TECHNISCHE UNIVERSITAT MUNCHEN
TUM SCHOOL OF NATURAL SCIENCES

PRECISION LHC PHENOMENOLOGY
VIA NNLO PREDICTIONS
MATCHED TO PARTON SHOWERS

SILVIA ZANOLI

Vollstandiger Abdruck der von der TUM School of Natural Sciences der Technischen
Universitdat Miinchen zur Erlangung des akademischen Grades einer

Doktorin der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Laura Fabbietti
Priifer*innen der Dissertation: 1. Prof. Dr. Andreas Weiler
2. Prof. Dr. Giulia Zanderighi

Die Dissertation wurde am 21.06.2023 bei der Technischen Universitdt Miinchen eingereicht
und durch die TUM School of Natural Sciences am 07.09.2023 angenommen.






MAX-PLANCK-INSTITUT
FUR PHYSIK

MAX-PLANCK-INSTITUT FUR PHYSIK

PRECISION LHC PHENOMENOLOGY
VIA NNLO PREDICTIONS
MATCHED TO PARTON SHOWERS

SILVIA ZANOLI

Novel Computational Techniques in Particle Physics

Director: Prof. Dr. Giulia Zanderighi

The doctoral studies were supported by the International Max Planck Research School
(IMPRS) Fellowship on Elementary Particle Physics.






Ai miei nonni,
che ancora mi chiedono
che cosa io stia ricercando.

A mamma e papd,
che anche se non me lo chiedono
lo pensano lo stesso.






Abstract

In light of the increasing level of precision of experimental measurements, providing theo-
retical predictions at the highest accuracy possible is crucial for a correct understanding of
current and future LHC data. In this thesis we analyse one of the main building blocks to
obtain realistic and precise simulations of events at colliders, namely the matching between
fixed-order calculations and parton showers.

Fixed-order calculations in perturbation theory and parton showers are the two main tools
needed to describe an event at a collider. The former is suitable to describe accurately the hard
scattering process, the latter provides a realistic picture in the soft and collinear approximation
of the production of a high-multiplicity final state. They are thus two complementary
approaches that need to be combined in order to achieve the most realistic predictions. The
current state of the art for such matching procedure is given by NNLO+PS accuracy, which
means retaining the NNLO QCD accuracy of the fixed-order computation without spoiling
the structure of the parton shower.

The MINNLOps method is a powerful tool for reaching NNLO+PS accuracy, as it requires
neither a computationally intense reweighting nor the introduction of unphysical parameters
for partitioning the phase space. In this thesis we present cutting-edge results obtained by
applying this method to relevant LHC processes.

We first present a phenomenological analysis for Higgsstrahlung with subsequent decay
of the Higgs boson to a pair of bottom quarks, which is crucial for the determination of the
bottom Yukawa coupling. We show that the inclusion of NNLO QCD effects is fundamental
for a correct description of this process. Moreover, we present non-trivial effects associated to
the identification of b-jets through different jet-clustering algorithms.

We then extend the computation of pp — ZH — ¢*¢~bb production to the SM Effective
Field Theory (SMEFT), including dimension-six operators in the calculation that modify the
SM Higgs field and couplings up to NNLO QCD accuracy, targeting NNLO+PS accuracy in
the SMEFT. We present kinematic observables that are strongly affected by the considered
operators and can thus be used to enhance our sensitivity to new physics effects.

We conclude by presenting a novel strategy to match NNLO QCD and NLO EW computa-
tions with parton showers using an a-posteriori reweighting. We discuss phenomenological
results for W*Z production, which can be used as a probe of the gauge symmetry structure
of the EW sector. We identify different combination schemes between QCD and EW computa-
tions matched with QCD and/or QED showers and we analyse their capabilities to describe
certain kinematic regions of relevant distributions.
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Zusammenfassung

Angesichts der zunehmenden Prizision experimenteller Messungen ist es notwendig, theoreti-
sche Vorhersagen mit grofstmoglicher Genauigkeit zu erreichen, um ein akkurates Verstandnis
der aktuellen und zukiinftigen LHC-Daten zu gewihrleisten. In dieser Arbeit beleuchten
wir einen der wesentlichen Bausteine um eine realistische und prézise Simulation von
Streuereignissen an Teilchenbeschleunigern zu erreichen, ndmlich die Kombination von
Prézisionsrechnungen zu fester Ordnung in der Storungstheorie und Teilchenschauern.

Die Berechnung hoherer Ordnungen in der Stérungstheorie sowie Teilchenschauer sind die
beiden Hauptbestandteile, die benttigt werden, um Ereignisse an Teilchenbeschleunigern zu
beschreiben. Ersteres dient der genauen Beschreibung des harten Streuprozesses, wahrend
letzteres eine realistische Beschreibung fiir die Produktion von Endzustdnden mit hoher
Teilchenzahl im Bereich der niederenergetischen und kollinearen Naherung liefert. Es handelt
sich somit um zwei komplementdre Ansitze, die zusammengefiihrt werden miissen, um
ihr volles Potenzial auszuschopfen. Der aktuelle Stand der Wissenschaft fiir solch eine
Kombination entspricht der Genauigkeit von NNLO+PS, d.h. der Beibehaltung der NNLO-
Genauigkeit in Storungstheorie ohne Beeintrachtigung der Struktur des Teilchenschauers.

Die MINNLOPS-Methode ist ein wichtiges Werkzeug, um die NNLO+PS-Genauigkeit zu
erreichen, da sie weder eine rechenintensive Neugewichtung der simulierten Streuereignisse
noch die Einfithrung unphysikalischer Parameter zur Unterteilung des Phasenraums erfordert.
In dieser Arbeit prasentieren wir bahnbrechende Ergebnisse, die mit Hilfe dieser Methode
fur wichtige LHC-Prozesse erzielt wurden.

Zunichst prasentieren wir eine phanomenologische Analyse fiir die Higgsstrahlung mit
anschliefendem Zerfall des Higgsteilchens in ein Bottom-Quark-Paar, was entscheidend fiir
die Bestimmung der Yukawa-Kopplung von Bottom-Quarks ist. Wir zeigen, dass die Einbe-
ziehung von NNLO-Effekten fiir eine korrekte Beschreibung dieses Prozesses unerlasslich ist.
Dartiber hinaus prasentieren wir nicht-triviale Effekte, die mit der Identifizierung von b-Jets
durch verschiedene Clusterbildungsalgorithmen von Jets verbunden sind.

Darauf folgend erweitern wir die Berechnung des Streuprozesses pp — ZH — (¢~ bb auf
die Standardmodell-Effektive-Feldtheorie (SMEFT), indem wir die Beitrdge von Operatoren bis
Dimension sechs in die Rechnung aufnehmen, die das Higgsfeld des Standardmodells und die
Kopplungen bis zur Ordnung NNLO in der Quantenchromodynamik (QCD) modifizieren,
mit dem Ziel eine NNLO+PS Rechnung in der SMEFT zur erreichen. Wir prasentieren
kinematische Observablen, die stark von den betrachteten Operatoren beeinflusst werden
und daher unsere Sensitivitdt erhchen konnen um Effekte durch neue Physik zu finden.

Abschlieflend prasentieren wir eine neuartige Strategie um NNLO-QCD- und NLO-EW-
Berechnungen mit Teilchenschauern durch eine nachtrédgliche Neugewichtung der jeweiligen
Streuereignisse zu kombinieren. Wir diskutieren phdnomenologische Ergebnisse fiir die
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W*Z-Produktion, welche als Test der Eichstruktur des EW-Sektors dienen konnen. Wir
identifizieren verschiedene Kombinationsschemata der QCD- und EW-Korrekturen, welche
konsistent mit QCD- und/oder QED-Schauern kombiniert sind, und analysieren ihre Fahig-
keit bestimmte kinematische Bereiche relevanter Verteilungen zu beschreiben.
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1. Introduction

The Standard Model (SM) is the unifying theory of three of the four known fundamental
forces, namely the electromagnetic, weak and strong interactions. It has proven to be
incredibly successful in the description of the subatomic world and, with the discovery of the
long-awaited Higgs boson on the 4th of July 2012, the completion of the model was finally
achieved. Our best understanding of how elementary particles interact among each other is
encapsulated in the SM and its striking success is proven by the excellent ability to describe
experimental data at colliders. Nowadays, the world’s largest and most powerful collider
is the Large Hadron Collider (LHC), in which protons collide at a centre-of-mass energy
of 13 TeV and the produced particles are detected by four main experiments (ATLAS, CMS,
ALICE and LHCD). The LHC was constructed as a discovery machine in 2008, with the main
goal of detecting the last missing particle of the SM puzzle, the Higgs boson. After only a
few years, the particle was observed and this milestone discovery signed the opening of a
new stage: the precision era.

In the coming years, the LHC will be converted to a precision machine, which is a revolu-
tionary step for a hadron collider. Traditionally only lepton colliders were used as precision
machines, mainly because of the clean environment that allows for precise measurements.
Anyway, the remarkable success of the LHC drove the physics community towards the
possibility of exploiting the potential of this machine even further. In the next few years, this
plan will lead to the so-called High Luminosity phase of the LHC (HL-LHC), which consists
in an upgrade of detectors and an increase in the luminosity. Concretely, this translates into
measurements with an unprecedented level of precision. It is thus clear that this challenging
project can lead to groundbreaking results only if a significant effort is made from the theory
community as well. A deep synergy between the theory and the experimental communities
in this regard is crucial, as the upcoming data can be correctly interpreted only through
theoretical predictions that match the experimental accuracy at least.

With the discovery of the Higgs boson, the SM has revealed to be more predictive than ever
in the description of processes at colliders. Despite this, it is well known that it cannot be
the final fundamental theory of nature, because it cannot describe some phenomena that are
experimentally observed (e.g. neutrino oscillations, Dark Matter, Dark Energy, asymmetry in
matter-antimatter) and it cannot be unified (at least, with our current understanding) with the
theory of General Relativity. In this context, precision physics represents a promising path
towards the discovery of physics Beyond the SM (BSM) that should appear as a discrepancy
between theoretical SM predictions and experimental data. As a consequence, precise
theoretical calculations are crucial to interpret accurate experimental data and to identify
possible small deviations in the data/theory comparison.

At the LHC, strong interaction physics, described by Quantum Chromodynamics (QCD),
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is the dominant contribution. Increasing the accuracy of theoretical calculations concretely
means including higher-order contributions in perturbative QCD. This is a valid approach
in the high-energy limit because the coupling of the perturbative series (namely, the strong
coupling ;) is small. This fundamental property of QCD is referred to as asymptotic freedom.
The current state of the art for so-called fixed-order calculations is the inclusion of next-to-
next-to leading order (NNLO) corrections, which are of order O(a2). Moreover, the increasing
precision of experimental data also requires the inclusion of electroweak (EW) corrections:
even though the EW coupling is much smaller than the strong one (¢ < a;), EW corrections
can have a dominant effect in some kinematic regions, especially in the deep tails of some
distributions. In order to give the best description possible on the whole spectrum, the new
frontier for precision predictions consists in reaching NNLO QCD and NLO EW accuracy.

Despite the enormous progress made in fixed-order computations in the past years, this
approach is not sufficient for a realistic description of processes at colliders. Fixed-order
computations can be performed only for few final state particles, which is in contrast to the
high-multiplicity final states that are observed at detectors. Moreover, this approach fails
in some kinematic regions or in presence of multiple scales due to the appearance of large
logarithmic contributions. These large corrections spoil the convergence of the perturbative
series. We can deal with these large contributions through resummation, which consists
in reordering the perturbative series so that, when considering an appropriate range for
these logarithms, the resummed series is convergent. Resummation can be performed either
through analytic methods or through a parton shower: albeit the accuracy of parton showers
is low, they are among the most employed tools in the high-energy physics community, thanks
to their flexibility in resumming all classes of logarithmic contributions and the possibility of
simulating realistic events at hadron colliders.

This thesis analyses in detail the matching between fixed-order calculations and parton
showers, which is one of the key building blocks for the construction of realistic predictions
for collider physics. Realistic predictions for events at colliders are usually obtained using
dedicated Monte Carlo (MC) event generators that are able to model an event from the high
energy limit down to the detector level. Improving the accuracy of this modelling is not an
easy task, as it should account for different effects associated with different energy scales.
More precisely, we can imagine an event at a collider as a sequence of phenomena that occur
at different energies and regimes. This hierarchy of scales allows us to study each of these
phenomena separately according to the factorization principle [1] for which physical effects at
high energy are not affected by low-energy physics, as they are widely separated in time.

At the LHC, protons collide at high energies in the hard scattering. This scattering is called
hard because it is related to a scale Q much higher than the QCD cutoff Agcp where the
perturbative regime breaks. This process is studied using a fixed-order computation so that
we can improve the description of the hard scattering including higher-order contributions
in the perturbative expansion. We should keep in mind that a complication is given by the
composite nature of protons: our perturbative approach holds only for partons (quarks and
gluons) in the initial state, as we cannot describe hadrons from first perturbative principles.
In order to deal with this problem, we can rely again on the factorization assumption and
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encode the non-perturbative structure of protons into parton distribution functions (PDFs) that
are extrapolated from data. As already discussed, sticking to a fixed-order computation is
not sufficient: the hard scattering deals with a 2 — n process, with n much smaller than the
number of final state particles observed at detectors. Moreover, a fixed-order calculation fails
in some kinematic regions due to large logarithmic contributions. These issues are solved by
the parton shower. The parton shower is the link between the high scale Q and the detector
level Agcp. It generates subsequent emissions from the external legs of the hard scattering
in the soft and collinear approximation, which captures the dominant contributions, thus
producing a cascade of splittings that leads to a high-multiplicity final state. These subsequent
splittings determine a degradation of the energy: the parton shower ends when the energy
reaches the Agcp cutoff. At this stage, the perturbative regime breaks down and we need
to rely on phenomenological models tuned to data for describing hadron formation. After
hadronization, event generators can also describe the decay of primary hadrons to stable
hadrons that reach the detectors.

It is now clear that increasing the accuracy in a realistic description of an event at a collider
is extremely complicated, as it requires improving the description of different phenomena
that are studied through different approaches and techniques. This thesis presents some
recent developments in the matching between fixed-order computations and parton showers,
as they are two complementary approaches that can be merged keeping the best features of
both. The main idea of the matching procedure is to keep the high accuracy of the fixed-order
computation while retaining the realistic description given by the parton shower. The current
state of the art is represented by NNLO+PS accuracy, which means retaining NNLO accuracy
for the hard scattering without spoiling the logarithmic structure of the parton shower. To
reach this accuracy, a standard strategy is not yet available in the literature but, among the
different methods at hand nowadays, the MINNLOps approach plays a crucial role because of
its simplicity: it does not require a computationally demanding reweighting, as all the terms
needed are already present at the level of generation of events, and it does not introduce any
unphysical scale for separating the phase space according to the jet multiplicities.

