations is remarkable. This is due to the fact that, if the partonic
center-of-mass energy is not high enough, when performing the on-shell projection the argu-
ment of the square root in eq. (3.67) becomes negative. When this happens, as explained in
Sec. 3.6.1, we set the whole matrix element to zero. As a consequence, the low-p; region,
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Figure 4.12: Leading-order predictions for the transverse momentum of the W boson in two different ranges
of p¥¥. Comparison between the full matrix element (solid lines) and its leading-pole approximation (dashed
lines), for both HW ™ and HW ™ production.

generally characterized by a smaller center-of-mass energy, is not described adequately by
the leading-pole approximation.
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Figure 4.13: Leading-order predictions for the invariant mass of the W boson. Same labels as in fig. 4.12.

The invariant mass distribution of fig. 4.13 shows what one expects from the leading-pole
approximation: it agrees with the full result near the resonance peak, while it is not reliable
far off resonance.

The same conclusions can be drawn for the lepton transverse momentum, its rapidity and
the Higgs boson rapidity, shown in figs. 4.14 - 4.16. Similar results can be obtained for HWj
production, as can be seen in figs. 4.17 - 4.21, and for HZ/HZj production, not shown here
since they do not differ much from the W-boson case.

We can thus conclude that the LPA is a good approximation of the complete calculation,
and we can use it to compute the NLL electroweak corrections.
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Figure 4.14: Leading-order predictions for the transverse momentum of the lepton. Same labels as in fig. 4.12.
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Figure 4.15: Leading-order predictions for the rapidity of the lepton. Same labels as in fig. 4.12.
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Figure 4.16: Leading-order predictions for the rapidity of the Higgs boson. Same labels as in fig. 4.12.
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Figure 4.17: Leading-order predictions for the transverse momentum of the W boson in two different ranges
of p¥¥. Comparison between the full matrix element (solid lines) and its leading-pole approximation (dashed
lines), for both HW —j and HW *j production.
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Figure 4.18: Leading-order predictions for the invariant mass of the W boson. Same labels as in fig. 4.17.
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Figure 4.19: Leading-order predictions for the transverse momentum of the lepton. Same labels as in fig. 4.17.
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Figure 4.20: Leading-order predictions for the rapidity of the lepton. Same labels as in fig. 4.17.
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Figure 4.21: Leading-order predictions for the rapidity of the Higgs boson. Same labels as in fig. 4.17.

4.6.3 Relevance of the vector-boson polarizations

Leading-order results

We now investigate the impact of the different vector-boson polarizations on the total and
differential cross sections. As shown before, the matrix element for the production of a
transverse vector boson is mass-suppressed, since it contains a factor M, that is absent in
the longitudinal case. When the center-of-mass energy is high enough, then, its contribution
to the total result should be negligible. We analyze this energy dependence for HZ and
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HZj production. The W-boson production processes have the same behaviour, and are not
reported.
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Figure 4.22: Leading-order predictions in leading-pole approximation for the transverse momentum of the
Higgs boson in two different ranges of pZ, for HZ production. Comparison between the results obtained
considering a transverse (T) and a longitudinal (L) Z boson.

1074 1074
= = 107
O -5 U
1 —
= -0
be 106 I [ 10
=) F NN
T | T
=] 10,7 [ < 104
I LOLPA, L —— S~ 1 10-16 | LOLPA, L —— T ]
N — T
1078 E I L(\) LPA\/ T L L L L %x? 10*18 I LO LF\)A T I L L ]
0 50 100 150 200 250 300 350 400 0 500 1000 1500 2000 2500 3000
Py [GeV] Py [GeV]

Figure 4.23: Leading-order predictions in leading-pole approximation for the transverse momentum of the
electron in two different ranges of p$. . Same labels as in fig. 4.22.

By inspecting fig. 4.22, that shows the Higgs boson transverse-momentum distribution in
two different ranges of pZ, we can clearly see that, starting from pZ ~ M,, the contribution
coming from the transversely polarized Z boson becomes rapidly subdominant, and in the
TeV region it is smaller than the longitudinal one by 2-3 orders of magnitude. Since at leading
order the two bosons are produced back-to-back, the partonic center-of-mass energy must be
least /s 2 2pH, which in turn means that when p# > M, we are approaching the Sudakov
region. The same conclusions can be drawn also for the transverse-momentum distribution
of the electron, in fig. 4.23. In this case the predominance of the longitudinal polarization
becomes manifest at even lower p, values, around 50 GeV.

In figs. 4.24 and 4.25 we show the same plots for HZj production, for which we can draw
very similar conclusions. For this reason, from now on, we focus only on HZ production.

We compare now the leading-order calculation of HZ production performed in leading-
pole approximation with the one obtained using only the longitudinal polarization. We expect
some discrepancies between the two results, especially in the low-energy region, that decrease
when moving towards the Sudakov regime. By analyzing the total cross section, reported in
tab. 4.2, we find large differences.
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Figure 4.24: Leading-order predictions in leading-pole approximation for the transverse momentum of the
Higgs boson in two different ranges of p, for HZj production. Comparison between the results obtained
considering a transverse (T) and a longitudinal (L) Z boson.
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Figure 4.25: Leading-order predictions in leading-pole approximation for the transverse momentum of the
electron in two different ranges of pS . Same labels as in fig. 4.24.

1 [fD] Tipa ]

LPA

21.894 £ 0.005 | 11.213 £ 0.002

Table 4.2: Total leading-order cross section in leading-pole approximation for the HZ production process at
a center-of-mass energy of /s = 13 TeV, and results obtained considering only a longitudinal Z boson.

This result is consistent with the fact that the low-p, region determines the bulk of the
cross section, and here the transverse-polarization contribution is not negligible, being it
comparable with the longitudinal one, or even bigger (as shown in fig. 4.22).

The analysis of the Higgs boson transverse momentum, reported in fig. 4.26, confirms
this fact. At p ~ 500 GeV (or, in other words, /s 2 1 TeV) the two implementations
start overlapping, becoming equal in the TeV region where the transverse component is
highly mass-suppressed. The rapidity distribution in fig. 4.27, instead, reflects the striking
difference observed at the level of total cross section: here we find differences of order 50%
or more between the two implementations.

Summing up, if we limit to leading-order calculations the transverse component cannot
be neglected in order to have reliable results, because it contributes to the bulk of the cross
section.
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Figure 4.26: Leading-order predictions in leading-pole approximation for the transverse momentum of the
Higgs boson in two different ranges of pZ. Comparison between the results obtained considering the complete
process and the ones with a longitudinal Z boson.
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Figure 4.27: Leading-order predictions in leading-pole approximation for the rapidity of the Higgs boson.
Same labels as in fig. 4.26.

Next-to-leading-logarithmic electroweak results

When introducing NLL electroweak corrections, instead, the mass suppression becomes ev-
ident also in the low-p, regions. In the following figures we show the same distributions
just analyzed, with the inclusion of the full Born matrix element, the approximated one-loop
corrections and real photon radiation.

O.NLL EW [fb] O.ELL EW [fb]

21.886 £ 0.005 | 22.160 £+ 0.005

Table 4.3: Total NLL EW cross section for the HZ production process at a center-of-mass energy of
/s = 13 TeV, and results obtained considering only a longitudinal Z boson.

We compare the NLL corrections with the ones obtained considering only the longitudinal
matrix element. Looking at the total cross sections in tab. 4.3, we find very small differences
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between the two implementations. These results are extremely similar to ofg, in tab. 4.2:
this reflects the small impact of the electroweak corrections on inclusive quantities. The
similarity of the results of tab. 4.3, together with the differences between of***V and o7, |
of tab. 4.2, can be ascribed to the fact that, when including NLL EW corrections, the Born
term gives the dominant contribution to the total cross section, and it is computed using the

full matrix element rather than its expression in leading-pole approximation.
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Figure 4.28: NLL EW predictions for the transverse momentum of the Higgs boson in two different ranges
of pi. Comparison between the results obtained considering the complete process and the ones with a
longitudinal Z boson.
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Figure 4.29: NLL EW predictions for the rapidity of the Higgs boson. Same labels as in fig. 4.28.

Moving to more exclusive distributions, in figs. 4.28 and 4.29 we find very good agreement:
looking at the transverse momentum of the Higgs boson the low-p; differences almost vanish,
while in the rapidity distribution the differences change from about 50% in fig. 4.27 to 1-2%
in fig. 4.29.

In conclusion, since the Sudakov approximation is not fully reliable for mass-suppressed
matrix elements, as explained in Sec. 4.1.2, and since their impact on the NLL results is neg-
ligible, when considering NLL electroweak calculations we can omit the contribution coming
from the transversely polarized vector bosons. In the following, all the results reported with
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NLL EW corrections will involve only the longitudinal vector boson. We remark that the con-
tributions from the transverse vector boson are neglected only in the approximated one-loop
correction factors, while the Born and real terms are computed considering the full matrix
elements.
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Chapter 5

Phenomenological results

In this chapter 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. We mainly focus on
observables that are sensitive to electroweak corrections, since our aim is to investigate their
role at hadron colliders. For each process, 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
with QCD and QCD+EW accuracy, applying some kinematic cuts that reproduce the typical
experimental setup.

When performing the NLO analysis of processes computed at QCD+EW accuracy, the
photon cannot be identified, since all the contributions to the real cross section that share the
same underlying Born are collected together by the POWHEG BOX RES. Given a Born configu-
ration, then, the radiated particle can be both a photon or a gluon. For this reason photons
cannot be recombined with the leptons when the two particles are collinear, and moreover the
momentum of the vector boson cannot be reconstructed from its final-state decay products.
This limitation could be easily removed in future versions of the POWHEG BOX RES, if needed.
Nevertheless, the HEPEVT common block stores also the momenta of the decaying resonances:
we can then have access to the momentum of the vector boson, and we can use it to perform
some consistency checks that involve the HV pair. In the rest of the NLO analysis, we
focus instead on kinematic distributions that do not involve the photon, namely the total
cross section, the Higgs boson distributions and the missing transverse momentum. In case
photon distributions are needed at NLO, the code can be run considering only electroweak
corrections, as explained in Sec. 2.1.1. In this case, indeed, the radiated particle can only be
a photon, and it can easily be identified.

In the ratio plots we use some shorthand notations: the label QCD stands for the pure
NLO QCD implementation, with FULL we refer to the NLO QCD + NLO EW results, and
NLL denotes the combination of the NLO QCD corrections with the NLL EW ones.

In the generation of events with QCD+EW accuracy, we adopt a variant of the procedure
described in Sec. 2.4. To avoid time-consuming computations, we first produce events with
NLO QCD + NLL EW accuracy. In this way we obtain events with a weight very similar to
the complete QCD+EW cross section. Then, we apply the reweighting procedure starting
from these results. In all the plots presented in this chapter, the vertical bars represent the
statistical errors associated to the integration procedure.
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5.1 The interface to the Monte Carlo shower program
Pythia 8

In order to generate events with NLO+PS accuracy, including both QCD and QED cor-
rections, we interface our HV and HVj generators to the Monte Carlo shower program
Pythia 8.1. To this purpose, in the initialization phase we perform the following calls, that
are required when interfacing Pythia 8.1 to NLO-+PS generators:

pythia.readString("SpaceShower:pTmaxMatch = 1");
pythia.readString("TimeShower:pTmaxMatch = 1");

Since we are including also photon-shower effects, we have photon radiation associated with
the production process and from the final-state leptons. The subsequent three calls turn on
the electromagnetic shower for both cases, while the last one keeps the produced photons
stable:

pythia.readString("TimeShower :QEDshowerByL = on");
pythia.readString("TimeShower:QEDshowerByQ = on");
pythia.readString("SpaceShower:QEDshowerByQ = on") ;
pythia.readString("TimeShower:QEDshowerByGamma = off");

In this analysis we do not include hadronization effects, by setting the flag nohad to 1 in the
input file, and we do not consider the decay of the Higgs boson. Being a scalar, its decay can
easily be simulated a posteriori.

In the standard behaviour of the POWHEG BOX RES only the hardest radiation is stored,
so that for each event at most one of the decaying resonances includes a NLO-accurate
radiation. Moreover, in case of initial-state radiation, QED emission occurs in competition
with QCD. The POWHEG BOX RES uses the highest-bid mechanism to decide what kind of
radiation (QED or QCD, from the initial or from the final state) has to be generated. Due to
the larger center-of-mass energy available at the production stage, initial-state radiation is
preferred with respect to the final-state one, and since quarks tend to radiate gluons rather
than photons, in the initial state QCD radiation is favoured.

For this reason, QED emission from the decay of the resonance would not take place very
often at Les Houches level, and this radiation would be mainly generated by the Monte Carlo
shower program. The resonance-aware formalism offers the opportunity to further improve
the POWHEG radiation formula. In the resonance-unaware version of the POWHEG BOX, radiation
is generated according to eq. (4.17) of ref. [13],

o(Pa(Pp, Praa))
B(®p)

do = B(@) dby | () + 3 AR2) 2 B, (5.1)

The term A(g2) corresponds to the probability that no radiation is generated with hardness
above a cutoff g9, and its kinematics corresponds to the Born one. In the second term,
each « labels a collinear singular region of the real cross section, and the real matrix element
is decomposed into terms singular only in the region «, such that

R = ZRQ‘ (5.2)

Finally, even the real phase space ®,(®p, ®,.q) depends upon the singular region «, and is a
function of the Born kinematics and of the three radiation variables. For the Sudakov form
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factor the following relation holds,

Ag?) =[] Aald®), (5.3)

where each term A,(¢?) has the structure of eq. (2.10) with R replaced by R,. As explained
in Sec. 2.1, if resonances are present, the traditional decomposition into singular regions
is revised as follows: each « labels a particular singular region with a specific resonance
structure, such that collinear partons originate from the same resonance. Moreover, the
mapping of the real kinematics into its underlying-Born one is done in such a way that it
preserves the virtuality of the resonance associated to that singular region. This formalism
offers the possibility to further improve the POWHEG radiation formula: we rewrite eq. (5.1) as

Ra<(ba<q)37 Q?ad)) AP (54)

do = B((I)B) d(I)B H [Aa(qg) + Aa(k%a) B(@B) rad

where, by writing ®¢ ;. we imply that the radiation variables are now independent for each

singular region. By expanding the product, we get a term with no emissions, plus terms
with multiple emissions. It can be shown [62, 107] that, as far as the hardest radiation is
concerned, this formula is equivalent to eq. (5.1). With this improvement, radiation from
each singular region is generated and, instead of keeping only the hardest one, all radiations
are stored. As a result, the Les Houches event file will contain a radiated particle for each
decaying resonance, plus possibly one emission from the initial state. This radiation has
NLO-+LL accuracy in each resonance, so that the subsequent shower from each resonance
generated by a Monte Carlo shower program like Pythia or Herwig has to be softer than the
POWHEG one. The POWHEG BOX RES can be run in this more “general” mode by setting the
flag allrad to 1 in the input file. All of our results are obtained by activating this option.