In this thesis, we review some recent cutting-edge results obtained using the MINNLOps
method. More precisely, this manuscript is structured as follows: in Part I we review the
theoretical framework, starting from a detailed presentation of fixed-order calculations and
parton shower simulations in chapter 2. We then largely discuss the problem of the matching
in chapter 3: we first present the POWHEG method for obtaining NLO+PS results in section
3.1, its improvements in the MINLO and subsequent MINLO’ methods in section 3.2, and
then we analyse in detail the MINNLOps approach in section 3.3.

Part II is dedicated to phenomenological studies of key processes at the LHC. In chapter 4
we present NNLO+PS results for the production of a vector boson in association with a Higgs
boson (VH, with V = W¥, Z) with subsequent decay of the Higgs boson into a pair of bottom
quarks (H — bb) as well as the decay of the vector boson V to all possible leptonic final states.
This process is fundamental for precision measurements in the Higgs sector, as it provides
direct access to the bottom Yukawa coupling and it actually yields the highest sensitivity to
its determination. In this context, we also discuss the differences among different clustering
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algorithms for the identification of b-jets, showing that the choice of the clustering algorithm
has a non-negligible impact on differential distributions.

In chapter 5 we extend our study of ZH production with H — bb decay to the Standard
Model Effective Field Theory (SMEFT). We encode in our computation a set of dimension-six
operators that have a direct impact in QCD, reaching NNLO+PS accuracy in the SMEFT. We
formally consider also N3LO contributions that are associated to weakly constrained Wilson
coefficients. The main outcome is the identification of a set of observables that are particularly
suitable for increasing the sensitivity to the analysed SMEFT operators.

Chapter 6 shows results for WZ production at NNLO QCD and NLO EW accuracy
matched to parton showers. The combination of QCD and EW results is a delicate issue,
especially in the presence of a parton shower: we present different possible combinations
that differ for terms beyond accuracy, analysing their differences for various observables and
identifying the optimal scheme. The presented method is pioneering for a possible extension
of the MINNLOps framework towards the inclusion of EW effects, which is very challenging as
it requires a deep understanding of the mixed QCD/EW structure of higher-order corrections
within the MINNLOpg formalism.

We conclude in chapter 7 where we summarize our results and we discuss possible outlooks.

This thesis is largely based on the following publications by the author:

[2] S. Zanoli, M. Chiesa, E. Re, M. Wiesemann and G. Zanderighi, Next-to-next-to-leading
order event generation for VH production with H —bb decay, JHEP 07 (2022) 008, [2112.04168]

[3] U. Haisch, D. J. Scott, M. Wiesemann, G. Zanderighi and S. Zanoli, NNLO event
generation for pp — Zh — 4~ bb production in the SM effective field theory, JHEP 07 (2022) 054,
[2204.00663]

[4] J. M. Lindert, D. Lombardi, M. Wiesemann, G. Zanderighi and S. Zanoli, WZ pro-
duction at NNLO QCD and NLO EW matched to parton showers with MiNNLOpg, [HEP 11 (2022)
036, [2208.12660]

where the results described in chapters 4, 5 and 6 were originally presented.
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THE THEORY






2. Theoretical Framework

Precise collider phenomenology relies on a profound understanding of QCD over a vast range
of scales, spanning from the proton mass to the centre-of-mass energy of the hard scattering.
The theoretical description of a collider event is extremely complicated as an event is made
up of different stages that appear at different energies: to appropriately describe each stage,
various theoretical and technical tools are needed.

In this chapter, we review the two most common tools that are used for obtaining predic-
tions at colliders in the perturbative regime: fixed-order calculations and parton showers.
Our main goal is to highlight the main features of both approaches, showing that they are
complementary tools that can be fully exploited when matched together: through their
matching, we can obtain predictions that are both precise and realistic. In fact, fixed-order cal-
culations deal with the hard collision and the accuracy of the calculation can be systematically
improved including higher-order contributions in the perturbative expansion of the cross
section. Fixed-order calculations thus allow for precise predictions. By contrast, parton shower
simulations describe the production of a high-multiplicity final state through a cascade of
splittings generated in a probabilistic way, and they thus connect the high-energy limit with
the detector level. Parton showers allow for realistic predictions.

To understand how the two descriptions can be matched together, we now present a
detailed overview of the two methods, introducing concepts and notations that will be useful
in the next chapters. Fixed-order calculations are discussed in section 2.1 while parton
showers are presented in section 2.2.

2.1. Fixed-order calculations

2.1.1. Preliminaries

We consider the following hadronic collision
hihy — X, (2.1)

where 11 and h; are the two incoming hadrons and X represents a generic final state. The
incoming momenta are labelled K¢, for iy and K¢ for hy, where the subscripts & and © refer
to the direction of motion with respect to the collision axis.

Hadrons are not fundamental particles, as they present a composite structure of partons.
The hard collision we are interested in involves fundamental partons that carry only a fraction
of the total incoming momentum. We consider these partons aligned to the incoming hadrons
and we define the longitudinal momentum fraction x4 for the parton extrapolated from h;

10
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and x¢ for the parton extrapolated from h;. The parton momenta kg and ks thus read
ke =xeKe, ke =xsKg, (2.2)

with {xg, x5} € [0,1]. The final state X can be considered as a generic n-body system so that
energy-momentum conservation is satisfied as follows:

XaKg + xcKe = k@ + k@ =ki+..+k,. (23)

The cross section for this process o(h hp — X) can be obtained relying on the factorization
theorem [1] through which the high-energy (short-distance) physics is factorized from the
low-energy (long-distance) one:

o(hihy — X) Z/dx@dxefz/m (%, 4E) fi/ma (Xe, HE) 03 x (8 H, HE) + O( SSD) - 24
This equation is valid up to some non-perturbative corrections encoded in the last term,
where Agcp ~ 0.2GeV is the scale where QCD perturbation theory breaks down and Q is a
typical scale of the process. More details on this are given in section 2.1.2.

The term f;/n, (Xo, p%) (fi/n,(Xo, 43)) is a parton distribution function (PDF), which repre-
sents the probability of extrapolating a parton of flavour i (j) from hy (hy) with longitudinal
momentum fraction x5 (xg). PDFs are universal and they encapsulate the long-distance
structure of the proton. They are obtained fitting experimental data and they are evaluated at
a scale yr - namely the factorization scale - that is an unphysical scale we must introduce in
our calculation for reasons that will be made clear in the next sections.

The term 0;; x represents the partonic cross section, which is a process-dependent quantity
that encodes the high-energy dynamics. It depends on the partonic energy, defined as
$ = (ko + ks)?, the renormalization scale pr (another unphysical scale the meaning of which
will be made clear later) and the factorization scale yr. The partonic cross section is calculated
as the product of an appropriate flux factor, the n-body phase space and the ij — X matrix
element, as follows:

d3k,
UZ]X(S ]AR,]JF 25 /H o 32El 27'[ 454 <k@ —|—k@ —;%kl> |M1]X’ (25)

We note that we always assume spin and colour sums and averages already encoded in the
matrix element.

The partonic cross section is a perturbative object: its accuracy can be increased including
higher-order contributions in the expansion of the matrix element, which admits a perturbative
series in the coupling. In fact, considering only QCD effects the matrix element can be
expanded in terms of the coupling constant g; = /47 as as

2 3
_ a0 &8s (1) 8s () 8s
M;ix = M5 + M5 + M+ O , 2.6
X X <\/47‘[) X <\/47r> iX ((\/471’) ) 26)

11
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where the superscripts in brackets represent the perturbative order. Including contributions
with increasing power of gs means accounting for terms that are increasingly suppressed,
making the calculation more precise. The terms Ml(]l)X are calculated in perturbation theory
considering all the Feynman diagrams contributing to the process ij — X up to a certain
power of the coupling, according to the Feynman rules of the theory. The perturbative
expansion of the matrix element directly translates into an expansion of the partonic cross
section. In fact, when squaring equation (2.6), we obtain
My x [ = Mk 2+ 20 Re[MPY - M{I] + a2 M2 + O(ad), 2.7)
so that the partonic cross section admits the following expansion in a;:
Gijx = Ofx + s Ol + a2 0% + O(ad). 2.8)
Considering only the first order proportional to a0, we are performing a leading order (LO)
calculation. Adding one power of the coupling a; leads to a next-to-leading (NLO) calculation.
With two powers of the coupling a? we have a next-to-next-to-leading order (NNLO) calculation,
and so on. We stress again that here we consider only QCD corrections because &, is much
larger than the electroweak coupling «. However, given the unprecedented level of accuracy
required nowadays for precision phenomenology, the inclusion of subleading EW effects in
precise theoretical predictions is becoming urgent. Including EW effects consists not only in
including contributions proportional to the EW coupling but also mixed QCD/EW corrections
O(was ). These calculations are highly non-trivial and they represent the current frontier for
precision physics. We will discuss in detail this problem in chapter 6.
To make the discussion easier, we now introduce the notation used in [5] and we will stick
to it for the rest of this work. The total cross section for hy hy — X (= k1 + ... + k,) at LO is

oo = / 40,L B(®,), 2.9)

where d®,, includes the differential parton energy fractions (dxg, dxs) and the differential
n-body phase space (d®;,)
n di’%l n
d®, = dxadxed®, = dredxs [ [ 55 (27)%0* <k69 + ko — Zkl> , (2.10)
1 (27)32E, =

and the product £ B(®,,) implicitly assumes a sum over the incoming flavours:

LB(®,) =) LiBij(®n). (2.11)
ij

The luminosity factor £ is defined as the product of the PDFs

L= Lij(xa,x5) = fisn (X, 47) fi/m (X, 4E), (2.12)

12
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and B(®,), commonly referred to as Born contribution, is the LO squared matrix element
weighted with the appropriate flux factor:

0) 2
[Mijx (@)
B(®,) = Bjj(®,) = —2——— 2.13

( n ) 1] ( n ) 4 k@ k@ ( )

When performing a NLO computation, we need to encode both real and virtual corrections:
real contributions are associated to the production of an extra particle in the final state while
virtual corrections arise from the interference of one-loop diagrams with the Born level. The
NLO cross section can be written as follows

oo = [dw.L [B(«Dn) T vm} + [, LR(@,0), (2.14)

where V(®,) and R(®,1) are the virtual and the real contributions, respectively. The
(n 4+ 1)-body phase space is straightforwardly given by:

n—+1

(27r)4s* <k@ thke— ) kl> . (2.15)

=1

n+l - 43% :
d¢n+1 = dX@dXQd(DnJrl = dX@dXQ E m
The calculation of ono in (2.14) is non-trivial as both virtual and real corrections are affected
by singularities. In general, while performing calculations at NLO (and higher) accuracy,
cross sections are affected by ultraviolet (UV) and infrared (IR) divergences. UV divergences
arise when integrating over loop momenta while IR singularities are associated with soft
and/or collinear emissions. These singularities thus have a different origin and are handled
through different theoretical and technical tools. In order to fully understand the structure of
a fixed-order computation, we will review in detail how to remove UV and IR divergences in
the next sections, 2.1.2 and 2.1.3 respectively.

2.1.2. Ultraviolet divergences

When calculating loop integrals in virtual contributions, the momentum ¢ flowing in the loop
is not constrained by momentum conservation and should be integrated up to infinity. In
general, loop integrals have the following form

o d4y 1
/0 G @ (2.16)

where the power k in the denominator depends on the specific propagators we are considering.
The integral can present singularities in the limit ¢ — oo (if 2k — 4 < 0), and thus these
singularities are refferred to as ultraviolet (UV) divergences.

In Quantum Field Theory, UV divergences are handled through a well-established proce-
dure. Firstly, divergent integrals are subject to regularization, which consists in isolating the
divergences in the calculation. More precisely, we introduce extra parameters in the computa-
tion so that the result depends on these parameters and is divergent in the corresponding
physical limit. The most common options are [6]:

13
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¢ Cut-off regularization: the range of the loop integral is constrained by a cut-off scale A.
The physical limit is restored if A — oo.

4y 1 LY 1
/0 (271)% (02 — m?)k - /0 (2m)% (02 — m2)k” (2.17)

Notice that this method is not Lorentz invariant, as the parameter A depends on the
frame of reference.

¢ Pauli-Villars regularization: auxiliary fields of mass M are added to the Lagrangian, or
directly as mass terms in the propagators, in order to render the integral convergent.
The physical limit is restored when M — oo, as the propagators of these extra particles
vanish.

o d4£ 1 ) d4€ 1 1
/O (270)% (02 — m2)k - /0 (27r)* [(ﬁ _ mz)k - (2— M2)k . (2.18)

¢ Dimensional regularization: the dimensionality of the phase space is conventionally
reduced from d = 4 to d = 4 — 2¢, with € > 0. The physical limit corresponds to € — 0
and singularities appear as poles in €.

o d4y 1 o J4-2¢y 1
. 2.1
/0 Qi (2 —m)k /0 (2n) % (@ — ) (2.19)

In this procedure, the dimensionality of all the objects of the theory changes accordingly.

Once loop integrals are regularized, the result depends explicitly on the regularization
parameters (A, M or € in the methods presented above) and divergences can be restored in
the corresponding physical limit.

The second step needed for handling UV divergences is called renormalization. Renor-
malization is a procedure that eliminates UV divergences expressing unphysical (or bare)
quantities in terms of physical parameters. The idea behind the renormalization procedure is
the following: we start from a bare Lagrangian that contains bare parameters. These bare
parameters are not physical, in the sense that they are not measurable in laboratories. At this
stage, loop integrals are divergent in the UV limit. After regularization, the isolated diver-
gences can be reabsorbed into a redefinition of the parameters of the theory that now become
physical parameters. Concretely, renormalization consists in adding a set of counterterms in
the Lagrangian that compensate for the UV divergences order by order in perturbation theory.
These counterterms are associated with renormalization constants Z that relate physical and
bare quantities together. Counterterms can be constructed using different renormalization
schemes, which are related to different possibilities in the choice of finite parts. One of the
most commonly used is the modified minimal subtraction scheme (MS) in which poles are
subtracted together with the term log (477) — g, where g is the Eulero-Mascheroni constant.
This choice is particularly convenient because the finite expression that is removed always
arises in the UV limit of Feynman integrals.

14
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Once the Lagrangian is expressed only in terms of physical objects, divergences are not
present anymore, as they are hidden in the definition of the new renormalized parameters. In
this procedure, physical parameters gain a dependence on a scale, called renormalization scale
(ur): it represents an unphysical scale needed to perform the calculation, but physics does
not change when varying it.