Since the Les Houches Interface does not provide a standard mechanism to veto radiation
coming from resonance decays, we do not impose restrictions in the generation of QED
radiation from the shower, and we implement a dedicated veto procedure. QCD initial-state
radiation, instead, is treated by the shower program in the usual way, with the hardness of
the emitted partons limited by the value of scalup, that is passed to Pythia 8.1 via the
Les Houches Interface.

We first scan the Les Houches event to identify the photons that have been generated
by the POWHEG BOX RES, determining if they come from the production or from the decay
subprocess. We repeat the same procedure on the photons after the shower, identifying those
produced by the shower algorithm. In HVj production, photons radiated by the jet with the
highest transverse momentum are considered as coming from the production stage. We then
apply the veto procedure in the following way. For each of the photons produced by the initial-
state shower we compute its transverse momentum, and we store the maximum value p"®*.

T

If at Les Houches level there are no photons, we veto the event if p*®* is greater than scalup,

since in the initial state the emission of a photon competes with QCD radiation. If instead
there is already a photon at Les Houches level, the event is vetoed if pi®* is greater than the
transverse momentum of this photon. This condition effectively amounts to requiring that
no QED radiation is generated by the shower with transverse momentum greater than the
one produced by the POWHEG BOX RES.

Since, in order to ensure momentum conservation, the reshuffling procedure that is applied
during the shower slightly modifies the momentum of the particles, we also check that p®*

does not exceed the hardness of the Les Houches photon after reshuffling: if this happens,
the event is vetoed.
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When inspecting particles that come from the decay of a resonance, the variable scalup
plays no role: we then need to fix the maximum value allowed for the photon hardness. If at
Les Houches level there are no photons coming from the decay of the vector boson, it means
that the POWHEG BOX RES has not been able to generate radiation harder than a minimum
value of 1072 GeV (rad ptsqmin_em = 1e-6). Since the shower must generate particles softer
than the POWHEG radiation, we require all the produced photons to have hardness smaller than
the square root of rad_ptsqmin_em.

If instead a photon is already present, we evaluate its transverse momentum with respect
to the emitter in the center-of-mass frame of the mother resonance, and store this result
in pry. In the HZ and HZj processes, at Les Houches level it is not possible to know if
the photon has been emitted by the lepton or by the antilepton: pr% will then contain the
minimum value between the two relative transverse momenta. At this point we veto the event
if, among the produced photons, the maximum relative transverse momentum is greater than

max

Prove- We also check that this photon is softer than the one already present at Les Houches
level after reshuffling.

5.2 Phenomenological setup

We use the same settings for the input parameters of Sec. 4.5. In the analysis of Les Houches
events, before and after the matching to the shower algorithm, we impose some kinematic cuts
that are instead not applied at fixed-order NLO level. The photon cannot be experimentally
distinguished from charged leptons or partons if the two particles are too close in phase space.
For this reason we apply to the photons a fixed-cone isolation prescription, as described in
ref. [108]: for each final-state parton j we compute its transverse energy, defined as
L

Er 7] P (5.5)
together with the angular separation R.;, defined in eq. (4.83), between the parton and the
photon. The photon is considered isolated from the partons if the transverse partonic energy
inside a cone of half-angle Ry is limited by

Z Er; < € Py (56)

R+ ;j<Ro

being p; the transverse momentum of the photon. We use Ry = 0.4 and ¢, = 0.5. Then, we
consider the photon isolated from charged leptons if R,; > 0.1 for each final-state lepton I.
If this is not the case, we recombine the two particles obtaining a “dressed” lepton. Jets are
defined according to the anti-k; algorithm, as implemented in the fastjet package [109, 110],
with R = 0.5. Moreover, we impose the following kinematic cuts: for every charged lepton
we require

pl. > 25 GeV, | < 2.5, (5.7)

and for HW/HWJj events we also impose
B, > 25 GeV, (5.8)

where with J,. we refer to the neutrino momentum, not including the contributions coming
from soft jets or photons. In events that involve the production of a Z boson, the invariant
mass of the dressed-lepton pair is required to be

60 GeV < m(IT17) < 140 GeV, (5.9)
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while in order to obtain the transverse-momentum and the rapidity distributions of the
hardest isolated photon we require
p) > 10 GeV. (5.10)

For all the other observables that involve photons (such as the transverse momentum of the
charged leptons), instead, we are completely inclusive over photon production. Finally, we
reconstruct the vector-boson momentum by combining the momenta of the dressed leptons
that come from its decay, and we discuss the impact of the optional additional cuts on the
transverse momentum of the Higgs and vector bosons,

P > 200 GeV, pY. > 190 GeV. (5.11)

The selection of events with a boosted Higgs boson is useful to improve the signal-over-
background ratio in the context of H — bb studies. However, symmetric cuts induce large
radiative corrections in fixed-order calculations, in the transverse-momentum distributions
of the Higgs and vector bosons near the cut. Since, in HV production, at leading order
these particles are produced back-to-back, any initial-state radiation decreases pl or pY, and
the event may not pass the kinematic cut anymore. Therefore, the differential cross section
near the cut is sensitive to collinear and soft initial-state radiation. By choosing these slightly
asymmetric cuts this large sensitivity to higher-order corrections can be removed. We remark
that this potential problem affects only fixed-order NLO results, since with showered events
the Sudakov form factor associated to the radiation tames the soft/collinear divergence.

5.3 The HW associated production

We begin by verifying the correct implementation of the Sudakov electroweak corrections.
Then, we analyze the impact of the complete electroweak corrections on the QCD results,
both at NLO and with the inclusion of the parton shower. All the figures in this section
contain predictions for HW ™~ production in the left-hand-side plot, and for HW™* production
in the right-hand-side one.

5.3.1 Fixed-order NLO results

The total NLO cross sections are reported in tab. 5.1. The inclusion of electroweak corrections
decreases the QCD cross sections by about —6.5% for HW ™~ production, and by about —7%
for the HW™ case. The Sudakov results, instead, are slightly bigger than the full QCD+EW
ones, with differences around 7.5%. However, we do no expect good agreement, since they
provide a good approximation of the complete electroweak calculation in the high-energy
regime, while, at lower energies, where the bulk of the events is concentrated, they fail to
capture the correct behaviour. We also note that the NLO QCD + NLL EW total cross
sections are very similar to the NLO QCD ones. This confirms us that this approximation is
not reliable for completely inclusive quantities, like the total cross section, as already pointed
out in the validation phase.

TRiosw D] | oxivey [fb] | a9 [fb]

HW= 15531 +£0.02 | 59.49 £ 0.01 | 59.25 £ 0.03
HWT | 86.91 +0.02 | 93.37 +0.02 | 93.24 £ 0.05

Table 5.1: Total cross sections for the HW production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD + NLO EW, NLO QCD + NLL EW and NLO QCD corrections.
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Figure 5.1: NLO predictions for the invariant mass of the HW pair, for both HW~ (left) and HW™* (right)
production. Comparison between the full QCD+EW calculation and the QCD results (in red in the ratio
panel), and between the approximated QCD+EW calculation and the QCD results (in black in the ratio
panel).

In some kinematic distributions, instead, the reliability of the Sudakov approximation
can be better investigated. In fig. 5.1 we plot the invariant mass of the HW pair: the lower
panel contains the ratio between the FULL and the QCD implementations, together with the
ratio between the NLL and the QCD results. By inspecting these distributions we can make
two comments. First, as expected, the ratio plots overlap when the invariant mass reaches
the TeV region. Since for HV production this quantity coincides with the partonic center-
of-mass energy, M"Y > 1 TeV means that we are approaching the Sudakov region, where
the NLO QCD + NLL EW implementation provides a good approximation of the complete
calculation. Secondly, although the impact of electroweak corrections is rather modest on the
total cross section, in the tail of this distribution it becomes relevant. Above 1 TeV, indeed,
the relative corrections are more than —15%, and they further increase at higher M*" values,
reaching —25% at M""~ 2 TeV.
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Figure 5.2: NLO predictions for the transverse momentum of the Higgs boson. Same labels as in fig. 5.1.

In fig. 5.2 we show the transverse momentum of the Higgs boson, for which we can draw
similar conclusions. The Sudakov approximation converges to the complete calculation for
pi > 500 GeV, and the effect of the electroweak corrections is more pronounced than in the
HW invariant mass. In fact, at p ~ 2 TeV the relative corrections reach —35%, for both
HW~ and HW™ production.
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Figure 5.4: NLO rapidity distribution of the Higgs boson, for both HW ™ (left) and HW™ (right) production,
with kinematic cuts of 100 GeV and 300 GeV on its transverse momentum. Comparison between the complete
QCD+EW calculation (solid lines) and its Sudakov approximation (dashed lines).

Figure 5.3 shows the pseudorapidity distribution of the Higgs boson. From the lower
panel, we can say that the full electroweak corrections have an almost constant effect on the
QCD result. The NLL result, instead, gives a negligible correction: this reflects the problem
already pointed out at the level of total cross section, since this quantity is integrated over
all emissions. In fig. 5.4 we study in a different way how the approximated result converges
to the complete one when moving to the high-energy regime. This plot shows the rapidity
of the Higgs boson, comparing the FULL and the NLL calculations with kinematic cuts on
its transverse momentum. The blue curves are obtained by applying a 300 GeV cut: the
complete implementation and its Sudakov approximation are much more similar than the
results obtained with a 100 GeV cut (in red), as can be seen from the ratio plot.

Finally, in fig. 5.5 we see that the electroweak corrections have a sizable impact also on the
missing transverse momentum, of the same order as the corrections to the Higgs-boson p,
and that the Sudakov results provide a good approximation in the high- £, region.

From the previous plots, it is clear that the inclusion of electroweak corrections is fun-
damental if one wants to reach a percent-level precision in the high-energy tails of several
distributions. In addition, we can conclude that the NLL corrections represent a good ap-
proximation of the complete result when focusing on the high-energy tails of the transverse-
momentum distributions. On the other hand, for more inclusive distributions such as the
total cross section and the rapidity, they are not a good approximation.
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Figure 5.5: NLO predictions for the missing transverse momentum. Same labels as in fig. 5.1.

5.3.2 Parton-shower-level predictions

We study now the behaviour of the POWHEG BOX RES results obtained with Monte Carlo
Les Houches events, before and after the Pythia 8.1 shower. We compare the QCD+EW
distributions at NLO with the corresponding Les Houches events. Then, we study the impact
of the electroweak corrections on the QCD results at NLO+PS accuracy.

Comparisons among NLO, Les Houches and Pythia results at QCD+EW accuracy

In fig. 5.6 we analyze the rapidity of the HW pair: we clearly see very good agreement, within
the integration errors, of the three distributions, as expected in view of the inclusiveness of
this NLO quantity.
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Figure 5.6: Rapidity distribution of the HW pair, for both HW~ (left) and HW™ (right) production.
Comparisons among the NLO results, the hardest event produced by the POWHEG BOX RES (LHE) and the
NLO+PS predictions, for combined QCD+EW corrections.

Another interesting distribution is the transverse momentum of the HW pair, shown in
fig 5.7. As expected, the NLO result displays the typical divergent behaviour at low p,, due
to the collinear and soft singularity that affects the real emission. At Les Houches level,
instead, the divergence is tamed by the Sudakov form factor. The effect of the parton shower
is rather modest in the tail of the distribution, while at low p; it slightly shifts the position
of the Sudakov peak.

We analyze now a few distributions for the hardest photon. Its transverse momentum, to
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Figure 5.7: Transverse-momentum distribution of the HW pair. Same labels as in fig. 5.6.
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Figure 5.8: Transverse-momentum distribution of the hardest photon, for both HW = (left) and HW™ (right)
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Figure 5.9: Rapidity distribution of the hardest photon, for HW ~j production. Same labels as in fig. 5.8.

which a cut of 10 GeV is applied, as in eq. (5.10), is reported in fig. 5.8: comparing the two
results we see that the completion of the shower, provided by Pythia, gives a contribution of
roughly 20% in the range p, > 30 GeV, while below this value the increase is slightly more
pronounced. Similar conclusions can be drawn by inspecting the photon rapidity, in fig. 5.9:
the shower raises the Les Houches distribution by about 20% in the whole y” range.
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Impact of the electroweak corrections in NLO+PS events

The impact of the QCD+EW corrections on the pure QCD results at NLO+PS level is
illustrated in the following plots, in which the cuts given in Sec. 5.2 have been applied. The
total cross sections, collected in tab. 5.2, totally agree with the NLO results of tab. 5.1. The
small differences can be ascribed to the fact that the NLO+PS results contain contributions
beyond the NLO.

oaaty [] | oeges )
HW= | 55294+ 0.08 | 59.42 4+ 0.09
HW+ | 87.3+£0.2 93.2+£0.1

Table 5.2: Total NLO+PS cross sections for the HW production process

at a center-of-mass energy of

/s = 13 TeV, including QCD+EW and QCD corrections.
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Figure 5.10: NLO+PS predictions for the transverse momentum of the charged lepton, for both HW~ (left)
and HW™ (right) production. Comparison between the full QCD+EW calculation and the QCD results.
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Figure 5.11: NLO+PS predictions for the rapidity of the charged lepton. Same labels as in fig. 5.10.

In figs. 5.10 and 5.11 we show the transverse momentum and the rapidity of the charged
lepton, to which the cuts of eq. (5.7) have been imposed. The shape of the p, distribution
changes drastically in the high-p; region, where differences with respect to the pure QCD
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corrections become of the order of —30% above 1 TeV. In the rapidity distribution, instead,
the impact of the electroweak sector is constant and of the order of —10%.
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Figure 5.12: NLO+PS predictions for the transverse mass of the W boson. Same labels as in fig. 5.10.