The SM is a renormalizable theory, which means that the number of counterterms needed
in the renormalization procedure is finite and that this strategy can be applied to all orders
in perturbation theory. Thus, the SM is free from UV divergences. Considering the specific
case of QCD, the renormalization of the coupling constant is particularly important as it is
related to the fundamental property of asymptotic freedom. The bare coupling constant a2 is
related to the renormalized one a;*" through the renormalization constant Z,_ as follows (see
standard textbooks [6, 7])

b = ¥ 72 o, (2.20)

where € is the regularization parameter in dimensional regularization. The renormalization
constant Z,, is determined order by order in perturbation theory with the following expansion

Zo =1+ 02V (2.21)

Bare quantities do not have any dependence on the renormalization scale: if we take the
derivative of (2.20) with respect to ur, we obtain an equation that governs the running of the
renormalized strong coupling when varying the renormalization scale:

dabare on 1 ouxz:
52 -0 N S(;;R) :_lxs(]/lR) — VRzozs'

dp OHR WRZ:, OMR
Note that we dropped the superscript in the renormalized couplings. Unless explicitly stated,

from now on all the parameters are considered renormalized. In the limit € — 0, equation
(2.22) can be rewritten as

i ) _ a,) = () Y B ()t (), .2
Hr k=1

which is the renormalization group equation (RGE) for the running coupling. It describes

how the renormalized strong coupling varies according to the renormalization scale. This

dependence is governed by the QCD B-function that shows a perturbative expansion starting

from O(a?2):

(2.22)

Blas) = —poas — Prac — faag + O(7) (2.24)
The By coefficients are calculated in perturbation theory and, considering the convention used
in [8], they read

11CA — an
= 7 2.2
0 TR (2.25)
17Ci — 5CA1’lf — 3CFTZf
p1= i , (2.26)
2857C3 + (54CF — 615CACr — 1415C3 )ns + (66Cr + 79Ca )7
P2 = 345673 ' 227)
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where Cx and Cr are the colour factors, with values 3 and 4/3 respectively, and 7y is the
number of active flavours. Notice that B, explicitly depends on the scheme used. The
expression presented above is in the MS scheme.

Including in the B-function only the first coefficient By, we can solve (2.23) analytically:

as(Q%) = () . (2.28)
L+ Boln (Q2/p?)as(p?)
The previous equation relates the value of the strong coupling at different scales: once a; is
known at a scale 1, we can obtain its value at any other scale Q. Even though we can use
perturbation theory to evolve the strong coupling at any scale, its absolute value is not known
and it has to be obtained from experiments. Nowadays, the most common choice is using as
input the value of a; at the mass of the Z boson, as(m%) ~0.118.
Given equation (2.28) and the negative sign of the B-function, it is clear that the strong
coupling becomes smaller when the energy increases:

as(Q*) -0 when Q — 0. (2.29)

This property is the asymptotic freedom of QCD: at high energies, quarks and gluons
interact weakly and they can be considered as free particles. This property is crucial as it
allows us to use perturbation theory for obtaining predictions in QCD. By contrast, at low
energies perturbation theory breaks down because the coupling constant gets larger and
larger. We can obtain an estimate of where perturbation theory is no longer allowed and
non-perturbative effects become dominant studying where the coupling diverges. Imposing
that the denominator in (2.28) is zero, we find

1
2\ _
[XS(Q ) - ﬁo ln(QZ/AZQCD) s (230)

where Aqcp is the energy scale at which the coupling becomes singular. Aqcp is around 220
MeV [9] and, below this scale, perturbation theory fails.

At this point the presence of the renormalization scale in equation (2.4) is clear: the
partonic cross section 0;; depends explicitly on renormalized parameters and thus on the
renormalization scale yig. We remind the reader that this scale is unphysical: if we were able
to compute the hadronic cross section to all orders in perturbation theory, the dependence on
ur would disappear. Since this is not feasible, the cross section is concretely obtained up to
a certain accuracy truncating its perturbative expansion at a certain order in the coupling,
generating a residual dependence on the renormalization scale.

In order to avoid potentially large logarithmic contributions log (Q?/?) that can spoil the
convergence of the perturbative series, the renormalization scale is usually set to a typical
scale Q of the process under study. When dealing with complex processes, multiple scales
can be present and the choice of g is not trivial. In these cases, there is no correct choice a
priori. We will discuss this problem in section 3.2.
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2.1.3. Infrared divergences

When calculating higher-order QCD corrections, UV divergences are not the only kind
of singularities appearing. In fact, also divergences associated with soft and/or collinear
emissions emerge and they are thus called infrared (IR) singularities. Before analysing in detail
how these singular behaviours appear in perturbation theory, we start our discussion from
the Kinoshita-Lee-Nauenberg (KLN) theorem [10, 11], which guarantees their cancellation in
inclusive calculations.

The KLN theorem states that soft and collinear singularities cancel in the sum over de-
generate states. Examples of degenerate states are real emissions in which a quark emits a
soft gluon or a quark emits a collinear gluon and a virtual correction to a quark line. These
states cannot be distinguished from each other, as soft or collinear or virtual gluons cannot
be detected. More precisely, the KLN theorem guarantees that real and virtual corrections
show the same singularities (with opposite sign) in the soft and/or collinear limit, so that
the computation of sufficiently inclusive observables is free from singularities. We stress that
this theorem applies to all orders in perturbation theory. The SM is free of IR divergences,
provided configurations involving all possible final and initial states are considered.

In order to analyse how IR divergences arise in NLO QCD computation, we can consider
the production of a g7 system from e*e~ annihilation

e (ki) e (k2) — q(p1) d(p2), (2.31)

which represents a nice framework for introducing the topic of IR singularities because the
initial state is not affected by QCD effects. In fact, initial state QCD radiation deserves a
specific treatment that will be discussed later in this section.

. - q
€+ kl p1
e ko P2 q

(b)

. q

et k1 p1
8
- k- 7. .
e 2 P2 q

(c) (d)

Figure 2.1.: Feynman diagrams contributing up to NLO accuracy in the process e*e™ — g7.
Panel (a) shows the LO diagram, panels (b) and (c) are the real corrections and
(d) is the virtual contribution.
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Sample Feynman diagrams of this process are shown in figure 2.1. The calculation of the
cross section at LO and NLO is trivial, so we report here only the main results. The interested
reader is referred to [12] or standard textbooks like [7].

At LO accuracy, the matrix element reads

e’Q

Mgz = #[ammv(m)}[a(kzwwkl)], (2.32)

where ¢ is the electric charge, Q, is the fractional electric charge of the quarks and ¢* =
(k1 +k2)? = (p1 + p2)?. The 2-body phase space and flux factors are

1 . 1
dq>2 == W sm edgd(l), flux = qu ’ (2.33)
so that the LO cross section can be easily obtained as:
_ [Myl? _ 4, NeQ;

a = 2/ (47) is the fine-structure constant and N, = 3 is the number of colours.

The calculation of the NLO cross section consists in including both real and virtual
corrections. We can already expect the appearance of singularities in the real matrix element.
In fact, if we consider the emission of a gluon from a quark:

k
p+k 7 . p=E,(1,0,0,1),
- p with ) (2.35)
RN k = Ex(1,0,sin6,cos @),
the internal propagator is proportional to
1 1
(2.36)

(p+k?2  2E,E(1—cosB)’
which shows a singularity when the gluon becomes soft (Ex — 0) or collinear (0 — 0). We note
that if we consider a massive quark, the collinear singularity disappears, as the propagator
scales like:

! ! with B=+/1-m?/E2. (2.37)

(p+ k)2 —m? - 2E,Ei(1 — Bcosh)

For this reason, collinear singularities are often called mass singularities.
The real matrix element reads

Myge = [n(pn) (—igat) LD ety 5 [otkz) i)

—q 82 2
= [atp e TP g eyoten) | I [kt 239)

(EZQq)2
2

where the two lines correspond to diagrams 2.1(b) and 2.1(c), respectively. k and € are the
momentum and the polarization vector of the emitted gluon and t* is the SU(3) generator.
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Soft limit

If we consider the soft limit (k — 0), the real matrix element becomes

) ~ ¢ ¢ 2 2 .
Mygg = —iegst® [M(Pl)’Y“ (2511]{ - 2}52?()0(]?2)] (e qQ?_q) [5(Kka)yyuu(ky)] (2.39)

and, squaring it, we observe the following factorization

2 2
R = [Myol? 0 M2 Cpe? P2 _g.cpg2 PPz (2.40)
M= Ml o8 G b a5 O Gk (b
where Cg = 4/3 is the QCD color factor. In the soft limit, the real contribution factorizes and
can be written as the product of the Born contribution B with an appropriate Eikonal factor.
A similar factorization holds also for the phase space. We can write the 3-body phase space
in terms of the 2-body one times a phase space for the radiation, as follows:

soft dSE
This allows us to write the cross section in the soft limit in a factorized form:
soft / / d?% > 2p1p2
Opie — | APz B- | ————C — =0, S. 2.42
qq8 qq (271)32E, F&s (1K) (pak) qq (242)

The universal S function describes the emission of a soft gluon.

Collinear limit

The collinear limit of the real cross section is better understood if we use the Sudakov
parametrization

k2 nt
ekl L 24
k2 p
= (1—z)pr — k' — L " (2.44)

1—z2p-n’

where p# is a light-like vector defining the collinear direction and n* is a light-like auxiliary
vector. k]i is a vector with only two non-zero components given by the transverse momentum
of the gluon. Both p# and n* are orthogonal to k', i.e. k| - p =k, -n = 0. The splitting
energy z is constructed as z = E;/(E; + Ei), which defines how the energy is shared between
the quark and the gluon in the splitting. With this parametrization, the propagator in (2.38)
becomes

1 z(1—2z)

= — 2.45

and the collinear limit corresponds to k; — 0.
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The real squared matrix element can be rewritten as

2 coll 2 > 1 1+ 22 5 1 1422
R = [Myg* == [Mg|* - Crgi —— =B Crg?— 2.4
‘ qqg‘ | ‘15]| F&s Plkl z F&s plkl z ’ ( 6)

where the Born contribution B is obtained clustering together the two particles involved in
the splitting, reconstructing the emitter quark with momentum equal to the sum of the quark
(p1) and gluon (k) momenta. The phase space factorizes as well in the collinear limit as

coll 1 1 dz >

so that the cross section can be factorized as follows:

A2 1422
oy ™ [0 B- 22 [k dzCi s =y C (2.48)
1

The universal C function describes the emission of a collinear gluon.

The KLN theorem [10, 11] guarantees that soft and collinear divergences cancel when sum-
ming real and virtual contributions and we thus expect virtual corrections to have the same
singular behaviour (with opposite sign) as the real term in the IR regions. In fact, virtual
corrections are divergent when the momentum flowing in the loop ¢ becomes soft, £ — 0, or
collinear to an external momentum k, ¢ - k = 0.

To see explicitly the singular behaviour of the virtual contribution for the case of ete™ — g7,
we regularize the loop integral through dimensional regularization: the dimensionality of the
phase space is customary increased from d = 4 to d = 4 + 2¢, with € > 0, and the physical
limit is given by € — 0. Also in this case, the calculation of real and virtual contributions in
dimensional regularization is straightforward and not very informative, so we highlight here
only the main results. The full calculation is presented in [12].

In dimensional regularization, real and virtual cross sections read

) o TP1—e) (4mi\ 2 3 19
Oggg = Ogi* —5 — CF T —3e) \ 22 ato Tt O(e) ¢, (2.49)

virt _ (Xs(‘MR) r2<1 — 6) 47-[‘11%{ _ 3 _ § _
g =0 =5 - Cr g 130\ ¢ 2 8+0(), (2.50)

where we explicitly see the appearance of poles in €. Single poles represent configurations
in which the gluon is either soft or collinear, while double poles are associated to soft and
collinear topologies. The coefficients of the poles in the real and virtual cross sections are
equal in value but with opposite sign so that the final cross section is finite.

The explicit cancellation of soft and collinear divergences that was presented for the simple
case of eTe™ — g is a general property of QCD and it is satisfied to all orders in perturbation
theory. In fact, the soft and collinear limits of the amplitudes are universal. If we consider a
general 2 — n process, they read [13]:
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e Soft limit:

i—)O n
M1 (p1, iy Pus1) P 2 Y S0 (p0) M (p1, o ) P, (2.51)

Lr

where the universal Eikonal factor Sy, (p;) is proportional to:
2p¢ - pr
Sor(pi) ~ . (2.52)
P o ) (o )

In the soft limit, the real correction is equal to the Born contribution, in which the soft

parton is removed, multiplied by a universal term that encodes the emission of the soft
particle.

e (Collinear limit:

pillpj
|Myuy1(p1,-Pis Pj-Prt1) > 5 C(2) [ My (pa, oy pi + Pisver Pr) 1%, (2.53)
where the universal collinear function C(z) is proportional to
C(z) ~ Pisij(z) - (2.54)

The parton k is the mother particle that splits into the i and j daughters. z represents the
energy fraction that the parton i carries away from parton k in the k — ij splitting. The
universal ISIHZ-]- function is the unregularized Altarelli-Parisi splitting kernel, which depends
only on the flavour of the partons undergoing the k — ij splitting. These kernels have a
perturbative expansion in the strong coupling and at LO they read:

) = 5+ -2,

n 1—
P (z) = ZCA[ z ~+ TZ +2z(1— z)} . (2.55)

The real correction with the parton i becoming collinear to the parton j is equal to the
Born contribution in which the two collinear partons are clustered together into parton k
(px = pi + pj) multiplied by a universal splitting factor that depends only on the nature
of the k — ij splitting.

These poles in the IR regions cancel when summing together real and virtual contributions
thanks to the KLN theorem. This cancellation has a specific physical meaning: the cross
section is a physical quantity, so it must be finite. If the real contribution is divergent,
the virtual one must present the same singularity with opposite sign for conservation of
probability, referred to as unitarity.
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We can now generalise equation (2.14) to obtain the expectation value of a general observ-
able O at NLO accuracy

~ [d@,c0.@,) [B(%) +v<<1>n>] + [ 491 L0ua (@ )R®,01), (256

where O, and O, are the expressions of the observable O in terms of the n and n + 1
configurations, respectively. We remind the reader that the KLN theorem ensures that IR
divergences cancel when considering all possible initial and final configurations: if we want
to be more exclusive, this cancellation does not fully apply. In general, equation (2.56) is free
from IR singularities if O is infrared (and collinear) safe, which means that it is not sensitive to
long-physics effects. An IR (and collinear)-safe observable satisfies

pj —0
Ouni1(p1 s Pjs Pt1) < Ou(p1, ...y Pi-1,Pj+1--Pn) s
pillp
Oi’l+1(p1/"'/ p]/ p€/~'-pn+l) L O (pl/ /p] + pﬁ/ pn) (2'57)

which means that O is insensitive to extra soft and/or collinear emissions. This property is
crucial because it allows us to use fixed-order calculations in perturbative QCD for obtaining
predictive results.

When calculating explicitly the IR behaviour of the cross section at NLO accuracy, we
considered the specific case of eTe™ annihilation, for which QCD radiation does not affect the
initial state. When dealing with QCD emissions in the initial state, the KLN theorem does
not fully apply. More precisely, collinear singularities do not cancel because the emission
of a gluon in the collinear limit modifies the momentum of the parton undergoing the hard
scattering. An illustrative example is figure (2.2).

The non-complete cancellation of collinear singularities for initial-state emissions is handled
through factorization. Factorization is a procedure similar to renormalization but applied to
singularities that arise in the collinear limit for initial-state radiation. Bare divergent PDFs
entering the calculation f°3(x) can be reabsorbed into finite physical PDFs f(x, u2) that now
gain an explicit dependence on a new unphysical scale called factorization scale (yr). This scale
appears in the theory in an analogous way to the renormalization one. Since the collinear
behaviour of the cross section is universal, the factorization procedure can be handled in a
process-independent way.