In fig. 5.12 we plot the transverse mass of the W boson,

\/QpT (1 —cos Ag), (5.12)

where A¢ is the azimuthal angle between the electron and the missing transverse momentum.
For this distribution too, we require a minimum value for p¢ and £, as in eqgs. (5.7) and (5.8).
As for the lepton rapidity, the electroweak corrections do not change the shape but lower it
by roughly 10% with respect to the pure QCD corrections.
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Figure 5.13: NLO-+PS predictions for the transverse momentum of the Higgs boson in the boosted regime.
Same labels as in fig. 5.10.

Finally, in figs. 5.13 and 5.14 we show the transverse momentum and the rapidity of the
Higgs boson, in the boosted regime defined by the cuts of eq. (5.11): for these distributions
we can draw similar comments as those for the charged lepton. The same considerations are
valid for the W boson, so we do not show the corresponding distributions.

5.4 The HW) associated production

In this section we study the associated production of a Higgs boson with a W boson and a
jet. As shown in the previous section, the behaviour of the W~ and W™ cases is very similar.
We then report only the results for HW = production.
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Figure 5.14: NLO~+PS predictions for the rapidity of the Higgs boson in the boosted regime. Same labels as
in fig. 5.10.

5.4.1 Fixed-order NLO results

We begin by giving the total NLO cross section. Table 5.3 contains the results obtained by
applying the MiNLQ procedure to HWj production. In fact, without the inclusion of MiNLO, we
should need a minimal cut on the transverse momentum of the leading jet, i.e. the jet with the
highest transverse momentum. In tab. 5.4, instead, we report the total cross section obtained
by requiring a minimum transverse momentum of 20 GeV for the leading jet. The differences
between the full QCD+EW results and the QCD implementation are of about —4% when
the MiNLO procedure is applied, and of —2% with the minimal cut. The approximated NLL
results give instead a positive contribution to the QCD cross section, increasing it of 4% in
both cases.

Oxiosw. (D] | oxita” [fb] | o™ [fb]

55.3+£0.1 99.6 £0.1 | 57.46 £0.02

Table 5.3: Total cross sections for the HW ~j production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD + NLO EW, NLO QCD + NLL EW and NLO QCD corrections, computed with the
MiNLO procedure active.

oSS ] | oo s () [ oo [

26.19 £0.04 | 27.82 £0.04 | 26.720 £ 0.008

Table 5.4: Total cross sections for the HW ~j production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD + NLO EW, NLO QCD + NLL EW and NLO QCD corrections, with a minimum
transverse-momentum cut of 20 GeV on the leading jet.

In fig. 5.15 we show the transverse momentum and the invariant mass of the HW ™ pair,
comparing both the full QCD+EW and the NLL computations with the QCD results. As
the energy increases, we approach the region where p" and M*" are much greater than the
Higgs- and W-boson masses. In this regime, the NLL result provides a good approximation
of the full correction: from the ratio plots, indeed, we see that the distributions overlap.

In fig. 5.16 we show the transverse momentum of the Higgs boson. Asin HW ™ production,
for values of p; near 500 GeV the Sudakov approximation converges to the full calculation.
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Figure 5.15: NLO predictions for the transverse momentum (left) and the invariant mass (right) of the HW
pair, for HW =5 production. Comparison between the full QCD+EW calculation and the QCD results (in
red in the ratio panel), and between the approximated QCD+EW calculation and the QCD results (in black
in the ratio panel).
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Figure 5.16: NLO predictions for the transverse momentum of the Higgs boson. Same labels as in fig. 5.15.

The relative corrections with respect to the pure QCD implementation are more pronounced,
reaching —50% around 2 TeV. This is due to the fact that, thanks to the inclusion of MiNLO,
the electroweak corrections can be applied in the full phase space, including also the con-
tributions coming from the Born-level jet. These contributions are not present in the HW
implementation, since in that case the jet does not receive NLO QCD+EW corrections.
The pseudorapidity distribution of the Higgs boson is reported in fig. 5.17: the effect of
the full electroweak corrections on the QCD results is constant, and of the order of —5%.
The ratio NLL/QCD, instead, reflects the fact that the approximated cross section is bigger
than the QCD one. Then, in fig. 5.18, we analyze the rapidity of the Higgs boson, comparing
the FULL and the NLL calculations with kinematic cuts on the transverse momentum of the
Higgs boson. The blue curves are obtained by applying a 300 GeV cut, while the red ones
are obtained with a 100 GeV cut. The lower panel shows that the discrepancies between the
complete implementation and its Sudakov approximation decrease when increasing the cut.
We compare now some distributions for the leading jet. Figure 5.19 shows its transverse
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Figure 5.17: NLO predictions for the pseudorapidity of the Higgs boson. Same labels as in fig. 5.15.
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Figure 5.18: NLO rapidity distribution of the Higgs boson, for HW ~j production, with kinematic cuts
of 100 GeV and 300 GeV on its transverse momentum. Comparison between the complete QCD+EW
calculation (solid lines) and its Sudakov approximation (dashed lines).

momentum in two different pJ' ranges. For this distribution, the electroweak corrections give
the most relevant contributions in the low-p, region, while starting from p}' ~ 25 GeV their
effect becomes of order —5%. The NLL results, instead, converge to the FULL ones for values
of i around 200 GeV, while below 150 GeV they give a positive contribution to the differ-
ential cross section. We also note that these distributions are not divergent: this is due to
the inclusion of the MiNLO prescription, that tames the collinear singularity. By inspecting
the leading-jet rapidity in fig. 5.20, instead, we see that the electroweak corrections are dis-
tributed rather uniformly over the full ¢/t range, for both the complete and the approximated
calculation.
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Figure 5.19: NLO predictions for the transverse momentum of the leading jet in two different pit ranges.
Same labels as in fig. 5.15.
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Figure 5.20: NLO predictions for the rapidity of the leading jet. Same labels as in fig. 5.15.

5.4.2 Parton-shower-level predictions

As we have done for HW production, in this section we present a few results for the full
showered final state, comparing them with the ones obtained with the POWHEG BOX RES
hardest event (LHE) and with the fixed-order NLO results. We applied the cuts of eqs. (5.7)
and (5.8) to the decay products of the W boson, and we required a minimum transverse
momentum of 10 GeV for the hardest photon, as in eq. (5.10).

Comparisons among NLO, Les Houches and Pythia results at QCD+EW accuracy

In fig. 5.21 we analyze the rapidity distribution of the HW system: due to the presence of
MiNLO, this quantity is finite and we find very good agreement among the three curves.

In fig. 5.22 we plot the transverse momentum of the HW pair, that at leading order recoils
against the jet. There are no divergences in the small-p; region, due to the use of the MiNLO
procedure. As far as the subleading jet is concerned, in fig. 5.23 we see that the NLO result
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is divergent at small transverse momenta. The LHE results, and consequently the NLO+PS
ones, display instead the typical Sudakov shoulder of the resummed results.
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Figure 5.21: Rapidity distribution of the HW pair, for HW ~j production. Comparisons among the NLO re-
sults, the hardest event produced by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined
QCD+EW corrections.
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Figure 5.22: Transverse-momentum distribution of the HW pair. Same labels as in fig. 5.21.

In fig. 5.24 the rapidity distribution of the hardest photon is reported. This plot presents
some differences with respect to the HW ™ case (shown in fig. 5.9). Here, the contribution
coming from the shower is almost negligible on the whole y” range. Similar conclusions can
be drawn for the transverse-momentum distribution of the photon, shown in fig. 5.25.

95



NLO QCD+EW —— -
LHE QCD4+EW |
Pythia 8.1 QCD+EW - |

L5 _NLO/LHE — PYS$/LHE |
1.0 | ’
0.5 I ! ! ! ! ]
0 20 10 60 80 100
pr [GeV]

Figure 5.23: Transverse-momentum distribution of the subleading jet. Same labels as in fig. 5.21.
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Figure 5.24: Rapidity distribution of the hardest photon. Comparison between the hardest event produced
by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined QCD+EW corrections.

96



;10—4 i LHE QCD+EW —— -
3 | Pythia 8.1 QCD+EW —— |
o i ,
Q
=

ratio

\

\ |
50 100 150 200 250 300
pr [GeV]

Figure 5.25: Transverse-momentum distribution of the hardest photon. Same labels as in fig. 5.24.

Impact of the electroweak corrections in NLO+PS events

At the end, we study the impact of the electroweak corrections on the QCD results at
NLO-+PS level. The values of the total cross section are reported in tabs. 5.5 and 5.6. The
former collects the results obtained by applying the MiNLO procedure, while in the latter a
minimum transverse-momentum cut of 20 GeV on the leading jet is imposed. By inspecting
tabs. 5.3 and 5.4, that contain the corresponding NLO results, we find good agreement.

Tacniew [fP] | ogen™ [fb]

55.29 £ 0.08 | 57.49 £ 0.04

Table 5.5: Total NLO+PS cross sections for the HW 7§ production process at a center-of-mass energy of
Vs = 13 TeV, including QCD+EW and QCD corrections, computed with the MiNLO procedure active.

Tacniew D] | ogen™ [fb]

25.46 £0.04 | 26.90 £ 0.03

Table 5.6: Total NLO+PS cross sections for the HW ™5 production process at a center-of-mass energy of
Vs = 13 TeV, including QCD+EW and QCD corrections, with a minimum transverse-momentum cut of
20 GeV on the leading jet.

Turning to exclusive kinematic quantities, in fig. 5.26 we show the missing transverse mo-
mentum, to which the cut of eq. (5.8) has been imposed, and in fig. 5.27 the p; of the leading
jet. Then, in figs. 5.28 and 5.29 we plot the transverse momentum and the rapidity of the
Higgs boson in the boosted regime defined by the cuts of eq. (5.11). While the missing
transverse momentum and the Higgs-boson distributions behave in a similar way as in HW
production, giving corrections that reach —30% at high-p, values and constant corrections of
about —10% in the whole y* range considered, the leading-jet transverse momentum receives
small corrections from the electroweak sector. We have checked that for several other typical
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kinematic distributions involving the jet we can draw similar conclusions. For this reason,
we do not show them in here.
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Figure 5.26: NLO+PS predictions for the missing transverse momentum, for HW ~j production. Comparison
between the full QCD+EW calculation and the QCD results.
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Figure 5.27: NLO-+PS predictions for the transverse momentum of the leading jet. Same labels as in fig. 5.26.
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Figure 5.28: NLO-+PS predictions for the transverse momentum of the Higgs boson in the boosted regime.

Same labels as in fig. 5.26.
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Figure 5.29: NLO+PS predictions for the rapidity of the Higgs boson in the boosted regime. Same labels as

in fig. 5.26.

5.5 The HZ associated production

We now move to the discussion of the associated production of a Higgs boson and a Z boson.
Considering that the HW and HZ results are very similar, in the following we show fewer
plots with respect to the previous sections. Nevertheless, differently from the HW and HWj
processes, the momentum of the vector boson can be experimentally reconstructed, due to
its decay into charged leptons. We then show also NLO+PS predictions for quantities that
directly involve the Z boson, like its invariant mass, since it is known that the electroweak

corrections slightly change its shape.
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5.5.1 Fixed-order NLO results

The NLO QCD+NLO EW, NLO QCD+NLL EW and NLO QCD total cross sections for HZ
production are reported in tab. 5.7. The full electroweak corrections have a modest impact
on the QCD result, of less than 5%, while the NLL corrections give a negligible contribution.

NP ] | LR (D] | omoor )

24.382 £ 0.008 | 25.457 £ 0.008 | 25.551 £ 0.005

Table 5.7: Total cross sections for the HZ production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD 4+ NLO EW, NLO QCD + NLL EW and NLO QCD corrections.
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Figure 5.30: NLO predictions for the invariant mass of the H Z pair, for HZ production. Comparison between
the full QCD+EW calculation and the QCD results (in red in the ratio panel), and between the approximated
QCD+EW calculation and the QCD results (in black in the ratio panel).

In fig. 5.30 we study the validity of the Sudakov approximation, and the impact of the
electroweak corrections on the QCD results, for the invariant mass of the HZ pair. We find a
behaviour similar to HW production (shown in fig. 5.1): the electroweak corrections decrease
the differential cross section by about 15% in the TeV region, while the NLL result converges
to the full one around 700 GeV, with small differences at the percent level.

In fig. 5.31 we inspect the transverse-momentum distribution of the Higgs boson. The
effect of the electroweak corrections on the high-energy tail is more pronounced than in the
invariant mass of the HZ system, reaching —30% at 2 TeV. The NLL corrections overlap at
rather low values of p¥: already around 250 GeV the agreement between the two implemen-
tations is remarkable.

The predictions for the Higgs boson pseudorapidity and rapidity further clarify the role of
the approximated Sudakov corrections. In the pseudorapidity distribution, shown in fig. 5.32,
the ratio NLL/QCD reflects the fact that the Sudakov corrections give a negligible contribution
to inclusive quantities, as pointed out at the level of total cross section. Looking at the
impact of the full electroweak corrections, instead, we find again a constant contribution on
the whole n range, of about —5%. In fig. 5.33 we inspect the rapidity distribution of the
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Figure 5.31: NLO predictions for the transverse momentum of the Higgs boson. Same labels as in fig. 5.30.

Higgs boson, applying two kinematic cuts on pZ and comparing the FULL results with the NLL
ones. With a 100 GeV cut the discrepancy between the two implementations is less than 3%,
while with a 300 GeV cut the two results are almost indistinguishable.

4x1073
3x1073 L
o
&
- 2x107°
<
Tz NLO QCD+EW
S NLL QCD+EW
' 13 TeV NLO QCD ——
1073 T T T T
09 - FULL/QCD —— NLL/QCD —— 4
085 | | | | | | |
-4 -3 -2 -1 0 1 2 3 4
77H

Figure 5.32: NLO predictions for the pseudorapidity of the Higgs boson. Same labels as in fig. 5.30.

5.5.2 Parton-shower-level predictions

We now discuss the POWHEG BOX RES results, before and after the shower performed by
Pythia 8.1. As done in Sec. 5.3.2 for HW production, we first compare QCD+EW differ-
ential cross sections at NLO level with the corresponding ones at Les Houches and shower
level. Then, we discuss the role of the electroweak corrections at NLO+PS accuracy.
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Figure 5.33: NLO rapidity distribution of the Higgs boson, for H Z production, with kinematic cuts of 100 GeV
and 300 GeV on its transverse momentum. Comparison between the complete QCD+EW calculation (solid
lines) and its Sudakov approximation (dashed lines).

Comparisons among NLO, Les Houches and Pythia results at QCD+EW accuracy

One of the most inclusive distributions is the rapidity of the HZ pair, shown in fig. 5.34: by
inspecting the lower panel we see a very good agreement among the three distributions.
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Figure 5.34: Rapidity distribution of the HZ pair, for HZ production. Comparisons among the NLO results,
the hardest event produced by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined
QCD+EW corrections.

The transverse-momentum distribution of the HZ system, reported in fig. 5.35, is affected
by the typical NLO divergence that vanishes when adding the Sudakov form factor. The effect
of the shower is more visible in the low-p; region, where it completes the POWHEG-initiated
shower with the rest of the shower.
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Figure 5.35: Transverse-momentum distribution of the HZ pair. Same labels as in fig. 5.34.

In figs. 5.36 and 5.37 we plot the rapidity and the transverse momentum of the hardest
photon, obtained imposing a 10 GeV cut on its transverse momentum, as in eq. (5.10). In
both the distributions we see an increase of about 10% in the whole p;. and 37 ranges when
moving from Les Houches to NLO+PS events. The effect of the shower is more moderate
with respect to HW production (figs. 5.8 and 5.9), where it amounts to roughly 20%.
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Figure 5.36: Rapidity distribution of the hardest photon, for HZ production. Comparison between the hard-

est event produced by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined QCD+EW
corrections.

ratio

Impact of the electroweak corrections in NLO+PS events

In the following we focus on complete NLO+PS events, evaluating the impact of the elec-
troweak corrections on the QCD results. The typical experimental setup is reproduced by
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Figure 5.37: Transverse-momentum distribution of the hardest photon. Same labels as in fig. 5.36.

Tacniew (D] | ogen™ [fb]
24.34 4+ 0.03 | 25.60 + 0.03

Table 5.8: Total NLO+PS cross sections for the HZ production process at a center-of-mass energy of
Vs = 13 TeV, including QCD+EW and QCD corrections.

applying the cuts of egs. (5.7) and (5.9) to the leptons. The values of the total cross sections
are reported in tab. 5.8. These results are in remarkable agreement with the ones obtained
at NLO level, collected in tab. 5.7, and show a decrease of about 5% due to the electroweak
sector.

In fig. 5.38 we show the transverse-momentum distributions of the two charged leptons,
together with their rapidities in fig. 5.39. In the high-energy tails of the p;, distributions,
the electroweak corrections decrease the differential cross section by roughly —30%, and in
the rapidity range considered the electroweak corrections give a constant contribution of
about —5%.
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Figure 5.38: NLO-+PS predictions for the transverse momentum of the electron (left) and of the

positron (right), for HZ production. Comparison between the full QCD4+EW calculation and the QCD

results.
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Figure 5.39: NLO+PS predictions for rapidity of the electron (left) and of the positron (right). Same labels
as in fig. 5.38.
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Figure 5.40: NLO+PS predictions for the invariant mass of the lepton pair. Same labels as in fig. 5.38.

The invariant mass of the lepton pair changes considerably when considering QCD+EW
events. In fig. 5.40 we see an increase of the differential cross section in the low-mass region,
that reaches 50% around the lower limit for M# imposed by the kinematic cut of eq. (5.9) on
the Z-boson decay products. Around the peak and at higher values of invariant mass, instead,
the contribution from the electroweak sector amounts to roughly —10%. This distortion is
due to the fact that we are considering the invariant mass of the “dressed” leptons. In the
QCD case, all the photons are produced by the shower algorithm, and for this reason they
are likely to be near in phase space to the leptons. They are then often recombined, and
the momentum of the dressed-lepton pair quite resembles the momentum of the Z-boson
resonance. When including QCD+EW corrections, instead, the hardest photon emission is
produced by the POWHEG BOX RES, and this particle can be well separated from the lepton.
Since in this case it is not recombined with its emitter, the shape of the invariant mass
changes.

Finally, in figs. 5.41 and 5.42 we analyze the transverse-momentum and rapidity distribu-
tions of the Z boson in the boosted regime defined by the cuts of eq. (5.11). These results are
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very similar to the ones obtained for the Higgs boson in HW production (figs. 5.13 and 5.14).
While the electroweak corrections have a constant impact on the rapidity distribution, of
about —10% in the whole y# range, the high-energy tail of the transverse momentum shows
differences with respect to the pure QCD results of the order of —25% for p, > 1 TeV.
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Figure 5.41: NLO+PS predictions for the transverse momentum of the Z boson in the boosted regime. Same

labels as in fig. 5.38.
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Figure 5.42: NLO+PS predictions for the rapidity of the Z boson in the boosted regime. Same labels as in

fig. 5.38.

5.6 The HZj associated production

In this section we analyze the associated production of a Higgs boson with a Z boson and a
jet. As done for HWj production, we apply the MiNLO procedure in order not to require a
minimum transverse momentum for the leading jet and to leave to MiNLO the choice of scales
at underlying-Born level.
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5.6.1 Fixed-order NLO results

The total NLO cross sections are reported in tabs. 5.9 and 5.10. The former shows the results
obtained by applying the MiNLO prescription, while for the latter we applied a cut of 20 GeV
on the transverse momentum of the leading jet. The differences between the full QCD+EW

TRroww D] | oNitay” [fb] | o™ [fb]

24.59 £ 0.07 | 25.84 £0.07 | 24.801 £ 0.009

Table 5.9: Total cross sections for the HZj production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD + NLO EW, NLO QCD + NLL EW and NLO QCD corrections, computed with the
MiNLO procedure active.

Oxorw D] | oxiay [fb] | o™ [b]

12.13 £0.03 | 12.69 = 0.01 | 11.720 &+ 0.004

Table 5.10: Total cross sections for the HZj production process at a center-of-mass energy of /s = 13 TeV,
including NLO QCD + NLO EW, NLO QCD + NLL EW and NLO QCD corrections, with a minimum
transverse-momentum cut of 20 GeV on the leading jet.

results and the QCD implementation are very small when the MiNLO procedure is activated,
of the order of 1.5%, while the approximated NLL cross section is bigger than the QCD one
of 5%. When a minimum transverse momentum is required, instead, both the full QCD+EW
results and their NLL approximation are bigger than the QCD ones by about 4%. A similar
behaviour occurred in HWj production (see tabs. 5.3 and 5.4): we can then conclude that
for the HVj processes the Sudakov approximation does not give a good estimate of the NLO
EW correction to the inclusive cross section.
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Figure 5.43: NLO predictions for the transverse momentum (left) and the invariant mass (right) of the HZ
pair, for HZj production. Comparison between the full QCD+EW calculation and the QCD results (in red
in the ratio panel), and between the approximated QCD+EW calculation and the QCD results (in black in
the ratio panel).

Figure 5.43 shows the transverse momentum and the invariant mass of the HZ system:
the lower panel displays the ratio between the FULL and the QCD implementations, and the
ratio between the NLL and the QCD results. The high-energy behaviour of M*# is similar to
HZ production: the decrease of the invariant mass due to the inclusion of the electroweak
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corrections is around —20% above 1.5 TeV, and in this region the FULL and the NLL results
converge to the same behaviour. Looking at the transverse-momentum distribution, instead,
this overlap is visible starting from pZ? ~ 300 GeV.
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Figure 5.44: NLO predictions for the transverse momentum of the Higgs boson. Same labels as in fig. 5.43.

In fig. 5.44 we plot the transverse momentum of the Higgs boson. The effect of the
electroweak corrections on the QCD predictions is about —50% around 2 TeV, while below
200 GeV, where the bulk of the events is concentrated, is almost negligible. As remarked
in Sec. 5.4.1 when analyzing HWj production, the electroweak corrections give a more pro-
nounced effect with respect to HZ production. This is due to the inclusion of the MiNLO
prescription, that allows to apply the electroweak corrections in the full phase space, in-
cluding also the contributions coming from the Born-level jet that are absent in the HZ
case.

As far as the pseudorapidity of the Higgs boson is concerned we see, in fig. 5.45, that the
full electroweak corrections have a constant and very small impact on this distribution, while
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Figure 5.45: NLO predictions for the pseudorapidity of the Higgs boson. Same labels as in fig. 5.43.
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Figure 5.46: NLO rapidity distribution of the Higgs boson, for HZj production, with kinematic cuts
of 100 GeV and 300 GeV on its transverse momentum. Comparison between the complete QCD+EW
calculation (solid lines) and its Sudakov approximation (dashed lines).

the NLL approximation gives a positive contribution, as remarked in the analysis of the total
cross sections. Figure 5.46, instead, shows the Higgs-boson rapidity distribution obtained
with kinematic cuts of 100 GeV and 300 GeV on its transverse momentum, and compares
the NLO QCD+EW results with their NLL approximation. By inspecting the lower panel
we see that, while with the lower cut the FULL results are smaller than the NLL ones by
about 5%, with a 300 GeV cut this difference decreases, reaching 1-2%.
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Figure 5.47: NLO predictions for the transverse momentum of the leading jet in two different pj; ranges.
Same labels as in fig. 5.43.

We now analyze some distributions for the leading jet: in fig. 5.47 we show its transverse
momentum in two different pj' ranges. As already pointed out in HWj production, both
the full and the approximated electroweak corrections give the most relevant contributions in
the low-p; region: from 20 GeV up to 150 GeV, their contribution increases the differential
cross section, while at higher values of p! their contribution becomes negligible. Looking at
the leading-jet rapidity in fig. 5.48, instead, we find a negligible contribution in the range
|y71] < 3, and a contribution of the order of —5% for |y/1| > 3.

109



NLO QCD+EW -

do/dy!* [pb]

; NLL QCD+EW ——
107 NLO QCD
1 1 I T T T T T T T 1
0.9 = FULL/QCD —— FULL/NLL —— =
08 | L | | | | |
4 -3 -2 - 0 1 2 3 4
yjl

Figure 5.48: NLO predictions for the rapidity of the leading jet. Same labels as in fig. 5.43.

5.6.2 Parton-shower-level predictions

In this section we compare three outputs: the showered POWHEG BOX RES results, the events
at Les Houches level, and the fixed-order NLO predictions.

Comparisons among NLO, Les Houches and Pythia results at QCD+EW accuracy

Similarly to what done in the previous sections, we first inspect the rapidity of the HZ
system, shown in fig. 5.49. Due to the presence of MiNLO, this quantity is finite and we see a
very good agreement, within the integration errors, of the three distributions.
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Figure 5.49: Rapidity distribution of the HZ pair, for HZj production. Comparisons among the NLO results,
the hardest event produced by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined
QCD+EW corrections.

In fig. 5.50 we plot the transverse momentum of the HZ pair. At leading order, this
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system recoils against the leading jet: the inclusion of the MiNLO prescription tames the NLO
divergence associated to the small-p, region.
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Figure 5.50: Transverse-momentum distribution of the HZ pair. Same labels as in fig. 5.49.
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Figure 5.51: Transverse-momentum distribution of the subleading jet. Same labels as in fig. 5.49.

The NLO singularity is instead visible in the transverse momentum of the subleading jet,
in fig. 5.51. The Les Houches and showered results are finite at low p;., due to the POWHEG BOX
Sudakov form factor associated with the radiated parton.

In fig. 5.52 we show the rapidity distribution of the hardest photon, obtained with a cut
of 10 GeV on its transverse momentum, as explained in Sec. 5.2. This plot presents some
differences with respect to the HZ case (in fig. 5.36): here, the contribution coming from the
shower is almost negligible on the whole 3" range. Similar conclusions can be drawn for the
transverse-momentum distribution of the photon, shown in fig. 5.53.
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Figure 5.52: Rapidity distribution of the hardest photon, for HZj production. Comparison between the hard-

est event produced by the POWHEG BOX RES (LHE) and the NLO+PS predictions, for combined QCD+EW
corrections.
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Figure 5.53: Transverse-momentum distribution of the hardest photon. Same labels as in fig. 5.52.

Impact of the electroweak corrections in NLO+PS events

We conclude this section by studying the impact of the electroweak sector on the QCD one at
NLO+PS level. For the total NLO+PS cross section the results obtained with the inclusion
of the MiNLO prescription are collected in tab. 5.11, while tab. 5.12 contains the results for
the cross section with a cut of 20 GeV on the transverse momentum of the leading jet. If we
compare these results with the NLO cross sections, we can find a good agreement, with small
differences that can be ascribed to the fact that the NLO-+PS results contain contributions
beyond the NLO.
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oNsS e 1] | o0 [

25.0£0.2 | 24.84+0.02

Table 5.11: Total NLO+PS cross sections for the HZj production process at a center-of-mass energy of
/s = 13 TeV, including QCD+EW and QCD corrections, computed with the MiNLO procedure active.

Tacntew D] | ogen™ [fb]

11.46 £0.01 | 11.84 £ 0.01

Table 5.12: Total NLO+PS cross sections for the HZj production process, at a center-of-mass energy of
Vs = 13 TeV, including QCD+EW and QCD corrections, computed with a minimum transverse-momentum
cut of 20 GeV on the leading jet.

Looking at less inclusive quantities, the transverse momentum of the leading jet, reported
in fig. 5.54, receives very small corrections in the whole p!! range, as pointed out in HWj
production. The same behaviour holds for other typical kinematic distributions involving the
jet, that therefore we do not show.

In fig. 5.55, instead, we show the transverse momentum of the Z boson in the boosted
regime, for which we can draw conclusions similar to the ones of the previous sections.
The electroweak corrections give a negative contribution, that in the tail of the distribution
reaches —40%. The rapidity and invariant mass of the Z boson, together with the transverse
momentum of the charged leptons, do not have appreciable differences with respect to the
HZ case, so they are not reported here.
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Figure 5.54: NLO+4PS predictions for the transverse momentum of the leading jet, for HZj production.
Comparison between the full QCD+EW calculation and the QCD results.
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Figure 5.55: NLO+PS predictions for the transverse momentum of the Z boson in the boosted regime. Same
labels as in fig. 5.54.