We recall that PDFs are non-perturbative objects and their values at a certain scale yr and
for a specific momentum fraction x cannot be calculated in perturbation theory but must be
fitted to data. However, the evolution of the PDFs with yr is perturbative and it is described
by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equation [14, 15, 16].
The DGLAP equation is a (211f + 1)-dimensional equation in flavour space of the form

9 (fqi/h(x/ﬂz)) /1d2 way (5 0s(12)) Pog (3 as(u?) | ([ fom(z 1)
dln 2 fg/h(x,]/tz) qu, ZI“S(P‘Z)) ng(?“s(ﬂz) fg/h(zfﬂz) ’

(2.58)
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Figure 2.2.: Examples of Feynman diagrams for proton-proton collisions where a real (left)
and virtual (right) gluon is emitted from the initial state. The cancellation between
the two contributions holds only in the soft limit (z — 1), as the momentum of
the parton undergoing the hard scattering is unaltered. When we consider the
collinear limit, the parton momentum changes (7§ — zp) in the real contribution,
while it remains the same in the virtual one (7). This mismatch leads to a non-
complete cancellation of collinear singularities.

where the subscript i can take any possible flavour for both quarks and antiquarks. The
DGLAP equation describes the evolution of the PDFs with the factorization scale: given a
boundary condition at a scale i, equation (2.58) predicts the values of the PDFs at any other
scale u. The P;; kernels are the regularized Altarelli-Parisi splitting functions, which are universal
perturbative functions that admit an expansion in the strong coupling:

2
Pyi(z as(#) = PV (2) + %Pi(.l)(z) + <“n> P2 (2) +0(a?). (2.59)

They represent the probability that a parton j emits a parton i with energy fraction z. The LO
expressions can be taken e.g. from [17]:

0 1+Zz 3

P () = Cr (”(1_2)2> :

z
0 1
Pig(x) =5 (2 +(1-2)%),
(0) B z _ 1 11Cp — ZTlf B
Pgy’(z) = 2Ca ([1—z]++(1 z)(z+z)) +— 5(1—2z), (2.60)
where we used the plus distribution defined as:

/1 1_2 /d 1_2). 2.61)

This approach for handling collinear initial-state divergences is equivalent to the introduc-
tion of collinear counterterms at the level of the cross section. More precisely, reviewing the
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discussion presented in section 2.1 of [5], equation (2.14) now becomes:

ONLO = /dd)nﬁ [B(cbﬁvb(cpn))] +/dd>n+1L‘R(<I>n+1)

[ AP LGop(@0) + [ d®ue LGo(®1e), (262)

where the subscript b stands for bare, which means that IR divergences are still present. In
the virtual correction, UV divergences have already been removed through renormalization.
The two counterterms Gg 1, and G, are divergent in the collinear limit, therefore they are
treated in dimensional regularization using d = 4 + 2¢ for defining the dimensionality of
the phase space. They thus present poles in €. The corresponding phase spaces ®; o, and
®, - are given by configurations where one final-state parton is collinear to an incoming one.
Defining with z the fraction of momentum of the incoming particle after radiation, the two
phase spaces can be written as:

n
@n,@ = {X@, XQ,Z,kl, ...,kn}, ZX@K@ + X@K@ = Zki,
i

n
q)n,@ = {X@,XQ,Z, k1, ey kn}, X@K@ + ZXQK@ = Zkl . (263)
i

They are formally n-body configurations: we can introduce an underlying n-body phase
space ®,, as:

q)ﬂ,EB : (i)n = {f@,f@,kl,...,kn} Wlth fe = ZXgp, f@ = Xo,
‘I)n,@ : (i)n = {f@,f@,kl,...,kn} with f@ = X, f@ = ZXg . (264)

Using this formalism, the expectation value of a generic IR-safe observable O can be obtained
at NLO starting from (2.62) as:

(0) = /d(bnﬁ Ou(®n) [B(dm) + Vb(CDn))]
+/d‘1’n+1£ Op1(®py1)R(Pps1) +/dq’n,@£0n(&>n)g@,b(q’n,@)

+ [ Ao LON®) Gop(@ne) . (265)

Thanks to the IR-safety of O, in the last two terms the argument of the observable is set equal
to ®,,. If we require that the Born contribution B is finite, all but this term on the right-hand
side of equation (2.65) are separately divergent, while the final result is finite. Equation (2.65)
is thus not usable in a computer program, as it requires the separate calculation of divergent
integrals. In order to overcome this problem, it is necessary to render separately finite all the
contributions entering (2.65). In this context, one of the most successful procedures is given
by a subtraction method.

Before discussing how a subtraction method is constructed, we make a final comment
on the presence of the factorization scale in equation (2.4). On the same footing as the
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renormalization scale, the physical cross section does not depend on the factorization scale
but, once the perturbative series is truncated at a certain perturbative order, a residual
dependence on yr survives. In order to give an estimate of missing higher-order corrections,
it is possible to set both the renormalization and the factorization scales to a typical energy
scale Q of the process

HRO = HEO ~ Q, (2.66)

and vary them by an arbitrary factor around the central value:
ur = Kr-pro and pp=Kp-ppp. (2.67)
Customary, the (Kg, Kr) combinations that are used are the following
(Kr, Kr) =4(1,1),(1,1/2), (1/2,1),(1,2), (2, 1), (1/2,1/2), (2, 2)}, (2.68)

in which we consider a factor of two above and below the central values, eliminating the cases
in which the two scales are shifted in opposite directions (namely, (1/2, 2) and (2, 1/2)). The
result obtained using the central scales (ygro, jiro) represents the final prediction and the
corresponding error bar is given by the envelope of the different results obtained with the
combinations in equation (2.68). More precisely, among the seven predictions given by (2.68),
the error bar is obtained by taking the maximum and the minimum values. This procedure is
referred to as 7-point scale variation and the physical meaning is the following: the final result
should not manifest a strong dependence on ur and yr, thus we expect that varying them
arbitrarily does not change significantly the final prediction and higher-order corrections
should be covered by the estimated the error bars. We stress that using large variation factors
could lead to instabilities in the convergence of the series because of the appearance of large
logarithmic contributions, and thus the value of 2 is commonly accepted.

2.1.4. Subtraction method

The expectation value of an IR-safe observable O at NLO accuracy can be obtained using
equation (2.65). In general, the different ingredients in the formula are too complicated to be
calculated analytically, therefore a numerical evaluation is needed. A numerical calculation
is however not possible at the moment because IR divergences are still present in different
contributions (virtual, real and counterterms) that are integrated over different phase spaces.
In order to overcome this problem, we need to make explicitly finite all the terms appearing
in our master formula (2.65). In this section, we review how to do that using a subtraction
method. Notice that there are different subtraction schemes available in the literature and
a detailed analysis of them is beyond the scope of this thesis. We thus review the general
formalism of a local subtraction scheme, as it is the one implemented within the POWHEG
framework [18], which will be used throughout this thesis. This section is inspired by section
2.2 of [5].

A local subtraction scheme consists in removing IR divergences point by point in the phase
space summing and subtracting the same term to the virtual and real corrections so that the
two contributions are separately finite. This implies that the chosen term must match the
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IR singularities of the real and virtual corrections and must be analytically integrable over
the radiation phase space. More precisely, the real contribution R is associated to singular
regions « in the IR limit which can refer to a:

¢ soft region (S), where the momentum of one of the final state partons goes to zero;

¢ final-state collinear region (FSC), where two massless final-state partons have parallel
momenta;

¢ initial-state collinear region (ISC), where the momentum of one massless final-state
parton is parallel to the momentum of one incoming parton.

A local subtraction method consists in identifying a real counterterm C(*) that shows the
same divergent behaviour of the real contribution R in the corresponding singular a-region.
To do so, we first identify a mapping M that maps a point of the ®,,,; phase space into a
singular configuration a, associated to the ®* 41 phase space:

") = MO (®,,,), & = {9,z K, KW (2.69)
Each mapping M(®) depends on the singular region & and the only requirement is that it must

be smooth when approaching the singular region, where it becomes the identity. Divergences
in the real contribution are thus cancelled as follows

R(®4+1) Ons1(®rs1) — Y, CY (®@ps1) Opyn (M@ (®411)) (2.70)

with O a generic IR-safe observable.

(w)
n+1

()

Any singular configuration ®,", can be associated to a n-body one ®;,":

e xcS: &)51“) is equal to éigofgl removing the parton with momentum becoming soft;

* « € FSC: <i>$;") is equal to &);021 where the two collinear partons i and j are recombined

together into a new parton k so that py = p; + p;;

o o cISC:®is equal to ® ,(fle where the collinear parton is removed and the momentum

of the initial-state emitter is replaced with its momentum after radiation.

In all the three above cases, the final state partons are relabelled {1,..,n+1} — {1,..,n} and
momentum conservation applies as:

n
%oKe + %Ko = ) _k;. (2.71)
j=1

For S and FSC regions, the incoming momenta remain unaltered:

X@ - f@ 7 f@ - JZ@ . (272)
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For ISC regions, one of the two incoming momenta ¥ is smaller than the corresponding ¥

@ case: Xo < Xg, Xo =Xo,
O case: Xg (2.73)

We can now perform explicitly the subtraction rewriting the integral of the real contribution

R in equation (2.65) as
/dq)n+l L® O, (® 1(1))0( ) (®11)

/dq>n+l£ On+1(q)n+l) R(q)n+1
C<“><d>n+1>}, 2.74)

+/d¢n+1{£ On+1<q>n+1 n+1 Z»C

where we introduced £ = L(%3, %) and we used the IR-safety of O. The second line of
equation (2.74) is finite and can be integrated in 4 dimensions over the ®,,; 1 phase space.

The first term on the r.h.s. of equation (2.74) is still divergent and, to handle it, we express
the (n + 1)-body phase space for each « as

o {éﬁ;"),@(“)} d®,,1 = do do'™), (2.75)

q)n+1< ? rad (7

which means that we describe the (1 + 1)-body phase space through the n-body phase space
constructed as described above, and a set of extra radiation variables that define the emission.

At this point, we make the following considerations:
* When considering FSC and S regions, the luminosity in the (n + 1)-body configuration
is equal to the luminosity in the n-body configuration £ = L(%s,%c) = L(%a, Xo).

Introducing the notation
= / 4 ) (®,.,1), (2.76)

the divergent term in (2.74) becomes:
/ 4,11 L@ 0, (@) O (@,,1) = / 4d 20 0, (&
* In the case of ISC regions, the luminosity £ does not coincide with £. We thus define

= /déﬁiic(“)(%H)zé(z — Xg/%a),
- / do®) ) (@,,1)28(z — % /%), 2.78)

N @Yy, @77

@ case:
© case:
where z is the momentum fraction of the incoming parton after radiation. The divergent

term in (2.74) can now be rewritten as:
0,(®) CW (@), (279)

[ 4@, 0,8 ¢ (@) = [ ddf!
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Note that the following relations hold:

@ case: d®, ; = d®, %

© case: d®, - = dd, % . (2.80)

The full NLO master formula (2.65) now becomes:
— /dd)n LOW(®,) [B(d)n) Vo (®)))

+f d%H{ﬁ Oria (@11 R(®,01) = E (£ 0,0 (@,11)] |

] % (&) (@)
aG{S FSC}
oY [adl, £90,@) @)

ae{ISCe /0 }
+ [ AP LON®) Gop(@ne) + [ Do LO(B1) Gop(@ne). @8
In the last line we have substituted £ with £: this is correct since x4, /-, = ¥4/ in the phase

space of the counterterms, as the mapping (2.69) is the identity in the singular region. For
ISC regions, it is always possible to write

Gop(Pue) + ), C(@ue) =0a(Puz) +5(1-2) G (®),  (282)
e {ISCq }
Gop(®ueo)+ ), Cl(@,5) = Go (®p0) +0(1 — 2) GV(D,), (2.83)
we{ISCo }
in which we explicitly separate finite contributions (Ge, (®1,¢;) and G (@, )) from terms that

still contain poles in € (G&V(®P,) and GV (P,,)). These poles have a soft orlgm Moreover, the
expression

D,=d,
V(@) =Vo(®n)+ Y [CW(®y) +GIV(D,) + GV (D) (2.84)

ae{FSR,S}

is finite. The notation
[..] &=

means that all the terms in brackets are evaluated for phase space variables ®, equal to ®,,.
For ease of notation, we redefine all the NLO ingredients reabsorbing the luminosity factors
as

B=LB, R=LR, V=LV, C®W=,WcW G, =7[Gs Go=LGo,
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so that equation (2.81) takes its final form:

— /dtbnOn(fbn) [B(cbn) + V(%))]
+/ d¢n+1{0n+1(‘l’n+1 D@,11) ; [On(@7)C (I)”“)]}

+ [ d900u(B1)G: (Bre) + [ dD10u(B1)G(®re). (289

All the terms appearing in the previous equation are finite in 4 dimensions and can thus be
integrated numerically.

Different methods are available in the literature for performing the subtraction of IR
singularities at NLO accuracy [19, 20, 21, 22] and they differ for the specific choice of the
counterterms C(*). Anyway, they share the same structure discussed above. In the POWHEG
framework the subtraction is performed through the FKS method [21, 22] in which the real
contribution is split into different singular regions where at most one parton becomes soft
and/or collinear. Each region is then treated separately. We highlight that nowadays the local
subtraction of IR poles at NLO accuracy is fully understood and completely automatized,
while an extension to NNLO accuracy is still highly non-trivial. At this accuracy, many
methods have been proposed in the last years [23, 24, 25, 26, 27, 28], but automation is still
not possible.

2.2. Parton Showers

In the previous sections we discussed in detail how to use fixed-order calculations in pertur-
bative QCD for obtaining predictions at colliders. Despite the enormous progress done in
the last years, this approach is not always optimal and presents some intrinsic limitations.
Firstly, this approach relies entirely on our ability in calculating Feynman diagrams: the more
complex the process, the more involved the calculation. Moreover, the complete cancellation
of divergences is fulfilled only when studying inclusive (IR-safe) observables. In a realistic
description of a collider event, we may want to be more exclusive on the final state, e.g.
restricting the phase space of the process or applying kinematic cuts in order to perform a
comparison with data. Anytime we want to be more exclusive on the final state, the fixed-
order approach is going to fail because of the appearance of large logarithmic contributions
that spoil the perturbative convergence of the series. More precisely, considering exclusive
observables introduces new scales Q; in the process that directly affect the definition of
the observables under study. The integral of the real contribution thus depends directly
on these new scales, while the virtual contribution remains unaffected, leading to a partial
cancellation of divergences in the IR limit. What comes out is a logarithmic residue of the
form L = log Q;/Q, where Q is the hard scale of the process. Considering that IR singularities
are of soft and/or collinear origins, we have at most two powers of this potentially large
logarithms for a single power of the strong coupling (a5L?). To all orders, we thus expect
terms of the form (a;L?)" to show up. Anytime the scales are in the regime a5 ~ L~2, the
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perturbative series breaks down. In order to restore the predictivity of the calculation, we
need to account for these enhanced contributions to all orders through resummation.