5.7 Parton-shower-level comparison between the HV
and HVj) generators

After analyzing the four classes of processes separately, in this section we discuss and compare
the NLO+PS QCD+EW results for HV and HVj production, reproducing the analysis
performed in ref. [12], where only QCD corrections were considered. This comparison is
motivated by the fact that the improved MiNLO prescription applied in HVj production
achieves NLO accuracy for observables that are inclusive in the HV production, i.e. when
the associated jet is not resolved. For HW and HWj production, we show results for the
production of a W~ boson only. Similar results can be obtained for the W case.

In tab. 5.13 we collect the total cross sections for the considered processes at NLO+PS
QCD+EW level, for different scale combinations. The scale variations are obtained by mul-
tiplying the renormalization and factorization scales ur and pp, whose central value for HV
production is defined in eq. (4.80), by the factors K, and K respectively, where

(Kg, Ky) = (%, %) , (%, 1) , (1, %) ,(1,1),(2,1),(1,2),(2,2), (5.13)

and by taking the envelope of the resulting predictions. In the HVj case, due to the inclusion
of the MiNLO prescription, this multiplication is performed for each of the several renormal-
ization scales that appear in the process. The Sudakov form factor is also changed, according
to this prescription, as explained in Sec. 2.5.1.

The results are fairly consistent: the central-scale cross sections are slightly bigger in
the HVj processes than in HV, with differences of the order of 1% for the W case and of
about 3% for the Z case. The scale variation is larger in the HVj implementations, and
it shrinks if a symmetric scale variation is performed, as can be seen by inspecting the last
two rows of the table. Since in the POWHEG BOX RES the scale variation is performed only
in the inclusive NLO cross section (the B function in the POWHEG jargon), and not in the
scale associated to the radiation, these uncertainty bands are narrower than what would be
obtained by varying all the scales in a fixed-order NLO computation.
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(Kn Ke) | o) 0] | oy s (] | ojig*™ (] | o3y ]
(1,1) | 55.294£0.08 | 55.25£0.08 | 24.34 £0.03 | 24.9+0.2
(1,2) | 56.06 4 0.08 | 56.50 + 0.09 | 24.66 +0.03 | 25.4 +0.2
(2,1) | 54.6340.08 | 53.50 +0.07 | 24.06 +0.03 | 24.0 +0.2
(1,3) |54.5540.08 | 52.68 £0.08 | 24.03 4 0.03 | 23.8+0.2
(3,1) | 56.0940.08 | 55.7+0.1 |24.6840.03 | 25.5+0.3
(3.3) |55.444+0.08| 55.9+0.1 |24.4140.03| 25.5+0.3
(2,2) | 55.45+£0.08 | 55.52£0.08 | 24.40 £0.03 | 24.8+£0.2

Table 5.13: Total NLO+PS cross sections for the HV and HVj production processes at a center-of-mass
energy of /s = 13 TeV, for different scale combinations. The HVj processes are computed with the MiNLO
procedure active.
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Figure 5.56: NLO+PS comparison between the HW ™ rapidity distributions in the HW and in the HWj
computation. The left-hand-side plot shows the 7-point scale-variation band for the HW generator, while
the right-hand-side plot shows the HWj 7-point band.
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Figure 5.57: NLO+PS comparison between the electron rapidity distributions in the HW and in the HWj
computation. The bands are obtained as in fig. 5.56.
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Moving to more exclusive quantities, we first analyze in fig. 5.56 the rapidity distribution of
the HW system. In this and in the following plots, the red bands represent the uncertainty
associated to the scale variations, while the blue bars represent the statistical uncertainties
of the integration procedure. The plot on the left-hand side shows the uncertainty band
of the HW process, while the right-hand-side one shows the uncertainty band of the HW)
generator. Since this quantity is predicted at NLO by both processes, we find very good
agreement. The uncertainty band is larger in the HWj case: this is due to the fact that for
HW production there is no renormalization-scale dependence at leading order, while in HWWj
such dependence is present. The same agreement can be found in another inclusive quantity,
i.e. the rapidity of the electron, shown in fig. 5.57.
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Figure 5.58: NLO+PS comparison between the HW transverse-momentum distributions in the HW and in
the HWj computation. The bands are obtained as in fig. 5.56.
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Figure 5.59: Same comparison as in fig. 5.58, in a different pX™ range.

In figs. 5.58 and 5.59 we compare the transverse momentum of the HW pair, in two
different p; ranges. Here we observe some differences, as discussed in the original paper, due
to the fact that this distribution is only computed at leading order in HW production, while
it has NLO accuracy in the other case. Since we included also electroweak corrections, in our
plots these differences are slightly more pronounced than in the pure QCD implementation.
We can also note that the uncertainty band for the HW generator is smaller than the HWj
one. This is due to the fact that, at Born level, HW production does not depend upon a,
while HWj production does, and this dependence amplifies the bands.

In figs. 5.60 - 5.63 we repeat these comparisons for HZ and HZj production, for which
we can draw similar conclusions as for the HW/HWj comparison.
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Figure 5.60: NLO+PS comparison between the HZ rapidity distributions in the HZ and in the HZj com-
putation. The left-hand-side plot shows the 7-point scale-variation band for the HZ generator, while the
right-hand-side plot shows the HZj 7-point band.
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Figure 5.61: NLO+PS comparison between the electron rapidity distributions in the HZ and in the HZj
computation. The bands are obtained as in fig. 5.60.
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Figure 5.62: NLO+PS comparison between the HZ transverse-momentum distributions in the HZ and in
the HZj computation. The bands are obtained as in fig. 5.60.
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Conclusions

In this thesis we have presented original theoretical results on the combined QCD+EW
corrections to the associated production of a Higgs boson with a leptonically-decaying vector
boson and eventually a jet (HV/HV7) in hadronic collisions, at NLO + parton-shower level.

To describe the associated production processes at combined QCD+EW accuracy, we
extended a previous NLO+PS QCD calculation, including also the full electroweak corrections
and their Sudakov approximation. We implemented them in the POWHEG BOX RES, a Monte
Carlo event generator with NLO accuracy that can be interfaced to parton- and photon-
shower generators according to the POWHEG method. This program is an extension of the
POWHEG BOX: it considerably improves the precision in the description of processes where the
radiation can originate from the decay of massive resonances. Photon radiation from massive
leptons was already introduced in this framework, and we have added the treatment of photon
radiation from final-state massless charged particles.

In the first part of this thesis we computed the Sudakov corrections to the associated
production processes HV and HVj. We distinguished between the production of transverse
and longitudinal vector bosons, since they behave in different ways in the high-energy limit.
We found a negligible contribution coming from the transversely polarized vector boson, in
the high-energy region /s = 1 TeV. This can be ascribed to the fact that the corresponding
matrix element is mass-suppressed with respect to the longitudinal one, so at high energies
it gives contributions of less than 1% to the total result.

Then, we analyzed HV and HVj production in proton-proton collisions at a center-of-
mass energy of 13 TeV. We focused on the transverse momentum of the final-state particles, in
the high-energy regime. The discrepancies between the approximated NLL and the complete
calculations turned out to be of the order of 1-2% in HW and HWJj production, and of 5%
for the Z-boson case. When inspecting more inclusive quantities, like the total cross section
and the rapidity distributions, the NLL approximation has not provided reliable results,
presenting differences with respect to the complete calculation of 8% for HW and HWj)
production, and of 5% for HZ and HZj. Moreover we found that, while the full electroweak
corrections always decrease the pure QCD predictions, in HWj and HZj production the
Sudakov approximation gives a positive contribution to the total cross sections and to the
rapidity distributions. However, we did not expect the NLL approximation to be good for
these inclusive quantities.

The electroweak corrections have sizable impact on several transverse-momentum distri-
butions at high p;. For example, in HV production we found that the electroweak corrections
decrease the QCD results of 15% at p; values of the vector boson of 1 TeV, while around 2 TeV
the corrections amount to —30%. For HVj production, the effect is even more pronounced,
reaching —20% at 1 TeV and —40% at 2 TeV. The rapidity distributions, the transverse
mass of the vector boson and the typical kinematic distributions involving the jets, instead,
receive constant negative contributions in the whole rapidity ranges considered, of the order
of 5-10%, depending on the process.
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It is then important to include the electroweak corrections when computing collider ob-
servables in the high-energy regime, since they change in a non-negligible way the shape of
many kinematic distributions.

A good approximation of the complete result can be obtained by including the NLL
approximated results, i.e. those that contain the Sudakov logarithms up to order next-to-
leading. Using approximated expressions for the full one-loop electroweak virtual amplitudes
drastically reduces the computational cost. While this approximation is valid in the tails of
some transverse-momentum distributions, starting from pr-values of the order of 500 GeV,
it differs with respect to the full electroweak results for more inclusive quantities.

The work presented in this thesis provides the first NLO+PS simulation of the associated
production of a Higgs boson with a leptonically-decaying vector boson and eventually a jet
at hadron colliders, with combined QCD+EW accuracy and with the possibility to include
the complete one-loop electroweak corrections or their high-energy limit. Thanks to the
improvements introduced in the POWHEG BOX RES for the treatment of photon radiation,
and to the interface to the OpenLoops generator, this framework can consistently simulate
Standard Model processes at NLO+PS EW accuracy. This is a good starting point for future
works, towards the automation of the generation of Standard Model processes at NLO+PS
QCD+EW accuracy, to comply with the experimental results that are coming from the LHC
Run 2.
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Appendix A

Representations of the gauge group

In this appendix we define the generators of the SU(2) x U(1) gauge group, and we list
some useful group-theoretical quantities that are used in the calculation of the electroweak
corrections in Sudakov approximation.

A.1 SU(2) x U(1) generators

The infinitesimal global SU(2) x U(1) transformations of the fields ¢; are determined by

dp; = ie Z Z I;/i;i,é@vagoi/, (A.1)
Va=A,Z, W ¢y
where 60V are the infinitesimal gauge parameters, and the matrices I ZZ_ (;i, are the generators
that determine the gauge couplings. In other words, el ;/i fpi, is the coupling corresponding
to the gauge vertex V@;p;, with all fields incoming. The representation of these matrices
depends on ¢: in general it is not irreducible.
Since the transformation rule for the complex-conjugate fields is fixed by the complex

conjugation of eq. (A.1), the following relation holds,

(IS‘O/:;]> = _IVS +> (A2)

Pi P

where V¢ and ] are the charge-conjugated fields of V* and ¢;. Owing to the unitarity of
representations, in a real basis in which V¢ = V® the generators are self-adjoint, so that

— *
ve _ (yve
]%903' - (ijwi> ) (A3)
and combining these two relations we obtain

ve e
vivi el

(A4)

The generators in the adjoint representation are connected to the structure constants through
a set of commutation relations,

[IV“, JV”} - e (A.5)

ipi®
Pip; Sw Ve v
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A.2 Bases for gauge fields

Group-theoretical quantities can be expressed in two different bases. The symmetric basis is
formed by the U(1) and SU(2) gauge bosons V = (B, W*, W' W2)". The physical basis, in-
stead, can be obtained by considering the charge and mass eigenstates, V = (A, Z, W, W*)T.
The relation between these two bases is

A = cyB— s, W3, (A.6)

7 = swB+c, W3, (A.7)
W iWw?

wt = T (A.8)

V2

or, in matrix notation, V = U(@W)V, where

s c 0 0

vew) =1 o o . (A9)
0 0 1 i
V2 V2

We can then express the generators of the gauge group, and some other useful group-
theoretical quantities, in the two different bases. The generators of the gauge group in
the symmetric basis can be written in terms of the components of the weak isospin 7%, the
hypercharge Y and the relation with the electric charge Q = T% + Y /2, according to

- 1LY e 1
IB:——E, "' = _—1° a=1,23. (A.10)

Defining a vector IV = (fB,fWS,IZWI,fWQ), the generators IV = (14,17, 1W" IV of the

physical basis can be obtained employing the matrix (A.9), through IV = IVU1(6,,), where

cw  Sw 0 0
Ul =00 = | ot Y L (A1)
V2 V2
00 5 %
The result is
3 M2 1 2
=0, [Z:M, [i:iTi:iu. (A.12)
SwCw S swo V2

A.3 Relevant group-theoretical quantities

We first introduce the electroweak Casimir operator, defined as the sum over the squared
SU(2) and U(1) generators,

. 1 /Y\? 1

ew  __ verve _ SU(2)

coo= Y (1 I ) = (5) 5O, (A.13)
Va=A, 7z, W+ piei w oy w

where the SU(2) Casimir operator is

CSVE =N " (17)2. (A.14)

a=1
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For fermions and scalars the electroweak Casimir operator is diagonal,

oy [va mimiey

Pipyr T T PP 2
i 4cz,

: (A.15)

2
Sw

while for gauge bosons it is non-diagonal in the neutral components of the physical basis,
and reads

s%v —sycwy 0 0
ew 2 —Swlw 0‘2/[/ 0 0 a + _
Cvavb—g 0 0 10 | Ve=AZW" W"~. (A.16)
0 0 01

A.3.1 Fermions

The fermionic doublets f, = (f.4, fx—)? transform according to the fundamental represen-
tation, depending on the chirality s = L, R. The only non-diagonal operators are I*, because
the coupling with a W boson changes the flavour of the fermion. For the lepton and quark

doublets, L, = (v.,l:)" and Q. = (us,d.)T, the eigenvalues of the operators are listed in
tab. A.1.

2 2
Y/2 Q T3 CSU(Q) (]A) (]Z) oev
— 1 1 3 1 1+2c3
Vi, Vi :F§ 0 j:i 1 0 4s%,c2, 4s€vc‘€:,
- 1 1 3 (e —s%,)? 1+2c%,
lL’ lL :FZ :F]' :F2 4 1 4s%,c2, 4s%,c2,
_ <2
Loly | F1 | F1] 0 0 1 & %W
_ 1 2 1 3 4 (3¢, —s2,)? | s3,+27c2
up, Uy | £ | F5 | Fz| g 9 S6s2 2 | 363,32
7 1 1 1 3 1 (3c€v+s%,v)2 S‘Q,V+27c‘z,v
dy,d, 5 | T3 | F2 4 9 3652, ch; 3653, 3y
_ 2 2 4 4s3 4
Ug, Up :l:g :l:g 0 0 9 905 QCW§
_ 2
1|l 1 Sty 1
dR’ dR + 3 + 3 0 0 9 9c§W QCW§

Table A.1: Eigenvalues of the relevant SU(2) x U(1) operators for the lepton and quark doublets.