Resummation consists in reorganising the perturbative series in terms of large logarithmic
contributions: the dominant contributions (e.g. (a;L?)") are called leading logarithmic terms
(LL), contributions with one less power of the logarithm (e.g. (asL)") are next-to-leading
logarithmic terms (NLL), and so on. When considering an appropriate range for L, the
resummed hierarchy is convergent, which means that LL contributions are larger than NLL,
which are larger than NNLL, etc. This resummation can be performed either analytically,
like in [29, 30, 31], or numerically through a parton shower simulation implemented within a
General-purpose Monte Carlo (GPMC) event generator, like PYTHIA [32], HERWIG [33] and
SHERPA [34].

GPMC event generators are among the most employed tools in the high-energy physics
community as they provide a fully exclusive picture of high-energy collisions in a flexible
way. They describe the evolution of a collider event from hard scales to the detector level,
accounting for all the different stages that constitute an event, both in the perturbative and
non-perturbative regimes. GPMC event generators thus deal with both short-distance physics,
where perturbation theory is allowed, and long-distance effects, where phenomenological
models tuned to data are needed.

In a GPMC event generator, the first step is the generation of the hard scattering, considered
at LO accuracy only, and then subsequent splittings in the collinear approximation are
produced. The hard scattering (in a simple case it can be a 2 — 2 process) is thus embedded
into a more complicated 2 — n process, in which the additional partons are produced
by both initial and final state radiations in the collinear approximation. These additional
splittings determine a degradation of the energy and the process stops when the non-
perturbative regime is approached at the QCD cutoff Agcp. Once the evolution of the shower
ends, the numerous final-state partons are converted into hadrons according to appropriate
phenomenological models. The generated cascade of particles from the high-energy limit
down to the non-perturbative scale is the parton shower. Through the parton shower, all
classes of (potentially) large logarithmic contributions are cancelled, but the accuracy of this
resummation procedure is low, only LL.

A parton shower algorithm is based on the general property of collinear factorization of
QCD: in the collinear limit, QCD squared matrix elements factorize in a universal way as
shown in equation (2.53). The universal probability of emitting a collinear parton can thus be
used as a building block for constructing an iterative algorithm that generates the emission
of n extra collinear partons on top of the hard scattering. We now discuss the basic features
of parton shower simulations as presented in [35], where the interested reader can find a
complete pedagogical review of the topic.

Parton shower simulations deal separately with final-state radiation (called time-like shower)
and initial-state radiation (called space-like shower) and we can start our discussion analysing
the simpler case of final-state radiation. The probability of a parton i to undergo a collinear
splitting i — jk is given by (see equation (2.48) and the subsequent discussion)

as(t) dt
Tt

dP;(z,t) = dzPji(z), (2.86)
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where z is the energy fraction of parton j, ¢ is an appropriate scale of the process referred to
as hardness and Pji(z) is the unregularized Altarelli-Parisi splitting kernel defined in equation
(2.55). The choice of the hardness t is not unique: it is natural to associate to t the virtuality of
an intermediate off-shell parton m?, but other options are possible. In fact, if t = f(z)m?, for
a nice choice of the function f(z) we obtain dt/tdz = dm?/m? dz. Nowadays, three different
options are widely used: in early versions of SHERPA and PYTHIA, t is the virtuality of
an intermediate parton; in current versions of SHERPA and PYTHIA it is the transverse
momentum of the emission and in HERWIG it is the emitting angle.

Divergences are eliminated considering that a physical measurement cannot distinguish
between a pair of collinear partons and a single parton with the same total momentum.
We can thus introduce a resolution criterion that allows one to generate only distributions
of resolvable partons. For example, a possible choice is given by transverse momentum:
two partons are resolvable if the relative transverse momentum is above a certain threshold.
Concretely, the cutoff on the transverse momentum defines a kinematic range for z and we
can thus simply integrate over the kinematically allowed phase space:

as(t) dt [ s

dp(t) = T zPji(z) . (2.87)

Zmin

In this way, we eliminate both soft and collinear divergences and we obtain a total probability
that is finite. This procedure breaks unitarity, as we are not including in the computation un-
resolved emissions and virtual corrections. This problem can be simply overcome considering
that the non-emission probability can be calculated as one minus the emission probability,
thanks to unitarity. Taking into account one emission in the infinitesimal hardness range
dt, this is 1 — dP;(t). If we introduce an ordering in the hardness ¢, we can now obtain the
probability of not emitting a parton in between two scales t,,;, and t,4,: this probability is
called Sudakov form factor.
With multiple emissions, the Sudakov form factor exponentiates as

tinax
Ai(tin bwax) = exp <— / dP,(t)) , (2.88)
which means that, if we start the evolution from a scale t,,,, the differential probability that
the parton i branches at a scale equal to t; is given by dP;(t;)A;(t, tmax). Once i has branched,
the two daughters can branch in their turn, using as starting scale t,,,, = t;. Iterating this
procedure, we can construct the entire parton shower. This description, which is typical of
final-state radiation, is called forward evolution, as the hardness t evolves according to physical
time.

The probabilistic description associated to Sudakov form factors renders the implementation
of the above procedure particularly suitable for MC calculations. In fact, we can generate a
random number p in [0,1] and solve A;(tyax, ;) = p for t;: if t; is greater than the PS cutoff, a
resolvable emission is generated, otherwise no splitting is produced and the evolution of the
shower ends. If a splitting is generated, the procedure is iterated setting as new maximum
scale ty = 1.
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As for the case of initial-state radiation, the construction of a PS could in principle follow
the procedure used for final-state radiation, with the difference that emissions are now
associated to possible splittings of the incoming partons before entering the hard collision.
We could thus generate 1 — 2 splittings multiple times and two of the final generated partons
enter the hard process, while the others contribute only as extra radiation. This procedure
is anyway extremely inefficient, as it is rare to generate the kinematics suitable to produce
a hard scattering. For this reason, PS coming from initial state particles is associated to a
backward evolution, in the sense that we start from the hard scattering and we reconstruct the
possible emissions moving backwards in time.

The main difference with the forward evolution shower is the definition of the Sudakov
form factor. The DGLAP equation defined in (2.58) represents the probability of a parton i to
undergo a splitting i — jk when the energy is varied. From the point of view of backward
evolution, starting from the DGLAP equation we can construct the relative probability of the
parton i to become unresolved as follows

ap(r) = Yl t) _ as(t) dt] o dz fi(z 1) P-'<x>’ (2.89)

zZ

fi(x’ t) B 27-[ t Zmin z fi(x/ t) u
so that the cumulative effect of different backward emissions are described by a Sudakov
form factor of the form

tinax
Ai(tin bwax) = exp <— / dP,(t)) , (2.90)
where dP;(t) is now defined in (2.89).

Up to now, we discussed the construction of a PS starting from the collinear limit of QCD
amplitudes, but it is clear that also soft enhancement should be taken into account. It is
possible to show that a PS in which the hardness f is defined as the emitting angle or the
transverse momentum already exhibits the correct behaviour in the soft regions [36, 37].

With the ingredients discussed above, we can now obtain the expectation value of an
observable O in a PS framework for a generic 2 — n process as follows: first, we consider all
Born diagrams and at each vertex we include an appropriate splitting factor:

as(t) dt

o TdZsz‘(Z) . (2.91)

For each internal parton line i, we include the probability of not emitting any parton in
between two scales, t; and f,, which corresponds to the Sudakov form factor A;(t1,t). In
case we are considering a final line, t; is set to the PS cutoff fy.

If we consider only the first emission of the shower, we can obtain the total cross section as

PS — /d<I>nB(<I>n { (t,to) +/t dt “S (£) P(z )A(t,t/)}, (2.92)

and, correspondingly, the expectation value of an observable O is given by:

e dq>nB<<1>n>{ 2 (@) AL 1) + /O dv “;i”mz)A(t,t'>on+1<q>n,q>md>}
(2.93)
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2. Theoretical Framework

Note that the flavour indices have been removed for the ease of notation. We stress that all
flavour configurations are considered in the splitting kernels and the Sudakov form factors.
The cross section is thus made up of two terms: the first one is the Born level, in which no
emission has been generated by the shower; the second one is given by the Born level times
the emission of the first radiation in a PS approximation. Thanks to the unitarity of the parton
shower, the total normalization is not changed, which means that the shower does not affect
the inclusive cross section, but it has an impact on the shape of distributions. For generating
multiple splittings and constructing the entire shower, we can simply manipulate the terms
in the curly brackets iterating the procedure in a similar way.

Parton shower simulations generate only an approximation of real emissions, and un-
resolved and virtual corrections are encoded in the computation employing unitarity re-
quirements. By construction, it does not include higher-order corrections with full matrix
elements, which are needed for precision phenomenology. A PS simulation is thus suitable
to obtain a realistic description of an event at colliders, but the accuracy of the prediction is
low (in general, only LL). In the next chapter we will investigate the problem of matching
the two approaches described in this chapter, namely fixed-order calculations and parton
showers, in order to construct a single framework that keeps the best features of both. The
underlying idea is retaining the high accuracy of the fixed-order computation to describe the
hard scattering, maintaining a realistic and flexible picture of the entire event as given by the
parton shower.
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3. Matching fixed-order calculations with
parton showers

In the past few decades, matching fixed-order calculations with parton showers became a
crucial ingredient for precise simulations of hard processes at colliders. In the last chapter,
we reviewed the main features of these two tools, showing that they are complementary
approaches that can be fully exploited when matched together. The matching procedure
consists in describing the hard scattering through the correct matrix elements, so that we can
retain the highest accuracy possible in the cross section, without spoiling the LL structure
of the parton shower. This procedure is not trivial because real matrix elements generate
emissions not only in the hard regions but also in the soft and collinear regimes, where they
are already accounted for by the PS in an approximate form. This double-counting problem
already arises at NLO accuracy and it clearly becomes more complicated when higher-order
corrections are included.

The current state of the art for precise theoretical predictions at colliders is given by
NNLO+PS accuracy, which means that we keep the NNLO description of the hard scattering
without ruining the parton shower simulation. The aim of this thesis is to present how to
target NNLO+PS calculations using the MINNLOps method [8].

In order to understand how to reach this level of precision, we first review how this
problem was solved in the simpler NLO case, where the matching is now fully understood
and automatized. In particular, two main solutions were proposed: MC@NLO [38] and
POWHEG [18]. Even if MC@NLO is nowadays widely applicable and used, in this chapter we
will present the main features of the POWHEG approach only, as it is the general framework
in which the MINNLOps method is implemented.

Once the matching problem was solved at NLO accuracy, targeting NNLO+PS calculations
was however not straightforward. POWHEG was improved in the so-called MINLO' method?
[39, 40], which provides a method to retain NLO accuracy in different jet multiplicities, as
shown in table 3.1. More precisely, we can consider the production of a generic colour
singlet F and study the accuracy we obtain when getting more and more exclusive over QCD
radiation. Using the POWHEG method, we obtain NLO accuracy in distributions that are
inclusive in F, LO accuracy in the first emission FJ] and only LL accuracy starting from the
second emission. When adopting the MINLO' approach, we maintain NLO accuracy in both
F and FJ at the same time. The last step for obtaining a NNLO+PS description of the process
consists in pushing the accuracy in distributions inclusive in F towards NNLO accuracy,
which is done by the MINNLOps method [8].

1The POWHEG framework was firstly improved in the MINLO approach, in which no claim on the accuracy on
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3. Matching fixed-order calculations with parton showers

F F FJ FC3))

POWHEG NLO LO LL LL
MINLO’ NLO NLO LO LL

MINNLOps | NNLO NLO LO LL

Table 3.1.: Formal accuracy reached through POWHEG, MINLO' and MINNLOps for the
production of a colour singlet F in association with extra QCD emissions J.

This chapter is structured as follows: we first present a review of the POWHEG method in
section 3.1 and of the MINLO and MINLO' procedures in section 3.2. In these sections, we
highlight the main features of the different methods and we thus refer the interested reader
to the appropriate references for more details. We then present a detailed overview of the
MINNLOps approach in section 3.3.

3.1. The POWHEG method

The POWHEG method aims to match fixed-order calculations with parton showers at NLO
accuracy. The main issue is avoiding double counting, as the real emission generated by
POWHEG with the correct matrix element is already accounted for in an approximate way by
the shower.

The name POWHEG stands for POsitive Weight Hardest Event Generator, which is inspired
by the procedure used for solving the double counting issue: POWHEG generates the first
emission, which is the hardest, with the correct matrix element and then the parton shower
can generate only softer extra radiation. The method concretely requires the application of a
pr-veto: the transverse momentum of all the emissions produced by the shower (pr’°) must
be smaller than the transverse momentum of the emission generated by POWHEG, commonly
called scalup, at parton level (from now on, Les Houches Event (LHE) level):

pTPS < scalup. (3.1)

This procedure is straightforward with pr-ordered showers, while angular-ordered showers
need the inclusion of truncated showers for restoring soft coherence [18].

We now sketch how to explicitly construct the POWHEG master formula for the calculation
of observables at NLO+PS accuracy following the discussion presented in [18, 5, 41]. We
consider the production of a generic color singlet F and we define its Born phase space as ®r.
With ] we indicate the extra emission associated to real radiation. Given an IR-safe observable
O, we can calculate its expectation value at NLO as follows

(0) = /dchO(ch) [B(®g) + Vi (®5)] +/dq’FIO(q)F])R((I’FJ)r 3.2)

the O-jet bin was made.
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3. Matching fixed-order calculations with parton showers

where the subscript b in the virtual term means that it is still IR divergent (but UV finite).
IR divergences are regularized through a subtraction scheme?, so that we define an appro-
priate set of counterterms that separately eliminates IR divergences in the real and virtual
contributions:

() = [ d®: O(@x) [B(®@r) + Vo(@2) + [ 40,05 C(05,0,00)
+ /dq>F chrad [O(q)F/ (Drad) R<(I>F]) - O(q)F/ ¢rad) C(q)F/ quad)] . (3-3)

Note that we do not include collinear counterterms (terms Gy, in (2.81)) associated to
initial-state emissions for ease of notation, but they are understood throughout the discussion.
Moreover, we introduced a mapping between the F and the FJ phase spaces

q>F] = (I)F (Dmd s (34)

so that the FJ phase space can be written in terms of the F phase space and a radiation phase
space. Reabsorbing IR divergences into a redefinition of the virtual contribution

V<<I>F) = Vb(q)F) + /dq)md C(q)F/ (Drad) ’ (3.5)

we obtain the following NLO master formula

(0) = [ d®: O(@r) [B(®r) + V(@)
+/d¢F dq)md [O(q)F/ q)rad) R((DF]) - O(q)F/ q)rad) C(q)F/ q)rud)] ’ (36)

in which all the terms are finite. We recall that in the soft and/or collinear regions, the
following equation is valid
O(®@p, @yo) = O(Pr), 3.7)

thanks to the IR-safety of O.
The key ingredient of the POWHEG method, namely B, is obtained as

B(®§) = B(®) + V(@) + /dcpmd [R(®) — C(®r, rag)] , (3.8)
so we can thus rewrite equation (3.6) in the following form
(O) :/dq)F O(®r) [B(%) + V(®) + /dcbmd(R((DF]) — C(®p, Dyaa))
+ / A dD,ug R(Ppy) [O(®r, Drag) — O (D))