For I* instead we have

o o 50’0’
If,{/ya/fﬁ,,(,/ = ]‘fﬁl’io_l‘fn’d/ = Ox10'L \/_Q—SW (A17)

If the particles involved are quarks, this operator has to be multiplied by the corresponding
CKM matrix element.

A.3.2 Scalar fields

The symmetric scalar doublet, ® = (¢, ¢g)T and ®* = (¢, ¢%)7, transforms like fermions,
according to the fundamental representation. Its quantum numbers correspond to those of
the left-handed leptons in the previous table, with

¢t 1, ¢ el Go UL, v (A.18)
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In the physical basis, after symmetry breaking the ¢y component is parametrized by the mass
eigenstates

1 .
¢y = 7 (v+ H +1ix). (A.19)

In this basis, S = (H, x), the operators @, CSV(2), (IA)2 , (12)2 and C®" remain unchanged (in
particular I = I7 = I7 ), while T3 and Y become non-diagonal,

Y 1 0 =«
3 _ - _

so that .
i
JZ = _J%2 — _ . A21
Hx xH QSWCW ( )
The I* couplings take the values
o o o _ o o _ 9 o _ i
S(b_g-/ — _I¢GIS — (50—0-1157 ]H —_— QSW, IX —_— 2SW. (A.22)

A.3.3 Gauge fields

In the adjoint representation, under which gauge bosons transform, the generators are fixed
by the structure constants of the gauge group through eq. (A.5),

. (=1)Pt if VeviVe = (AW ),
Doy = eV = (ciper i Vertye — a(ZWH), (A.23)

Sw
otherwise.

0
The symbol 7 denotes a permutation, and (—1)? represents the sign of this permutation. In
the symmetric basis the diagonal operators have the eigenvalues reported in tab. A.2.

Y/2 | Q T3 | OSU@) <[A>2 <[z>2 cev
WE| 0 |41 +1| 2 T =
w w

W3l 0 | 0] 0 2 0 0 | =
w

B |0 |0]O0 0 0 0 0

Table A.2: Eigenvalues of the relevant SU(2) x U(1) operators for gauge fields in the symmetric basis.

In the physical basis, the operators that have vanishing eigenvalues in the neutral sector
remain unchanged: their values can be found in tab. A.3.

v/2| Q| T (1Y) | (1%)
W= 0 | +1]+1 1

A 0 0] 0 0

(@} o gmw|gﬁm

A 0 01| 0 0

Table A.3: Eigenvalues of the relevant SU(2) x U(1) operators for gauge fields in the physical basis.
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The remaining operators become non-diagonal in the neutral sector N = (A, Z), and read

( S _SV;CW). (A.24)

1 2
ew CSU(Q) _

NN’ — 9 YNN' = 5
S Sy,

w

At the end, in the physical basis the non-vanishing components of the I couplings are

8o 12, T=—0, I3=0 (A.25)

Sw

o _ IO’ o
Nw-¢'" = Weo'N T

A.3.4 Dynkin operator
The group-theoretical object that appears in gauge boson self-energies is the Dynkin operator,
ew o a b /a b
Sa(e) =TIV O ()} = S 10, 1 (A.26)
Pir Py

The indices a, b are those of the gauge group. The trace is performed over the isospin doublet
for p = @, f,, fr, and over the gauge group for ¢ = V. In the latter case the Dynkin operator
corresponds to the electroweak Casimir operator,

Dyays(V) = Cyape. (A.27)
In the symmetric basis D" is diagonal,
D) = byays D(). (A.28)
The SU(2) and U(1) eigenvalues of the fundamental representation, ¢ = ®, f,, are

. Yj . 1
DeBW(SD) = 57 D‘E;y(go) = @57 (A29)

5.2
2cz, o

where ¢ = 1 for fermions, and £ = 2 for the scalar doublet. For right-handed fermions instead
we have

Hew YfQR++Yf2R7 Hew
Dy (fr) = Ta Dy (fr) = 0. (A.30)
CW
In the physical basis, the charged components are
D (¢) = 0por ﬁﬁy(gp) (A.31)

wowe

For the neutral components, instead, the eigenvalues for the scalar doublet and the left-
handed fermion doublet read

1 + Y2 YSOQS‘%Vic%/V
©

ew ew — 1 swew
Diule) = [v@nD™ e =5 ] (aa)
wS‘}VVCWW WS%‘;VC%VW
while for right-handed fermions
rew rew C2 Cw S
Dt = D (). (A3
w
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The explicit values of the Dynkin operator are listed in tab. A.4.

ew ew ew ew
D% DY DYy Dy
2 4 4
P 9 sty —Ciy swtcw 1
Swew s%vc‘%v s‘%v
2 4 4
Ly | 1| gede | gietde | o
2swew 283 C 283y
S s?
L.| 1 sw Sw 0
1% CW
2 4 4
Q 5 s%v—9cw sy +9cy 1
L 9 18swew ISS%VC‘Q/V 23%/‘,
2
Q é 5SW SSW 0
R 9 Yew QC‘Q/V

Table A.4: Eigenvalues of the Dynkin operator for the scalar doublet and for fermions.

A.3.5 [B-function coefficients

In gauge boson self-energies, the sums of gauge-boson, scalar and fermionic loops give the
following combination of Dynkin operators,

3

ew 11 ew 1 ew 2 ew 1

Vi = 5 DVa(V) = DY (@) - 2 SN NI D), (A.34)
f

=Q,L j=1 k=L,R

which is proportional to the one-loop coefficients of the S-function. In the symmetric basis
bo%, 1s diagonal, and its eigenvalues are

~ 41 ~ 19

b = — —- by = —-. A.35

B 6c2,’ Y 6s2, ( )
They describe the running of the hypercharge and weak-isospin coupling constants. In the
physical basis the single components read

B = B S = - (A.36)
b = sycy (D5 — bEY) = — % (A.37)
b = 52 0% 4 2 = 9= 3685?(;3: 22332 (A.38)
B, = Ol = % (A.39)

The AA component determines the running of the electric charge, while the AZ component
is associated with the running of the weak mixing angle.
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Appendix B

Computation of the Sudakov
corrections

In this appendix we derive the results reported in Chap. 4 for the computation of the Sudakov
electroweak corrections to the HW and H Z associated production processes in leading-pole
approximation, distinguishing between transverse and longitudinal vector bosons. All the
relevant group-theoretical quantities that appear in the formulae can be found in App. A,
while the Feynman rules used to obtain these results are taken from App. C of ref. [8]. We
report here, for completeness, the high-energy logarithms defined in eq. (3.10),

(0% S (0% S
L(S) = E 1Og2 W’ l(S) = E 10g W (Bl)
w w

As explained in Sec. 4.1.7, the logarithmic corrections containing the fictitious photon mass A
and the light fermion masses m; are not included. We neglect also the factors 5;:@’}‘ and 55:,
since we are considering the bottom quark as massless.

In the following, u and d denote generic up- and down-type quarks, regardless of their
generation, unless specified. The intermediate and final results are written in such a way that
they can be easily adapted to the HVj processes. In more detail, the subleading soft-collinear
corrections can be obtained from the ones computed here by including the terms proportional
to log(|ri2|/s) and log(|rs4|/s). Moreover, with more than four particles involved, r13 # ro4
and ry4 # re3. For the W boson, we focus on W~ production, since the W™ results can be
obtained from the ones we derive here through simple relations. For all the processes under
study, the relation ¢ = p; + po holds.

B.1 The HW_ associated production
The leading-order process, with all the particles incoming, is
dy(p1) s (p2) H(—ps) W, (—k) — 0, (B.2)

and its matrix element reads

dpa HW) —1) _
MG 0 () Vi ) i i {17, R (B3)
w
Vi v+ represents the vertex dul,
1—
Vi = (—ien®) =5 L Vi, (B.4)

2
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while the WW H vertex gives a factor

1
.2 - 7+ _
ie“v {I T }H = ie?v 25 (B.5)
We can simplify eq. (B.3) inserting the vacuum expectation value v = 2M,, sy, /e, the value
of I't; taken from eq. (A.17), neglecting M? in the denominator of the propagator and
considering that the helicity projector acts on left-handed spinors, so that (1 — v5)u, = 2u,,

: 2 2
MdLuLHW 7 € CKM

— ?\/—2—33‘/MW (pz)’V UL(pl) ( k) \/—82

A
My, VM qg , (B.6)

having grouped the spinorial part of the matrix element in

Az = =i, (p2)y"u(pr) €, (—Fk). (B.7)

B.1.1 Leading soft-collinear contributions

In order to obtain these correction factors we apply the formulae (3.25) and (3.26). For the
process under consideration we have:

k=1: Y1 =y =d,
LSC 1 ew Mg 1 2 2 2
5deL = -3 L(‘S) CdL + l(S) IOg (IdL) PN Qd Lem(sv A 7md)7 (B8)
2 M2 2
k = . Yo = Yo = ﬂL
e = L py oo i) 10 M2 (17 = L g2 (02 m2) (B.9)
UL ar, ar, u Hem\ 2y A 5 Ty )y
2 M2 2
k=3: w3 =y =H
LSC 1 ew M2 Z LSC,h
O = —=L(s)Cg" +1(s) log —= (I7)? + 67", (B.10)
2 M2
E=4: oy = oy =W,
1 2 1
e = =5 L(s) O +1(s) og it (12— = QF Lan(s, A M2),  (B.11)
2 M2 2

with 677", relevant only for external Higgs bosons, defined in eq. (3.31). Summing these
contributions, and considering that Cg" = C7¥ = C7", we obtain

_ 1
§USC MW {— L) 2657 + O3 + O] + 6,7
2
Z

Fi(s)log 252 (17,12 + (T2, + (127 + (15)%] = 5 [Q L5, 2%, m3)

+ Q2 Lem (s, \*,m2) 4+ Q3 Lem (s, A2, M})] }Mo. (B.12)

B.1.2 Subleading soft-collinear contributions

When considering processes that involve four particles, the subleading soft-collinear correc-
tions take the form of eq. (4.17). Since 1192 = r34 = s, all the terms multiplied by log(|r12|/s)
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and log(|rs4]/s) vanish. Nevertheless, in HWj production they may become relevant, because
of the switch of the kinematic invariants required by crossing symmetry. For this reason we
include them in our computation: from these results, then, it is possible to easily obtain the
correction factors for HWj production. This procedure is adopted for all the other processes
described in this appendix. In the following we list the relevant terms.

Photon exchange

z : Lpll ©or HW;:
801/dL SOQ/UL
MdL por Hepy
‘PQ’UL <p4/W+

prurLHey
2: prdr 504/W+ Mg

Z-boson exchange

Mcpl/ch/HW
l’dL 4p2/uL
j : <p1/uL<p3/W
] 1/dL <p3/HM
dL<p21H<p4/
: : Porur 90 /W+M
z : ppurLHpyr
‘Pl/dL g04/W+ MO
Z dwwgquf
ory, <p3/H

z : drgpsrpy
w3 H 4P4/W+M

Iid[, uruy, MO - _Qd Qu MO?
I’lfLuL wtwt MO - Qu C?WJr M07

[idL [‘?/+W+ MO = Qd QW+ MO

Z
]deL U if, MO — ]dL ur, MO,
Z drapxWi
12, 1%, My =0,

_[Z I\?/*‘W*’ M() -

urur,

W+ M07

urL
Z Z _ 77 172
IdeL ]W+W+ M[) — IdL [W+ MO,

IZ 12, MY

urur ~xH

dLuwa
12,17, M = 0.

(B.13)
(B.14)

(B.15)

(B.16)

(B.17)
(B.18)

(B.19)
(B.20)

(B.21)

The terms that multiply /\/ldLuLX i vanish, since in this matrix element the Goldstone boson
is coupled to massless fermions, and this coupling is proportional to the fermion mass.

W +-boson exchange

M(plluLgDyW
<p1/dL <p3/H

drpyr Heoy
Z PorlL T, /W+M

<p1/uLH4p4/
Z [ eydr sO /W+ M

—+ — uLuL¢> W
LI, M

CKM urLur ¢~ qu

1
_ V ,

ZW+
VCKM drdp,HZ

=+ urur HA
Iud ( AW+ M + ZW+

Cw CKM MuLﬂLHZ

- ud
V2s2,
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drdiHZ
M )

MuLuLHZ)

(B.22)

(B.23)

(B.24)



_ d Wit - drdr¢~ Wit
ZI L@Q"Ps’ T — .[3;2] M rdpo~

Poru, LPS/H
drdré~ Wit
- QN Vi My (B.25)
dLﬂL(,D g + drapdtA drapetZ
Z Py H @/W"' o= I¢+H<Aw+M T Zw+M )
1 c i
= o (MdL“L¢’+A WMgL“W*Z). (B.26)
SW SW

MquLHA vanishes because of the Higgs boson coupling to massless quarks. The processes

=t
Mqum " oecur through an intermediate photon or Z boson: they are related to M, by

MquLqﬁ*Wsz _ 2\/5531/ |:Qq _ [qZL

VO |25 20,

} M. (B.27)

The processes MgLQLHZ, instead, can be written in terms of M, as
wiz  2sw 17
MLz _ > VCéM M,. (B.28)
w ud
Finally, for the matrix elements Mﬁ”"”ﬁ” and MSL“‘W we obtain
2
) . s
MgLuL¢+A _ SWM07 MBILULQH'Z _ —WM(), (B29)

Cw
so that the term multiplying log(|rs4|/s) vanishes independently of the value assumed by r34.
W ~-boson exchange

No contributions come from the exchange of a W~ boson.