— [ d®r O(®@r)B(@r) + [ d®s g R(®5)[O(®r, Brat) ~O(@5)].  (39)

2In the POWHEG framework, the FKS method [21, 22] is employed.
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3. Matching fixed-order calculations with parton showers

This equation is written in a particularly convinient way for making a connection with the
same expression in a PS algorithm. In fact, in a PS approach the expectation value of an
IR-safe observable O is

(07 = [ aeB(@r){5(2,00) O(®0) + [ a0 K(0100) 3(Q1) O(@r, @)}, 310

where we considered only the first emission (see equation (2.93)). A is the usual Sudakov form
factor and the factor K contains the splitting kernels. The scales Q and Qg define respectively
the hard and the cutoff scales. We can expand this equation in terms of the strong coupling
as up to NLO accuracy:

<O>PS = /d‘bp B(‘I’F){O((DF) + /QQ d®; 1 K (Praa) [O((I)F’ cbmd) N O<(I)F)] }

= [ drO(@)B(®r) + [ dDrdDyuyB(Pr) K(Pp0a) [O(@5, Dyag) — O(@r)] . (311)

Comparing equations (3.9) and (3.11), we see a similar structure: for moving from a PS
approach at O(as) to the correct NLO calculation, it is sufficient to perform the following
replacements:

NLO™ <+ NLO :  B(®g) > B(®r), B(®g)K(P,.) <> R(®py). (3.12)

We can thus construct the final POWHEG master formula as follows

_ ~ Q R(®g)
<O> - d(DFB((I’F) prg(Q/ QO) O(q)F) + Q dq)md W prg(Q/ t) O<¢Fr CDrad) ’
0
(3.13)
where the POWHEG Sudakov form factor is defined as:
Q R(®g)| _

Apwg(Q, Qo) = exp [— /Q 0 dcpmdB(%)] = Apwg(®r, Q) - (3.14)

The last equivalence defines a new notation we will adopt in the next sections. To use the
same notation as [5], we rename Qp as py™". Correspondingly, the POWHEG differential
cross section is obtained as

_ . R(®
do = dq’FB(‘I’F){prg(‘I’F, pr™") + / d®, 138 pwg (PF, k) B((;F])) } , (3.15)

where pp™™" is set to an IR cutoff (the default value is 0.89 GeV) and kr is the transverse
momentum of the radiation. The final cross section is thus the product of two terms: the first
one is given by B, which contains the fixed-order calculation at NLO accuracy; the second one
is the term in brackets, which comes directly from the probabilistic description of the shower
evolution, in which the spitting kernels are substituted with the correct matrix elements. The
terms in brackets generate the first emission of the shower without using the soft and collinear
approximation. If we generate events according to the differential cross section (3.15), we
can apply the parton shower simply requiring that the transverse momentum of the shower
emissions is smaller than the hardness of the radiation generate at LHE level.
We stress that:
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3. Matching fixed-order calculations with parton showers

F F FJ F3)
F@ POWHEG | NLO LO LL LL

F] @ POWHEG - NLO LO LL
F] @ MINLO’ NLO NLO LO LL

Table 3.2.: Formal accuracy reached through the F, FJ and FJJ generators in the POWHEG
framework according to the jet multiplicity. See text for more details.

¢ at large transverse momentum kr, ¢ is the NLO cross section, up to NNLO corrections;

¢ we reproduce IR-safe observables at NLO, so that also the small kt region is NLO
accurate;

¢ the structure of the shower is untouched, as only the first emission (that is the hardest)
is modified with the correct matrix element.

A more rigorous proof of the NLO accuracy of (3.15) is presented in [18].

3.2. The MINLO’ method

In the previous section we discussed the main features of the POWHEG method, reviewing
how to perform a matching between fixed-order calculations and parton showers at NLO
accuracy in this framework. It is thus reasonable to ask ourselves whether it is possible to
merge different POWHEG event generators with different jet multiplicities. More precisely,
the POWHEG method can be used for studying the production of a colour singlet F at
NLO+PS accuracy. In this F generator, the accuracy is NLO in distributions inclusive in F,
LO in distributions with one jet and only LL (the accuracy of the shower) from the second
jet onwards. It is also possible to construct a FJ generator, in which one jet ] is already
present at Born level. In this case, the NLO accuracy is retained in distributions inclusive in
FJ, LO in FJJ and LL in FJJ]J. This logic can be iterated to any number of jets at Born level.
All these simulations present an overlap in the phase space and the accuracy they reach
is complementary. It is thus natural to investigate the possibility of constructing a single
framework in which the highest accuracy is retained in different jet bins. In this section
we present the MINLO' method [40], which is an algorithm that merges the F and the FJ
generators keeping the highest accuracy of both: the NLO accuracy is reached at the same
time in distributions that are inclusive in F and FJ. See table 3.2 for a schematic representation.

The MINLO' method was proposed for merging different generators without the introduc-
tion of any unphysical scale. In fact, this merging problem was already addressed through
different solutions [42, 43, 44, 45, 46, 47, 48, 49] in which typically an arbitrary scale is needed.
This unphysical scale is used for partitioning the phase space according to the jet multiplicity:
the result of each generator (F, FJ, FJ], ...) contributes only to the jet bin for which it is
NLO accurate. The different jet bins are then grouped together to obtain an inclusive result.
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3. Matching fixed-order calculations with parton showers

The presence of an unphysical parameter is clearly problematic: if this scale is too low, the
obtained sample is dominated by high-multiplicity generators, while if it is too high, hard jets
are described at low accuracy. For this reason, the dependence on this scale is deeply studied,
as the final result cannot depend on unphysical parameters.

The MINLO' approach has been developed starting from the MINLO method [39], which
stands for Multi-scale Improved NLO. The MINLO method was introduced as the NLO exten-
sion of the CKKW approach [50] in order to define an a priori criterion in the selection of
central scales in NLO computations. We briefly summarize the main idea behind the method
following the discussion presented in section 3 of [39].

We consider a generic production process at hadron colliders and we proceed as follows:

¢ We cluster the coloured partons in the event through the kr algorithm, exactly like in
the CKKW approach. The clustering should be consistent with the flavour of partons
and, at each recombination, we assign the correct flavour to the newly defined particles.
In this way, we can reconstruct the most likely branching history of the process. Once
the skeleton of the event is known, we assign at each vertex i (i € {1,2,...,n}) a nodal
scale g;. These scales are set according to the CKKW procedure, which means that they
are taken equal to the relative transverse momentum at which the clustering has been
performed. When the clustering procedure is no longer possible, we remain with a
set of particles that define the so-called primary system. We associate a scale Q to the
primary system equal to the invariant mass of the system itself. We recall that in the
CKKW method a resolution scale Qy is introduced, defining the scale below which the
cross section is inclusive. In the MINLO approch, we set this scale to Qp = ;.

* 1 powers of the coupling a; appearing in the Born, real and virtual corrections are set
to yu; = Kg g;, where i runs over the n vertices. The remaining m powers of the strong
coupling associated to the primary system are evaluated at Kr Q. K is the usual scale
variation factor.

¢ In the virtual correction there is the explicit appearance of the renormalization scale yr
that is set as:

n
ur = (g x [Tu)M ) (3.16)
i=1

Moreover, the factorization scale ur is set to ur = Kr g1, where Kr is the usual scale
variation factor.

¢ We associate to each internal line connecting two vertices i and j (with i closer to the
primary vertex, meaning q; > ;) the following term

A(Qo, qi) 317
A(QO/ ‘7]) ’ ( . )
where A is the Sudakov form factor:
Qdg Q
2@ =exp{ - [T awp)og % +Bw@)}. 619
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3. Matching fixed-order calculations with parton showers

Since Qp = g1, external lines directly connected to the first node q; are reweighted by
A(Qo,q1) = 1. The coefficients A and B admit an expansion in the strong coupling and
can be calculated analytically through transverse momentum resummation [51, 52, 53]:

2 3
(84 4 () 4@ &
e = ()40 () 4w o) -
2
B(as) = <§‘;>B(1>+0<;";) . (3.20)

In the MINLO approach, only A1), A?) and B(Y) are encoded in the computation: this
is a key point of the discussion, as it represents one of the main differences between the
MINLO and the MINLO' methods. The explicit expressions of the coefficients differ for
quark and gluon lines. Note that we dropped a flavour index in (3.18) for keeping the
notation easy. Defining C; = Cg = 4/3, C; = Ca = 3, the A coefficients read

1 _
A‘%g =2 C”//g ’
67 > 10
Arg,zg; =2Cye [CA <18 - 6> - 9TRnf} , (3.21)

where Tg = 1/2 and n £ is the number of flavours. As for the B(!) coefficient, its
expression is:

) _ o

) _ { —3Cr for g-lines, (3.22)

(
18 —4 7By for g-lines.

The inclusion of Sudakov form factors in the calculation introduces NLO corrections
that spoil the accuracy of the computation. We thus need to subtract the first-order
expansion O(a,) in the Born contribution. Schematically, we need to perform the
following replacement

B — B x (1 - A(l)) ) (3.23)

where B is the Born term and A(!) is the first order expansion in a; of the Sudakov form
factor in (3.18).

The last step consists in setting the remaining powers of the coupling in the real and
virtual corrections to:

gy = — (”ws(m>+mas<ug>>- (3.24)
1

n—4m\ ;=

The idea behind this choice is the following: large QCD effects are associated with the
nodal scales of the process and are thus related to the product of the coupling &, at each
scale and the Born term. The sum of these contributions thus corresponds to the sum of
the values of the couplings at the scales involved in the process.

40



3. Matching fixed-order calculations with parton showers

To summarize, the MINLO method provides a prescription in the choice of the scales and
the inclusion of Sudakov form factors for the NLO computation of processes involving jet
production. A careful investigation of the accuracy of the method led the same authors
to improve this methodology in the MINLO' formalism presented in [40]. Considering the
production of a colour singlet F and defining an extra emission as J, the MINLO' method
allows one to retain the NLO accuracy in both F and FJ at the same time. The modifications
with respect to the MINLO procedure are minimal but they allow us to merge generators
with different jet multiplicities within the POWHEG framework keeping the highest accuracy
of the two descriptions, as described at the beginning of this section.

We consider the production of a colour singlet F in association with one jet J, so that the
usual POWHEG formula reads

_ R(®
= B(®p) {prg(%], Apwg) + / dPragApwg (P, k) B((q,f]])) } (3.25)

where the Born term B(®p) is related to FJ production, while the terms in the curly brackets
generate the extra radiation according to the POWHEG approach. Apysg is the IR cutoff and
kt is the transverse momentum of the radiation. The MINLO' formalism modifies the B(®py)
term in this way:

* As done in the MINLO method, we encode appropriate Sudakov form factors in the
computation but the resummation coefficients that are now included are A(l), A(2), B
and B®.

¢ The couplings entering the virtual and real contributions as well as in the first-order
expansion of the Sudakov form factor are set to the transverse momentum of the colour
singlet F. The same scale choice is performed for the factorization scale.

The POWHEG B(®p) function thus reads

BMINLO' (@) = ¢=S(p1) [B(cbpj) (1 + “sz(f:)[g(m)](”) +V(®p) + / AR (P, ‘Drad>] /

(3.26)
where we made contact with the MINNLOps formalism introducing the following notation
for the Sudakov form factor:

Qdg
rr 4

2
S(pr) =2 {A (as(g)) In (qu + B(zxs(q))} . (3.27)
The coefficients A, A® and BM are reported in equations (3.21) and (3.22), while the
explicit expressions of the coefficients B®) are [54, 53, 55]

2

o _(_ 17 1x 32 2, (1, T
Bq —< B B + 603 |CaCr + 4+717 1205 | Cg + 6+ 6 CFI’lf,

11 16 4
BY = <6€2 — 603 — 3) Ca + <3 — %) Canys +nsCy, (3.28)
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3. Matching fixed-order calculations with parton showers

where {, = 1.645... is the Riemann zeta function evaluated in z = 2. The term [S(pr)])
in equation (3.26) is the first-order expansion of the Sudakov form factor defined in (3.27)
and, as in the MINLO procedure, it is needed not to spoil the NLO accuracy of the FJ
computation. The inclusion of the B?) coefficient together with setting the scales to the
transverse momentum pr of F is crucial: it regularises the divergence in the Born level up
to NLO accuracy in F because the singular part of the FJ cross section is encoded in the B(?)
coefficients. A complete proof of the NLO accuracy of the method can be found in the original
publication [40].

Using the MINLO' method it is possible to construct a NNLO+PS accurate event generator
applying an a-posteriori reweighting [40]. More precisely, the weights of events generated
using MINLO' can be rescaled using the following multi-differential reweighting factor:

( I) O
(7(:16) '
d F MIN O/

By construction, distributions that are inclusive in F are NNLO accurate. Moreover, the NLO
accuracy in FJ] provided by the MINLO' method is not spoilt because we can expand the
previous equation as

(@) = (3.29)

2
co+croas+coun cr — dp
S S N1+ 0(2

co + 1 a5 + dp a2 co

w(Pg) = +0(a3), (3.30)
which shows that the numerator and denominator start differing from order a2 so that the
one-jet region is not spoilt by the reweighting procedure.

This method was applied to a few LHC processes (Higgs-boson production [56], Drell-Yan
[57], WH production [58], ZH production [59], WW production [60] and H — bb decay [61]).
However, a reweighting procedure becomes too challenging for complex processes: the more
complicated the Born phase space, the more computationally demanding the procedure. For
many processes of interest at the LHC this method is not feasible. In the next section we will
present the MINNLOps method in which the same NNLO+PS accuracy is reached without
requiring a CPU-exhausting reweighting.

3.3. The MINNLOps method

Reaching NNLO+PS accuracy is the current frontier for precise predictions at colliders and
the MINNLOps framework [8] is a powerful tool for reaching this accuracy. Nowadays other
methods are available, like the GENEVA framework [62, 47] and the UNNLOPS approach
(applied only to simple processes like Drell-Yan [63] and Higgs production [64]), but in
this context MINNLOps plays a special role thanks to its simplicity and flexibility. In the
MINNLOps method, NNLO corrections are calculated on-the-fly during the event generation,
which allows one to avoid a computationally intense reweighting. Moreover, no unphysical
scales or boundaries are used for partitioning the phase space according to the jet multiplicity.
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3. Matching fixed-order calculations with parton showers

Last but not least, the matching with a pr-ordered shower is straightforward as MINNLOps
is embedded into the POWHEG method.

The MINNLOps method was originally formulated for the production of a colour singlet in
simple 2 — 1 processes [8], with an optimization of the method in [65]. It was later extended
to a generic colour-singlet production [66] and finally to heavy-quark pair production [67].
Thanks to its simplicity, in the past few years the method was successfully applied to different
processes: Higgs and Z production [8], Zv production [66] (with the inclusion of anomalous
couplings in [68]), WTW™ [69] and ZZ [70], Higgsstrahlung with the decay of the Higgs
boson into a pair of bottom quarks [2] (with an extension to SMEFT in [3]), W*Z including
NLO EW effects [4], tf [67, 71] and bb [72] productions.