Final results

We can write the subleading soft-collinear corrections grouping the neutral- and charged-
boson terms, as

6sschLaLHW7‘i‘ _ (5ssc,n/\/ldLﬁLHW;r + 5ssc,iMdLﬂLHW7‘i" (B.30)

Defining ¢t = r13 and u = r4 these correction factors take the form

5SSC,nMdL77ALHW7J*r - {2[(5) (RdLW+ log % — Ry, w+log %‘)

M? t
2 1og M (Qutog ™ — 108 ) @ [ M. (B3Y)
o2 A2

_ t 12
6SSC,iMdLuLHW;f — 2[(5) Sy |:10g | | (20 i Qu + dr, )
w

s 2sy  SZcy
17 L
—logM i, _ Qi + M, (B.32)
S 2CW 2SW 5 wCw

in which Ry, 4, is related to the charge and to the weak isospin of the involved particles
according to

R¢1¢2 = Q¢>1Q¢>2 + [51152. (B33)
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B.1.3 Single-logarithmic corrections: external particles

The corrections associated to external particles take the form described in Sec. 3.5. For this
process we obtain

k=1: o1 =pr =d,
55 4 = g U(s) Ciy + 1= Q3log MT@ (B.34)
k=2: 9022902':1_h
Og a, = g I(s) C5Y +o Q log MT2 (B.35)
k=3: S03 oy = H )
85, = yy (QCBW log Mz% 432 Z; log i%) ; (B.36)
k=4: 1=y =W}

1 1 M2 m? M2
00 bt = §bwwl( )—1-4— (2452 log —% 2 + Tyw log —= 2 L 1+ Q2 log 2 ), (B.37)

where Ty is taken from eq. (3.43). Manipulating the logarithms in eq. (B.36) in order to
isolate [(s), the result is

2

_ 3 m my 1 M?
SEMALaLHWE {ﬁ {(__t +T ) log —L + ( — QCew) log _H}
4 |\ 4s2, M2~ MY M2\ 24s2, ® M2,

ew ew 1 ew 3 mt

o M2
+Elog v(Q?zJFQiJFng)}MU (B.38)

B.1.4 Single-logarithmic corrections: parameter renormalization

The parameters appearing in the leading-order process, that have to be renormalized, are
e, sy and My,. In principle the last parameter should not be considered, carrying it a
mass dimension. Since the original matrix element is mass-suppressed, however, the factor
(OMo/OM?Z) 5M? has the same energy dependence of My, so it has to be included. These
corrections are then given by

o oM oM oM
PR MW ( o de+ =5 0ch, + 5M3V> : (B-39)
w w u2=s
with

oM 2
ae“ = ~M, (B.40)
oMy oMy My
[ (A
Mg M
G = A (B.42)



The factors de, dc2, and §M2, can be obtained from eqs. (3.56), (3.57) and (3.60). Grouping
together the various terms, and considering that

c ew ewW ew
_WbAZ - bAA = _bwwa (B43)
w
we get
_ 5 M? 9+ 652, — 32s% 3 m? m?
SPR dpagHWE _ )] & ] H w wo oo t ) t
M dr | 1252 8012, 185t T a2 Az ) R
3 3 m?
+1(s) (—§b‘;yw+zcgw — FM_;>}M°' (B.44)
w w

B.2 The HW, associated production

For the production of a longitudinal W~ boson,

dy(p1) U (p2) H(=ps) W, (k) = 0, (B.45)
the GBET has to be applied, giving MﬁLﬂLHWf = MgLﬂLHw. The HW¢ vertex gives a

factor el ;, (—k + p3),. The matrix element can then be written as

(=9)

drap HW; apHet - el
MH TR = MO = g (py) Vit e (pi) 72—z luor (=k +ps)s
i e? VMG, ()Y uy (p1) (—k + p3)
= —— ud  VL\P2)7 UL \P1) (— P3)u
q* 2¢/2s2,
e? A

= Ve , (B.46)
2\/533[, q?

having defined V' ... in eq. (B.4) and

A = =10, (p)y ur(pr) (—k +D3) - (B.47)

B.2.1 Leading soft-collinear contributions

To obtain these corrections we apply the same formulae used in the transverse case. Apart
from the Goldstone boson, the factors for the other particles remain unchanged and are not
reported.

1 M? 1
e, = - 5L(s) CSY +1(s) log M; (I5:)% + 60,57 5@‘; Lem(s, \?, M2), (B.48)
w

with 6,3°" defined in eq. (3.32). We then get

5LSCMdLﬂLH¢+ _ { . L(S) (ng + CE,W) _'_511;sc,h + (S(I;sic,h

M2
i) log 372 [+ (12,0 + (T2 + (U]~ 5 [Q Lo (s, X2,

w

+ Q2 Lo (s, \°,m2) + Q) Lem(s,AQ,MEV)]}MO. (B.49)
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B.2.2 Subleading soft-collinear contributions

Photon exchange

4P1/<P2/H¢+
Z ] prdr ‘Pz/”L M
Z Mdmz/H Py
Porur, ¢4/¢+

golquH<,04/
Z prdr ‘:94’¢+ M

Z-boson exchange

I;Ld[/ uruy, MO - _Qd Qu M07
IA I¢+¢+ Mo = —Qu Q¢+ Mo,

urur,

Ic‘;‘LdL I<f+¢+ Moy = Qa Qg+ Mo.

2: prpyHOT 1z Z 12
prrdr SOQ/ULM - [deL urir MO_ [dL IUL MO’

991/uL<P5/¢+ _
Z prdr %’HM - IdeL

+ +
1% MdLULX¢ _ _IdL ng MdLuLX¢>

xH
Z Portr, 904/@5+ MdLW2’H‘194’ = IuZLuL ptot MO IZ I MO’

D A 1o MG = I I Mo = IE I Mo,

Z 2 <P3/H gL%O2/<P3'¢+ _ IUZLUL IXZH MdLULX¢+ _[Z ]Z MdLuLX¢+

z : <p3/H

1Pyt u + +
/¢+ MdLUchB v = IXZH If+¢+ MgLULX¢ - _[Z ‘[ MdLuLX¢ :

(B.50)
(B.51)

(B.52)

(B.53)
(B.54)
(B.55)
(B.56)
(B.57)

(B.58)

The process Mgﬂ”‘d) occurs through an intermediate W~ boson, and is related to Mg by

(B.59)

(B.61)

(B.62)

(B.63)

dr i + .
MGEXT = — i M.
W t-boson exchange
M%/uyps/ﬁb* = It MULUL¢ ot _ 1 1/ CKM MuLUL¢ ¢F (B 60)
golde 903/H - ud "¢~ H - 2\/582 ud ) :
§ dL<P2/ Hoy 7+ dpdr HH drdrHx
<P2/UL go /<¢>Jr 0 - ]Ja H¢+ M X¢+ M
_ CKM drdpHy
= 0 ,
2\/_52
golxﬂLH<p4/ o + uLuLHH urar Hyx
: : pyrdr, gp /(Z)+ 0 - I’ud( H(;/>+M M >
. CKM urur Hx
- d 0 )
2\/5 2 ¢
§ : dLADQHF’g/(i’+ _ + 7 drdpo=¢t _ 1 /KM drdpé= ¢t
OoriiL 803/H 0 = ]du _[¢ HM 2\/582 ud M
druresipy + dpur¢tH — drip¢tx
S LI M = 1, (1, ME A

1 _ )
_ (MgLuL¢+H _ ngL“L¢+X> )

2
452
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MgL‘jLHH vanishes, because it can only be realized through Higgs bosons that couple to

massless quarks. The processes Mg“im_w, instead, occur with an intermediate photon or
Z boson, and they are related to Mg through

MqLQL¢ ¢+ 2\/_8

0 CKM
ud

QL¢+ Mo. (B65)

gr H . . . .
The processes MI*“"X have an intermediate Z boson, and can be written in terms of M,
according to

. 2v2
MquLHX: V2sj, 17 I M,. (B.66)

VCKM QL Hx
ud

The matrix element with an intermediate x boson, and the one with the final state particles
directly connected to the quark current, vanish because of the coupling between these particles
and the quarks. Finally, for MﬁL“L"“H and MSL“L¢+X we obtain

MR py B, (B.67)
so that the terms that multiply log(|rs4|/s) vanish.

W ~-boson exchange

No contributions come from the exchange of a W~ boson.

Final results

We combine the subleading soft-collinear corrections into neutral- and charged-boson terms,

) M2 ¢
5550 pdraLHt _ %1 <Q log [l Q. log g) Qg+ Mo

+ 2[(8) |:10g | ‘ (Zlgx [CZ —RuL¢+) - log %(Z[gx LfL _RdL¢+)1 Mo, (B68)
_ t
5SSC,iMdLuLH¢+ — 2[(8) |:10g % (Z];X ]jL — RuL¢+) — log % (ZI}ZIX ]5L RdL¢+>:| M. (B69)

The non-photonic part of these correction factors turns out to be the same: this is due to the
fact that, for this process, the exchange of Z bosons gives diagrams that are topologically
equivalent to the ones obtained by exchanging charged gauge bosons.

B.2.3 Single-logarithmic corrections: external particles

The correction factors for the quarks and for the Higgs boson are the same as the transverse
case. For the Goldstone boson, instead, we have

o a 3 mp s 1 . M2 Mg,

Summing the contributions and makmg l(s) expllclt,

SCMAruLHOT - {ﬁ[ 3 m log mi + (8512 —2C$W) log%]
w

ar | 252 M2 D12 M2,
ew ew 3 m2 M2
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B.2.4 Single-logarithmic corrections: parameter renormalization

The matrix element involves the same parameters as the transverse case apart from My, .
The corrections due to parameter renormalization are then given by the renormalization of
e and sy, and the combination of these factors gives

. 5 . M2 9+ 6s] — 325
ML [3(632 log i — S =

2
= W Jog mt)—bsywus)} Mo.  (B.72)

M2 185t 7P

B.3 The HZ,; associated production

For the associated production of a Higgs boson and a transverse Z boson the leading-order
process is

q(p1) G(p2) H(—p3) Z+(—k) = 0, (B.73)

and its matrix element can be written as
MIZT — 5(p) VE u(p ) _(=0) 17,17 k B.74
0 =UP2) Vygz W M2 ie* { }HH u( ) ( . )

In this case V;;Z, representing the vertex qqZ, contains both the helicity projectors: for a

generic fermion f its value is

. — % L+
Vf“fZ = (—iey") 5 I + 5 — 17| (B.75)
The vertex ZZ H instead gives a factor
M
iev {17, 17} —i-——% (B.76)
Swlw

Inserting these results into eq. (B.74) we can split it into two contributions, coming from the
different chiralities involved, due to the action of the helicity projectors on the quark current,

©2
IHZ i e"M, L —s L+
pgen = = L M) [qui I A"

i e*M, e M,
= —— I7 o, . B.77
7 e 2 L e ) R Z (B.77)

The spinorial part has been collected in

A = —i 0 (p2) Y uk(pr) (—:z(—k). (B.78)

B.3.1 Leading soft-collinear contributions

We compute the correction factors for both left- and right-handed quarks, that multiply the
corresponding part of the leading-order matrix element: in the following we then write explic-
itly their chirality. The application of the formulae for the leading soft-collinear corrections
gives

k=1: 01 = Q1 = ¢
1 ow 1
62:;-1 - = 5 L(S) an + l(S) M2 (Iqi) - 5 Qg Lem<57 /\2, m2)7 (B79)
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]{3:21 QOQZ(,DQIZQH

5 = =g G+ Tog g (1) = 3 Q2 Lunlss V), (BS0)
k=3: w3 =y =H
S = — 5 Lls) 5 +1(s) log Aj‘j; (12)? + g5, (B.81)
k=4: w1 =A,Z;
S5 METIA = D I(s) O3 MR =, (B.52)
sisc — % L(s) C2. (B.83)

The correction factor in eq. (B.82) vanishes because of the topology of the process, since the
Higgs boson couples with fermions that are considered as massless. Since C7% = C7V and

([fi)z = (f,i)Q, we obtain

_ 1
§HSC M {— 5 L(s) 2057 + C3" + O3] + 657"

2
Z

M
+1(s )logM

w

2(12)" + (1] = @2 Len(s, A2,m§)}/\40. (B.84)

B.3.2 Subleading soft-collinear contributions

For the subleading soft-collinear corrections we apply the same procedure adopted in the
HW process, distinguishing between up- and down-type quarks. The corrections coming
from the exchange of charged gauge bosons are non-vanishing only if the quarks involved are
left-handed.

Photon exchange

Z o sagxqﬁ MSOUSDQ/HZT _ [A A MO _QSMU (B85)

9x4k QNqﬁ

Z-boson exchange

zZ ey HZp 1% Z\2

#1745 502/% M - anqn qrdx Mo = _([qr) MO? (B'86)
7z P aupz ZT Z zZ qrGuXZT __

o WH M, = 15, o, My™ =0, (B.87)
Z QrPorp3r ZT zZ 1z AuduXZT
IW% %,HM = Iz . 17, My™ =0. (B.88)

The terms that involve Mg”q“XZT vanish because of the coupling between massless quarks
and the Goldstone boson Y.
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W t-boson exchange with initial-state up-type quarks

[+ M“L‘PQ/‘PyZT _ Z[—i—i I_ uLdzLd) Zr

LpzluL (pg/H

1 u
= S VM, (B.5)
;2

uL<p2/H(p4/ o Z + — ULJiLHW_
Z Porlr ‘P4'ZT 0 - IﬁiﬂIVV*ZMO
7

Cw CKM urd;, HW =
—= —_ M LEL ) (Bgo)
ﬂs%v Z

)
z : ULELWS"PN _ + — up LT W= Cw urar gt W=
Py H 504/ZT - ] I M _MO ’ (Bgl)

+
PTH W~ Z 282

W ~-boson exchange with initial-state up-type quarks

Z oy HZp E : - 7+ dirdiL, HZ7
$P1/uL LPz’uL M - Idiu IJZE MO
A

- 1
_ CKM 2 dird;ir HZp deLHZT
=~ Z| M =52 —M; , (B.92)
— Py Ly Zr + dipur¢t Zy
Z [‘P1/UL p3rH M - Z ] I¢+H MO
i
1 JCrM d +Z
_ M iLUL® T (B93)
d;
2v/252, ; “
_ pyarp Hpy o -+ CliLﬂLI‘IVVJr
Z [‘Pl’uL [‘194’ZT M ' o= Z [d u[W+Z MO
i
_ Cw CKM d;pap HWV+
=~ A2 > VMG : (B.94)
v
Z uLﬂLsﬂgl%y - I MULUL¢ wt _ Cw MuLﬂL(ﬁ*WJr (B 95)
oy H 504/ZT 0 — Y4 H W+Z 0 ) '

2
282

In eq. (B.92), since the sum runs over the three down-type quark generations we have used
the unitarity property of the CKM matrix, >, [V.G™|* = 1, to simplify the result. The
resulting correction factor involves then a generic down-type quark, choosing a particular
generation does not produce any change.