Schematically, we can summarize the MINNLOpg procedure in three main steps:

* Firstly, we generate a colour singlet F in association with a light parton J at NLO
accuracy through the POWHEG method.

¢ The physical behaviour at low pr is restored including an appropriate Sudakov form
factor, so that the cross-section is finite even when the jet ] becomes unresolved. More-
over, also higher-order corrections are included in order to obtain NNLO accuracy for
distributions that are inclusive in F;

¢ Lastly, we generate exclusively the second radiated parton through the POWHEG
method. Subsequent emissions are generated by the PS through the standard interface
to POWHEG, meaning that these emissions are softer than the radiation generated at
parton level in order to avoid double counting.

We now review in detail the construction of the MINNLOps master formula following the
discussion presented in the original publications [8, 65]. We consider the usual POWHEG
formula for F] production

do
dq)F]

= B((I)F]) {prg(q)F]/ prg) + /dq)mdprg(q)F]/ kT) I;((I)FH) } ’ (331)
(@)

where B(®py) already encodes the first emission J and the terms in the curly brackets generate

the second radiation. Note that the Born contribution is divergent because of the presence of

the light parton J, which gives rise to soft and collinear divergences that are not cancelled (no

virtual contribution to F production is present).

The MINNLOpg method consists in modifying the term B(®pj) only, keeping the structure
of the POWHEG calculation unaltered. Moreover, we need to encode in the computation
NNLO accurate contributions. To do so, we consider the production of a colour singlet F with
transverse momentum pt and invariant mass Q. Using an all-order analytic formula [8], we
can express the cross section differential in ®¢ and pr as follows:

de  d
d(I)FdPT de

{0 (@, pr) } + Ry (@, ). 632)

This expression is derived from the analytic resummation of transverse momentum. The
differential cross section is thus expressed as the sum of two contributions: the first one is
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the total derivative in pr of an appropriate exponentiated Sudakov form factor S(pr) times a
luminosity factor £(®g, pr). This term is singular when pt — 0. The second contribution
Rf(d)p, pr) is a finite term.
The Sudakov form factor is defined as
« Qd 2
Sy =2 | qq [A(zxs(q)) lnfz + B(&(q))} : (333)
T

where the resummation coefficients A(a;) and B(a;) are considered up to the following

perturbative order:
2 3
— (BN am L (X)) 4@ 4 (L) 40
Alas) <27T>A +<2n>A + o AV, (3.34)

2
B _ [ % \p) %\ 5@
B(as) <27_[>B + (27r> B\%. (3.35)
The explicit expressions of the Al and B coefficients can be found in [51, 52, 53]. More
precisely, A1) and A®) are defined in equation (3.21) while A®) is

2
) 245 67 2 11 55
AR) = 2ng{c [24 5 —g_o, 6 + Crry | = 5, + 20

209 107w 7 2 1
+CA1’lf|:—108+96—3§3] +Tlf[—27:|}, (3.36)

where {3 = 1.202... is the Riemann zeta function {(z) evaluated in z = 3. As for the B()
coefficients, BV is defined in (3.22) while B is defined as follows:

B = B +203(AM)? 4 27t HY (3.37)

The term H(! represents the one-loop hard function and B(? is defined in equation (3.28).
Notice that Blglzg) depends explicitly on the specific hard process through the hard virtual
correction H().
The luminosity factor £(®g, pr) is defined as
dB ! & ~ b] [b
L(®r, pr) = ZCquEF)Z{( Ci' @ £ H(pr) (C[ ® f; ")

c,c/ ij

+(6l o ) A (Gl 0 £ |, 639

where [a] and [b] represent the initial legs and ¢, c/,i,j are flavour indices. B is the Born
contribution for F production, C and G are collinear coefficients up to O(a?2) (see section 4 in
[8] for their complete expressions), and H encodes hard virtual corrections up to two loops as
follows:

x Xs 1701 &s\2 ~(2

H:1+EH()+<E> a®

A® = H® 4+ 27,A0BW) (3.39)
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3. Matching fixed-order calculations with parton showers

In order to make contact with the MINLO' formalism, we can rewrite expression (3.32) as

do — »=S(pr) Rf(PT)
Tbpdpr = D(pr) + S0 [ (3.40)

where we have introduced the key ingredient of the MINNLOps procedure:

~dS(pr) dL(pr)
de de '

D(pr) = L(pt) + (3.41)
The finite contribution R¢(pr) can be rewritten as the difference of the full NLO calculation

and the singular contribution expandend up to the second order in the coupling

NLO . .
Rs(pr) = dgfg] ) _ &s(pr) [_do*re g (as(pr) [ dosns ) 642)
f pT d(I)deT 27T dd>deT 27T dq)deT ’ .

where the notation [X]() stands for the i-th term in the perturbative expansion of X. The
NLO cross section for FJ production is:

NLO
dalg] ) — Xs (pT) dUF] (l) _ Xs (pT) ? daF] (2) (3 43)
dCDdeT 27 d‘DdeT 27 d(DdeT ' '

In order to preserve the perturbative accuracy of equation (3.40), we expand the curly brackets
in powers of the coupling using the following power counting formula

Q 1 . _ntl
[ dproarpn) In 2 e 500 0ol Q) 644
A pPr Pt
which means that we retain NNLO accuracy if we keep contributions up to O(a32).

Combining equations (3.40), (3.42), (3.43) and using the power counting formula (3.44), we
obtain the final NNLO differential cross section:

do — ¢—S(pr) as(pr) [ dog W 1+“S(pT)[S~(p N ) + as(pr) | *[_ dowy @
dq)deT 27 d(DdeT 27 T 27 dq)pdp"[

3 2
() (D - D) - (“5E7) (D(pn))® ) (@) + regur |
(3.45)

We thus recover exactly the MINLO' formula (3.26), with the inclusion of extra terms through
which NNLO accuracy is reached. We can thus redefine the POWHEG B function encoding
all the ingredients obtained in the previous equation, thus obtaining a NNLO+PS accurate
event generator.

The regular contributions can be neglected as they are formally N’LO accurate: they arise
from the O(Dég) expansion of the finite term R £ in equation (3.32), which is free from 1/pr

45



3. Matching fixed-order calculations with parton showers

singularities and vanishes when pt goes to zero. Moreover, note that it is possible to use the
following truncation

2 3
D(pr) ~ “PDD(pr® — (L) (0] = (527 ) (D) + Ol (o),
(3.46)
as it was done in the first formulation of the MINNLOps method [8]. In [65] it was shown that
the impact of this truncation might be numerically not negligible in specific processes and in
kinematic configurations with small pt. In fact, the truncation presented in (3.46) introduces
a different treatment of subleading terms when compared to fixed-order NNLO calculations.
For this reason, in the default formulation of the method the truncation is not performed
anymore and all the terms of O(a?%) and higher are kept. In this way, the total derivative in
(3.32) can be exactly reconstructed.

The term F'" that multiplies the D(pr) terms in equation (3.45) is needed for spreading
the NNLO corrections in the FJ] phase space. More precisely, all the MINLO' terms are
directly related to the phase space of F with one jet (®gj) or with two jets (®gjj). By contrast,
the NNLO D(pr) contributions are obtained from a resummed calculation in the pr — 0
limit and they thus depend on the phase space of the colour singlet only (®f) in which the
information of the extra radiation has been integrated out. The D(pr) terms explicitly depend
on the pr of the colour singlet but this dependence is not associated with a well-defined phase
space point of the full kinematics (either ®g; or ®pjy). In fact, the presence of a non-zero pr
requires a recoil of the colour singlet against at least one parton, but we do not have any
information on such a parton.

Concretely, solving this issue means defining a method for associating each value of D(pr)
with a specific phase space point of ®g;. We thus introduce a mapping that projects ®gj to
@ smoothly in the limit pt — 0. This procedure goes under the name of spreading because
the D(pt) contributions are spread over the @ phase space in a way that allows one to
reproduce (3.45) after integration.

There are different possibilities for defining the spreading, either uniformly or through a
suitable distribution. We consider the following spreading factor

Ly (Pry)

) = T aey T s(pr - pro(@r— @p) 047

where @ (®r) is obtained projecting ®gj (@) into the F phase space (e.g. according to the
FKS mapping [21, 22] that preserves the rapidity of the colour singlet F. Explicit expressions
for the ®p; — ®r mapping can be found in appendix A of [8].). Z; is an arbitrary function of
®gj and ¢ defines the flavour structure of the FJ process. With pr we indicate the transverse
momentum of the colour singlet in the ®; phase space. Taken an arbitrary function G(®g, p1),
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3. Matching fixed-order calculations with parton showers

F;°'" should satisty:
L [ 40 G(@hpi!) 7 (@) = [ drdpr Gl pr)

X Z/dq’%ﬁ(q’lﬂ — @) d(pr — pr’) Fi7(®py) = /d¢F dpr G(®F, pr). (3.48)
7

The function Z; can be taken equal to one, thus spreading the NNLO corrections in a flat way
over the phase space:
Zy(Pry) = 1. (3.49)

For this trivial choice, the integral in equation (3.47) can be analytically solved. However, this
spreading gives rise to spurious effects when the jet is produced at large rapidities. One can
thus adopt a more physical distribution, in which the spreading depends on the physical
matrix element

Ti(®@n) = M (@) (F71)e, (3.50)

where ]M? (®gy)|? is the squared Born matrix element for FJ production and (£ %), is
the product of the parton densities for a specific flavour configuration ¢. In this way, the
D(pr) terms are spread according to the rapidity distribution of the radiation. Even though
this choice has a correct physical interpretation, the calculation can become computationally
intense for complex processes. An approximated version of equation (3.50) is thus preferable:
we can consider the squared Born matrix element in the collinear limit

| M} (@) ? = | M} (®F)[>Pr(Praa) , (3.51)

where Py(®,,4) is the collinear splitting function. Noting that the squared matrix element
| M (@) |* for F production cancels exactly in equation (3.47), the spreading function Z;(®g)
is simply set to:
Ty(@ry) = Po(Prad) (FLF1), (3.52)
The computation of (3.47) is thus much faster and complex processes can be handled as well.
We now analyse the procedure used for switching off the Sudakov form factor and the
D(pr) terms at high pr, which is needed for not introducing spurious contributions when pr
becomes large. In fact, in this region the MINNLOps formula differs from the NLO FJ cross
section for terms beyond accuracy only (starting at O(a2)). The choice of the exact procedure
has some arbitrariness, provided the logarithmic structure of the computation at small pr is
preserved. We can introduce modified logarithms of the form

lng%Lzlln <1+ (Q>p), (3.53)
PT p pr

where p is a free positive parameter that regulates how fast the logarithms go to zero. The
larger p, the faster the logarithms tend to 0 at large pr values. Note that the formal accuracy
of the MINNLOps method is not spoilt because in the limit pr — 0 the calculation remains
unaffected. This modification of the logarithms introduces terms beyond accuracy in equation
(3.45), and it must be performed at the level of (3.32) in order to retain the total cross section.
To do so, we need the following adjustments:
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3. Matching fixed-order calculations with parton showers

* The renormalization and factorization scales in D(pr) are set to
ur=KrQe ™", up=KrQe™, (3.54)
where Kg and K are scale variation factors varied between 1/2 and 2.
¢ The lower bound of the integral in the Sudakov form factor (3.33) is set to:

pr — Qe "t (3.55)

e The D(pr) terms are supplemented with an appropriate Jacobian factor that directly
depends on the modified logarithms:

p
D(pr) = Jo D(pr),  Jg = %

We note that equation (3.45) reproduces the correct NNLO result only if it can be evaluated
down to small values of p. More precisely, the integration in pt in (3.32) should be carried out
using a low integration bound, where the integrand tends to zero because of the suppression
of the Sudakov form factor. Approaching small values of pr can be problematic because of
the internal cutoff Appr of PDFs: each set of PDFs has an intrinsic IR cutoff Appr related to
the low scale for which a fit on data is no longer possible (because data are not available in
the very low energy region). Below this IR cutoff, the PDF is set to zero. In order to approach
small pr values, this truncation of the PDFs at Appr should be avoided and a consistent
DGLAP evolution for lower scales should be applied.

The strategy adopted in the MINNLOps method is described in [8] and it proceeds as
follows: PDF grids are read from the LHAPDF [73] package and then used for constructing
corresponding HOPPET [74] grids. The advantage of the HOPPET package is the fast
evaluation of convolutions with coefficient functions. At scales yur > Appr HOPPET grids
are equal to the LHAPDF ones, while for values yr < Appr we perform a DGLAP evolution
freezing the number of active flavours to the one provided by LHAPDF at yr = Appr. Using
this prescription one can perform a running of the PDFs to small pt ~ ur values.

The non-perturbative regime at low pr can be smoothly approached with the introduction
of a damping factor g(pr)

ur = Kg (Qe "+ Qogl(pr)), wur=Kr(Qe "+ Qoglpr)), (3.57)

where Qp is a non-perturbative parameter that regularises the Landau singularity. The choice
of ¢(pr) is to a large extent arbitrary: once the analytic form of the damping factor is chosen,
the same scale settings are adopted in the Sudakov form factor in equation (3.33). Moreover,
an appropriate Jacobian factor Jg, that depends on g(pr) should multiply the D(pr) terms.

We remind the reader that there is some freedom in the choice of the scales in the NLO
FJ cross section: while scale settings are constrained by pr resummation in the pr — 0
limit, for finite values of the transverse momentum the MINNLOps method allows for some
arbitrariness. The default scale choice is

(3.56)

pur = Krpr, ur=Krpr, (3.58)
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3. Matching fixed-order calculations with parton showers

or, when the damping is introduced:

ur = Kr (pr+8(p1) Qo). #r = Kr(pr + g(p1) Qo) - (3.59)

In this way, the choice of the scales is consistent with the scale used in the D(pt) terms and
in the Sudakov form factor when pr becomes small, reproducing a correct matching in this
limit. However, the scales of the NLO computation can also be set as in equations (3.54) and
(3.57), such that when pt becomes large, scales are of the order of the invariant mass Q of the
colour singlet.

To summarize: the MINNLOps method provides a powerful framework for matching
NNLO calculations and parton showers. All the terms needed to reach this accuracy are
already present at the level of the event generation, thus providing an efficient tool that
does not require any a-posteriori reweighting. The matching with the parton shower is
straightforward because it follows the POWHEG approach. In Part II of this thesis, we will
present some cutting-edge phenomenological results obtained using this method. We first
analyse Higgsstrahlung with subsequent decay of the Higgs boson to a pair of bottom quarks
in chapter 4. We then present an extension of ZH production with H — bb decay in the SM
Effective Field Theory in chapter 5. We conclude in chapter 6 with a detailed analysis of the
combination of QCD and EW corrections matched to QCD and/or QED parton showers for
W=*Z production.
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4. Higgsstrahlung with H — bb decay at
NNLO+PS accuracy in the SM

4.1. Motivation

The Higgs boson is a unique particle in the Standard Model because it is related to funda-
mental properties of nature and how the world appears to us. In fact, the Higgs field has
a vacuum expectation value different from zero that is directly linked to the masses of the
elementary particles of the SM. However, the SM mechanism for the generation of masses is
not the only one possible: improving our description of key processes that involve the Higgs
boson can be the path towards the discovery of new physics.