W T-boson exchange with initial-state down-type quarks

With initial-state down-type quarks the mixing among the quark generations due to the
exchange of charged bosons does not include the top quark. The sum over the generations
runs then only over u; = u, c. Therefore, in this case we cannot use the unitarity property of
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the CKM matrix anymore.

+ - ey HZp + 7- u;L L, HZp
I I~ . M = § ]uidlaiJMO

pyrdr pordr,
1 _
_ CKM |2 A quip Ui, HZT
= 233VZ|V“id P M , (B.96)
7
+ ovdroyZr - uzLde) Zr
IcplldL 503/HM - Z‘[udld) H
1
_ CKM MuzLdL¢> Zr B.97
2v/252, ; uid 7 ( )
+ LplldLHcp4/ o + — uirdp, HW =
1 Ty ze MG = 2Ll M
%
c dpH
— w Z uCZKM MULL L W= , (B98)
V2s2, <

Z chZLsosw o+ 7 drdpét W= Cw A qdrdpetWe
Y3 H (,04/ZT - I¢+HIW ZM 282 MO . (B99)

W ~-boson exchange with initial-state down-type quarks

— drpy o3 ZT + dLuzL¢+ZT
Doy, Toyn M = 2l M
1 CKM d tZ
= — MptietZr B.100
2v/252, Z ( )
(]
— dr,por Hpyr o + dL’DiLHW+
Z‘[goydL 994/ZTM o ZI Iw+ZMO
i
C
— w ZVuCKM -/\/1dLu2LHW""7 (B].O].)
V282, £ i
K3
chZLt,o 1oy drdpog~wt _ Cw o didpé w+
Z Py H 904/ZT o= I¢ H w+zM 252 M (B'102)

Transformed matrix elements

urdpd~Zr and MdLUL¢ Zr

The matrix elements M, are related to the original matrix element

with initial-state quarks ¢, by

CKM

Ao~ Z dpip¢tz _ Swlw aLHZ
MU L$~ Zr :MOLuub T _ Zud frar =T, (B.103)
V2 I
. 7 - i + . .
For the matrix elements ME """ and MIF“HW" instead, we can write
MuLdLHW ./\/tClLuLHVVJr _ C%V quKM qrLqLHZr B.104
Vs, 1z 70 ' (B.104
Sw qr
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The processes M- ¢V and Mae " occur through an intermediate photon or Z boson:
they can be written in terms of the original matrix element as

Sw Cw

MO pqmans W _ 33;_203 (% _ i) M. (B.105)

Finally, the HZ production processes with up- and down-type initial quarks can be related

one to each other by
uptr HZr drdpHZr
M, M,

z - z
[uL IdL

(B.106)

Final results

Since the corrections coming from the exchange of neutral gauge bosons include only terms
that multiply log(|ri2|/s), for this process they do not give any contribution. The only
relevant corrections arise from the exchange of charged gauge bosons: defining a common
factor

[t] w(l +c
w
the corrections for up- and down-type quarks are
~ FSSC
5SSCMUKUNHZT — 6/€L Z(S) IZ M07 (B108)
B FSSC
FIC MindHZT 5 (g )Z | CKM|2 /\/lo (B.109)

In the derivation of the result (B.108) we used again the unitarity property of the CKM
matrix: indeed, combining the transformed matrix elements with their prefactors, we obtain

2 Vi ™.
B.3.3 Single-logarithmic corrections: external particles

For the process in which the incoming particles are quarks ¢ with chirality x the corrections
associated to the external particles are

E=1: ©1= Q1 = qx
5 = 1) O+ -7 log ]‘f—fv (B.110)
k=2 P2 = P2 =k
O, = 2l( )C‘”“r—Q2 log Af; : (B.111)
k=3: 903 =py =H )
Sn = o (206‘” log MH 433@ ]\TZVQV log mi%) , (B.112)
k=4: oy = A, Zr
05, My =0, (B.113)

1 o o M? M2 m?
5, = 5bzzl(s) + yp (24 012 log M2 +T,,log Mv2v> . (B.114)
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in which 7}, is taken from eq. (3.43) and the contribution in eq. (B.113) vanishes for the
same reasons explained in the computation of §*°°. The result is then

B o 3 m2 m2 M2 M2
5CMq,€q,€HZT _ {_ |:<_ My +T ) log t + < z N 2C¢ew) log _H:|
4 |\4s2, M2~ 77 M2\ 2452, M2, @ M2
2

ew ew 1 ew 3 m% o 2 M
+l(8) |:3an + 204; + §bzz — @ M_‘?V:| + % Qq 10g)\—;v} ./\/lg. (B.115)

B.3.4 Single-logarithmic corrections: parameter renormalization

The parameters appearing in the leading-order process, that have to be renormalized, are
e, ¢y and My, the latter for the same reasons explained in HW production. The Weinberg
angle also appears in the definition of /7 : the matrix element can be rewritten as

: 2M, T2 — Qqys2, A" T3 — Qqsy, AX
qqH Zr e" M, 1g, 9w Ay 2 ar qSw Az,
Mo Z SwCw SwCw q? ;% 21— s2, q? ( )
We then get
- oM, oM, oM,
SR M AT — ( 892 + ocs, + SM? (B.117)
092 aci, " OMZ 7 pu2=s
The partial derivatives with respect to the involved parameters are
oM 2
8920 = ;MO’ (B.118)
oMoy OMy My Q-Tp My (B.119)
o2, 08, & T3 — Qe & ™ '
oM, M,
RVE = M2 (B.120)
having defined
Qq - T;
P = = (B.121)
T3, — Qg8

Adding up the various contributions, for the corrections from parameter renormalization we
obtain

5PRMqu.‘iHZT — i 5 _'_ 5pQN _ 5M§ log %EI
A [\ 652, 6¢2 1252 M2 Mg,

9+6s2, —32sL, (1 p, 3 m? m?
. S T I . 1
( 1852, 2 e )T T ag e ) R

w w w
Sw 1 3 m?
l —bo —05 + 208" — =05, — ——=1| ¢t My. (B.122
F106) |+ o 20 20 - 30— | b Mo (B
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B.4 The HZ; associated production

For the process
@x(P1) Gs(p2) H(=p3) Zo(=k) — 0, (B.123)

the application of the GBET gives Mg“q“HZL = ngKq“HX. The HZy vertex contributes to
the matrix element with a factor iel} (—k + ps),, giving

7 (=) .
MEX = B(py) VE,u (pl)qg_—MgZefix(—kers)u

w

1 62 1+’}/5

_ 1—’}/5
= — ? 5o U(p2) 7" {_2 I7 + 5 IqZRl u(pr) (=k + p3),

- ZIH Un(P2)7" s (p1) (=K + P3) - (B.124)

2 23Wc

Combining these relations, we obtain

1

./\/l(q)tiHZL = i/\/lgriHX - T ZI Uy (p2) Y i (p1) (—k + ps3)
w
e? AF
= 17— B.12
2SWCW ; n (]2 ’ ( 5)
in which
AIZZ =—1 @H(p2)7uun<pl) (_k +p3)u‘ (B126)

B.4.1 Leading soft-collinear contributions

We apply the same formulae used in the transverse case. Apart from the Goldstone boson,
the factors for the other particles remain unchanged,

XX

1 M?
ose = — 3 L(s)Cg" +1(s) log M; (I2)? + 6700, (B.127)
w
with §:°¢* defined in eq. (3.33). We then obtain

2
4

. M
grse pqadeix _ {_ L(s) [Cor + Cg¥] + 21(s) log o = [(15) + (15)7]

w
O 0500 = Q2 Lo (5, V) b Mo, (B.128)

B.4.2 Subleading soft-collinear contributions

Photon exchange

9xqk ann

ZI e <p2,q M4P1/<P2/HX — ]A A MO _QSMO (B129)
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Z-boson exchange
z
179k

Z
P19k

Z
¥1/4k

Z
@2"1%

Z
Pordr

z : w31 H

MSDNSDQ/ Hx
LPQ/QH

M‘PNQKSO;)/X
503/H

MSDN%H%U
‘P4/X

MQN‘PW P3rX
Lp3/H

Z Grpor Hepyr
17, My

Z ArqrP3r Py
17, M

= 17, 1Z7. My=—(17)*> M, (B.130)
= 17, I7, Mypx =, (B.131)
= IZ, IZ MyF™T =, (B.132)
= 17, 17, M§x =, (B.133)
= IZ. IZ MyF™T =y, (B.134)
= 17,17 My = (i17 P Mt (B.135)

The terms that involve M& %X and M& %™ vanish, since these matrix elements contain a
coupling between massless quarks and the Goldstone boson x or the Higgs boson. /\/lg“q"XH
is instead related to the original matrix element by

W t-boson exchange with initial-state up-type quarks

] UL‘PQ“P?,/X
2/U'L LPS/H

E uL or Hoyr
902/ ur, 804’ X

z : uLﬁL¢3/4p4/
w3 H 504/X

W ~-boson exchange with initial-state up-type quarks

Z[— It M891“P2/HX

prrur Lpytr

_ it
It I MBLL“L [

¢pTH ¢~ x

+ d’LLd’LLHX
E [duId M,
A

CKM 2 diLgiLHX
-5 § VMM

_ pruLesX + d;pun¢tx
NI T MG Y R Y
7

1 CKM d +
_ M iLULOT X ,
2\/53‘%, ZZ: udi

142

MBI — M. (B.136)
ZI+_ [— ULCZiL¢_X
1 CKM dipd~
= — ./\/luL iL X (B.137)
o o
_ - U diL Ho~
- Z[c-li_u[¢ X n
_ 4 CKM urdi, Hp~
= —— M Lk B.138
2\/58‘2/‘/ XZ: ud; ( )

= Mmoot (B13Y)

452

w

1

~ 53 — M&dtx (B 140)
S
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— / Hepyr iU +
Z I It M<P1 upHey Z Id uI;rJr MgzLuLH¢>
A

U <p4/x

i @
— s VA M w12
W
u UrLpsrpyr — urp~ ¢+ Z uLu ¢7¢+
Z par H <P4'X L = ]¢> H ¢>+ MuL " EMOL% : (B-143)

In these computations too we used the unitarity property of the CKM matrix to simplify the
results.

W t-boson exchange with initial-state down-type quarks

<p1/g02/HX _ Z + - uiL Ui Hx
Z 591de <p2/dL 0 - ‘[uidIaiJMO
%

1 s
= =5 Y IV A, (B.144)
W
/d / uz (z d)_
I+1/dL <,03/H'/\/l%01 b - Z‘[’jd o2 H pee X
1 CKM dre~
= - o j\/l“zL Lo x (B.145)
2v/252, Z
+ epdrHey + - ul dpHo~
[%01/dL %’4/XM ' o= Z[udjqﬁ X o
i CKM U d H¢™
= —F Mt , (B.146)
2v/252, ;
SOIE L Mgreer = M@t = L et (BT

otH" X 452,
W ~-boson exchange with initial-state down-type quarks

Z]_ Mdegfwgfx _ ZI It MgLﬂiL¢+X

Q/dL ‘Pg’H ud ¢+H

1 bt
v DG (3143
W

_ + dLQDQ/HQD4/ o —+ dLﬁiLH¢+
Z 1 M, - Z Iu d I¢+ My
7

4P2/dL <P4/X
1
S D NG 110
W
drdpeyey - dpdpé—¢t i dpdp¢— ¢t
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Transformed matrix elements

M(“)LJW_X and ./\/lgm”#x are related to the original matrix element with initial-state quarks
b
qL y CKM

MUAESTX — pdrindtx W Vud | qandnHx (B.151)

0
V2sy, 12
Calling this result My, for the matrix elements MSLJLH‘b_ and MgLﬁLH¢+We obtain

MuLdLH¢> MdLULH¢+ ZMO (B152)

The processes MgL‘MW and MquL¢7¢+occur through an intermediate photon or Z boson:
they can be written in terms of the original matrix element as

R
= - Mo, (B.153)

qr = Hx

qLareTeT qLar¢~ ¢t _
MOL L _ _MOL L

Finally, the Hyx production processes with up- and down-type initial quarks are related one
to each other by

M’lOJ,LﬂLHX MgLCZLHX
= T (B.154)
ur, L

Final results

For the production of a longitudinal Z boson too, the corrections coming from the exchange
of neutral gauge bosons do not give any contribution. Defining a factor

Cw | | ’ |

the corrections for up- and down-type quarks are

FSSC
IZ

FIC MUt =5 1(s) Mo, (B.156)

(SSSCMd”J“HX - _ l(S) Z| CKM 9 FSSC (B 157)
= KL (). .

B.4.3 Single-logarithmic corrections: external particles

Even for this type of corrections the only difference with respect to the transverse case is in
the Goldstone-boson term,

o 3 m? S M2 J\J2
03¢ =208V] — = —Llog— Z__ | . B.158
o T Ee ()+4w( 12 12 B2 TRz OgM2) (B-138)

Summing the contributions,

2 2 2
5 MBI — {ﬁ{ 3 Mg M (8 My —2ch> log —MH}
S

ir | 252 M2 OS2 2 M2, M2,
ew ew 3 m? o 2 M2
+ Z(S) |:3Cqﬁ + 40(1) — E M_‘?V + % Qq 10g )\2 M() (B159)
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B.4.4 Single-logarithmic corrections: parameter renormalization

The matrix element involves the same parameters as the transverse case apart from M,: the
corrections due to parameter renormalization are then given by the renormalization of e and
¢y derived in the previous section. The combination of these factors gives

SR paeTHZr {oz <1 pqm) Fl M? _9+6s€v—3233‘,1 m?

m\s2 T )6 e 1852, RSVE)
ew Sw ;ew
+ l(S) |:—bWW + pqﬁc—bAZ} } Mo. (B160)
w
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