In the last decade, extraordinary theoretical and experimental achievements were reached
in the investigation of the Higgs sector, but this exploration is still at an early stage. Given
that a better understanding of the Higgs sector can possibly lead to an extension of the SM,
the Higgs boson is and, even more so, will be at the core of the rich LHC physics programme.
In this context, precise theoretical calculations are crucial in order to detect a small deviation
in the data/theory comparison.

A detailed review of the Higgs boson properties and state-of-the-art measurements and
predictions can be found in the latest PDG [75]. At the LHC, the Higgs boson is produced
through the four main channels represented in figure 4.1.

The dominant production mode is gluon-gluon fusion (panel (a)), which is characterised
by a heavy-quark loop. Since the Yukawa coupling of a particle is proportional to its mass,
the leading contribution is given by a loop with top quarks. Even if this process is loop-
induced and thus suppressed by powers of the strong coupling, this channel is strongly
enhanced by the large gluon PDF and the large top Yukawa coupling. Indeed, gluon-gluon
fusion constitutes 90% of the total inclusive cross section for Higgs production at the LHC.
The drawback of this channel is the large QCD background which renders experimental
measurements extremely challenging. For this reason, other Higgs production channels which
allow for a cleaner experimental signature are indispensable for precise tests of the Higgs
sector. The second-largest production mode is vector-boson fusion (panel (b)), in which the
Higgs boson couples to two vector bosons emitted by the incoming partons. The typical
feature of this process is the presence of two back-to-back hard jets given by the scattered
partons in the forward and backward regions. The inclusive cross section for this channel is
around 7% of the total production rate of the Higgs boson. The next most relevant production
channel is the associated production of the Higgs boson with a vector boson V, also referred
to as Higgsstrahlung (panel (c)). This production mode has a small cross section (~2% of
the total inclusive cross section for Higgs production) but it provides a clean experimental
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(b) Vector-boson fusion

g

(d) Associated tf production

(c) Higgsstrahlung

Figure 4.1.: Main production channels of the Higgs boson at the LHC. Panel (a) is gluon-gluon
fusion; panel (b) is vector-boson fusion; panel (c) is Higgsstrahlung; panel (d) is
associated production with a pair of top quarks.

signature. In order to increase the production rate, it is possible to consider the decay of the
Higgs boson into a pair of bottom quarks, which constitutes the largest branching fraction
(roughly 60%). Despite the large H — bb decay rate, it had been thought for a long time
that this channel could not be observed at the LHC because of the large background until it
was proposed to consider a boosted regime in which the Higgs boson has a large transverse
momentum and to apply substructure techniques for the reconstruction of the bottom quarks
[76]. The last production mode for the Higgs boson is the associated production with a couple
of top quarks (panel (d)). The production rate associated to this mode is low (~1% of the total
Higgs production rate) and this channel is hard to detect because of the large background.

This chapter is dedicated to precise predictions for the production of a Higgs boson
through Higgstrahlung, with subsequent decay of the Higgs boson into a pair of bottom
quarks. Sample Feynman diagrams can be found in figure 4.2. This process is of fundamental
importance for precision physics in the Higgs sector as it provides direct access to the bottom
Yukawa coupling and it actually yields the highest sensitivity to its determination.

Both Higgsstrahlung and H — bb decay were extensively studied in the past. As far as VH
production is concerned, a first matching of NLO QCD calculations with parton showers was
presented in [77] within the POWHEG framework. In this work, the MINLO’ method [40]
was used. A combination at NLO accuracy of both QCD and EW computations matched to
parton showers is presented in [78]. The loop induced g¢ — HZ process has been matched
to PS at LO in [79, 80]. At NNLO+PS accuracy, the GENEVA method [62] was applied
to VH production in [81] while the MINLO'+ reweighting procedure described in section
3.2 was applied in [59, 58]. As for the H — bb decay, NNLO QCD results in the massless
approximation are available in [82, 83, 84] and a matching with parton showers at NNLO+PS
accuracy is available in [61, 85, 86].

In this chapter, we present results for W*H and ZH production processes followed by
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Figure 4.2.: Feynman diagrams for VH production with subsequent H — bb decay. Panels
(a) and (b) are gg-induced (Drell-Yan like) channels at LO, while panel (c) is a
gg-induced channel that enters the calculation at NNLO.

H — bb decay at NNLO+PS accuracy in both production and decay. These results were
originally presented by the author and collaborators in [2]. The chapter is organised as
follows: we first describe our calculation in section 4.2 and we validate our implementation
in section 4.3. Our phenomenological results are presented in section 4.4, in which we show
predictions for W H and ZH. The corresponding results for W~ H are presented in Appendix
A. We also present a comparison with data in the same section. We conclude with a detailed
analysis of the impact of the jet-clustering algorithm used for the reconstruction of b-jets in
section 4.5.

4.2. Outline of the calculation
We consider the Higgsstrahlung process for both neutral and charged vector bosons
pp = ZH — ("0"H, pp—ZH = vv,H and pp— WTH — (*y,H,  (4.1)
with the subsequent decay of the Higgs boson H into a pair of bottom quarks:
H — bb. (4.2)

With ¢ we indicate a massless lepton (¢ € {e, u, T}), while v () is the corresponding (anti-)
neutrino.

In figures 4.2 (a) and 4.2 (b) we show sample Feynman diagrams of the process at hand
in the g4-induced channel at LO. Figure 4.2 (c) represents the gg-induced channel, which is
mediated by a heavy-quark loop. This channel enters the calculation at NNLO accuracy and,
due to charge conservation, it exists only for ZH production. This contribution has been
neglected in our phenomenological results in section 4.4.3, but it is included when presenting
total cross sections in section 4.4.2 and in the comparison with data in section 4.4.4.

Our predictions are NNLO+PS accurate in both the production and the decay of the Higgs
boson. In order to reach this accuracy, we adopt the following strategy: we first generate
separately events associated to the production and the decay stages of the Higgs boson at
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NNLO accuracy. For the production stage pp — VH, we employ the MINNLOps method,
while for the decay H — bb we use the MINLO' + reweighting approach, which will be referred
to as NNLOPS method from now on. We stress that the MINNLOps method could have been
used also for the generation of decay events, but the application of the NNLOPS approach
is straightforward for the H — bb decay (more details are given later in section 4.2.2). The
production and decay events are then combined using a narrow-width approximation for the
Higgs boson. Using this procedure, production and decay stages are considered completely
factorized and we thus neglect interference terms between final-state bottom quarks and
initial-state partons. This approximation is motivated by the fact that interference terms are
exactly zero at O(a;), as the Higgs boson is a colour singlet, and they are strongly suppressed
by the small width of the Higgs (I'y ~ 4.1 MeV) at O(a2). Once the events for the complete
process are obtained, we consistently shower them using PYTHIAS [87].

4.2.1. Generation of production events

Our generators for the production stage pp — VH of the Higgs boson are implemented in
both the POWHEG-BOX-V2 [41] and the POWHEG-BOX-RES [88] frameworks. The vector
boson V = W=, Z can decay in any lepton channel. Our POWHEG-BOX-V2 implementation
relies on the VH+et generators developed in [77], while our code in POWHEG-BOX-RES
is based on the VH+jet generators presented in [78]. The two implementations are fully
compatible within numerical uncertainties.

We remind the reader that we do not include in the computation gg-induced processes
(panel (c) in figure 4.2) except in section 4.4.2 for the calculation of total cross sections and in
section 4.4.4 for the comparison with data. In these cases, we generate LO+PS accurate results
for gg-induced processes in the POWHEG-BOX-V2 framework and we combine them to the
gg-initiated channels in an additive way at the level of differential distributions. Moreover,
there are other corrections to both WH and ZH productions mediated by a heavy-quark
loop in which the Higgs boson is radiated by the heavy quark. A detailed review of these
contributions can be found in [89], where they were calculated for the first time. Using the
notation of [89], in our implementation we neglect virtual contributions V; and Vi and include
real contributions Ry and Ry (see the introduction section of [89]). Note that Ry contributes
to ZH production only. Both Vi1 and R;j contribute to the total cross section to about 0.6%.

In our implementation, the matrix elements are taken from different providers: the Born
(i.e. VH+jet) and real (i.e. VH+2 jets) matrix elements are obtained from the interface [90]
between POWHEG and MADGRAPH v4 [91]. The virtual amplitude for V H+jet is calculated
analytically [92]. The one-loop and two-loop amplitudes for VH production are obtained
by encoding the correct rescaling in the quark vertex function. For the calculation of the
D terms in the MINNLOpg formula (3.45), we use HOPPET [74] for a fast evaluation of the
convolutions with PDFs. Furthermore, we compute polylogarithms in the collinear coefficient
functions using HPLOG [93].

To avoid spurious higher-order logarithmic terms in the MINNLOps formula (3.45), we
adopt a modified logarithm (3.53) that smoothly turns off NNLO corrections in the region
pr > mypy/2, where pr and mypy are the transverse momentum and the invariant mass of
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the VH colour singlet. The hard scale in the logarithms is consistently changed to myy/2
[71]. At high pt, we set the scales of the calculation through the largeptscales 1 option so
that equation (3.58) is used. At small p, the default MINNLOps prescription in the choice of
the scales is employed. Furthermore, we set Qp = 0 GeV in (3.57) and we freeze the strong
coupling and the PDFs at 0.8 GeV. We also switch on the POWHEG option doublefsr 1 [94], so
that ¢ — g¢ and ¢ — g4 splittings are treated symmetrically for the definition of the starting
scale of the shower. We use PYTHIAS [87] as parton shower and we adopt default settings, in
particular for the recoil scheme.

4.2.2. Generation of decay events

As for the generation of decay events, we follow the procedure described in section 2.2 of [61]
and we use the same implementation within the POWHEG-BOX-V2 framework. NNLO+PS
accuracy is reached through the NNLOPS method, which requires an a-posteriori reweighting.
Even though the MINNLOps method could have been applied, the reweighting procedure is
straightforward in this case as the reweighting factor is given by a number only, which is the
NNLO decay width of the Higgs boson decaying into b-quarks:

NNLO

\ _ _H—=bb
W(®y;) = [MINLO' (4.3)

H—bb

We smoothly switch off the reweighting factor in hard events that are already NLO accurate
using a modified version of (4.3), as explained in [61]. We consider the three-jet resolution
parameter y3 in the Cambridge algorithm [95, 96], which defines the separation between
two-jet and three-jet events, and we construct the following reweighting factor:

W(®@y;) = h(ys) H_’beINLg_/’\bb + (1 —=h(ys)), (44)
rH%bb
where
H—bb bbg d<I> - (]/3) ’
FMINLO B /dq)bb < 1\1'-/I[I—I:TbLbO (1 h(y?)))> . (45)
H—bb ANET N

The h(y3) function is defined as

1

1 + (y:;yliy?,gf)y&pow 7

h(ys) = (4.6)

where the suggested values for the two parameters are ys,.; = e * and y3 00 = 2, as
explained in [61]. By construction, h(y3) tends to one when soft radiation is produced, while
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h(ys) < 1 when a hard jet is produced. Using this procedure, the W(®,;) factor is applied
only to processes without hard radiation.

All the amplitudes needed for the computation of the decay events have been taken from
[84].

4.2.3. Combination of production and decay events

Once both production and decay events are produced, we combine them using the procedure
described in [61]. The first step consists in substituting the Higgs boson generated in a
production event with its decay products taken from a decay event. This requires a reshuffling
of the momenta of the decay products, to restore energy-momentum conservation. Small
off-shell effects suppressed by the Higgs width I'y are neglected (these terms are of order
O(Ty/mpy), where my is the Higgs boson mass). Furthermore, the decay events are generated
in the Higgs rest frame while the production events are in the laboratory frame, thus an
appropriate boost is needed.

We then modify the weights of the combined events wy,;; using this narrow-width approxi-
mation formula

Wprod * W _
Zprod * Pdec = Wprod - Br(H — bb) - &, 4.7)

Gl Iy H—bb

where the weights for the production and the decay events are indicated as wpoq and wgec,
respectively. Br(H — bb) represents the branching fraction of the Higgs boson to bottom
quarks (in our code, it is taken as an input), while T, ., is the H — bb decay width directly
computed from the decay events. By construction, if we integrate inclusively the last factor in
equation (4.7), we obtain one: the total cross section for the full event is the product of the
cross section for the production and the branching ratio of the Higgs boson decaying into a
pair of bottom quarks, regardless of the accuracy of the last factor.

The specific value of the bottom Yukawa coupling used in the calculation is irrelevant, as it
cancels exactly in the ratio in the last factor in equation (4.7).

The matching of the full event with the parton shower is non-trivial as the starting scales
for the production and the decay stages of the process are different. We follow the procedure
described in [61] also in this case. In the combined event file, we store the starting scale of
the production stage (scalup), while the corresponding value for the decay (scalupgec) is
recomputed on-the-fly starting from the decay kinematics. We adopt the usual definition
of hardness for final-state radiation used in POWHEG [97]. scalup is read by the shower
from the Les Houches Event file and it is automatically used as the starting scale for all the
splittings coming from the production stage. As for the decay, we let the shower radiate in
the entire kinematically allowed phase space. We then apply an a-posteriori veto to check
that the hardness of the splittings generated by the shower are consistent with the emission
produced by POWHEG from the Higgs decay at Les Houches Event level. The hardness of a
splitting is defined as

E,
t=2 (prad : pem) E ad ’ (48)

where E,,g (Eem) and praq (pem) are the energy and 4-momentum of the radiated (emitting)
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o [fb]
MINNLOps | 96.72(4) 1%
NNLOPS | 96.69(3)13%

Table 4.1.: Inclusive cross sections for pp — e"v,H production using the MINNLOps and
NNLOPS methods.

particle. An event is accepted only if the hardness of all the splittings generated by the shower
in the Higgs decay is smaller than scalupgec. If this condition is not met, we reject the event
and we try to shower it again till the requirement is fulfilled. After 1000 failed attempts, we
reject the event.

4.3. Validation of the calculation

In this section we validate our MINNLOps implementation against NNLOPS results. NNLOPS
results for W* H production are taken from [58], while ZH production with subsequent decay
of the Higgs boson into bottom quarks is presented in [61]. In the former case, the Higgs
boson is kept stable, so that the full calculation for W*H production with H — bb decay at
NNLO+PS accuracy is obtained with the MINNLOps method in [2] for the first time.

4.3.1. W*H production

We consider W*H production with a stable Higgs boson, and we compare our MINNLOpsg
predictions [2] with NNLOPS results [58]. Since only W' H is presented in [58], we present a
comparison for the positively charged vector boson only.

We study proton-proton collisions at 13 TeV centre-of-mass energy for the production
of e"v,H. In order to present a reliable comparison, the input parameters are taken from
[58]: mw = 80.399GeV, I'iy = 2.085GeV, my = 125.0 GeV. The electroweak parameters
read: & = 1/132.3489 and sin® 8y = 0.2226. The Higgs boson is considered on-shell and
contributions where the Higgs boson is radiated from a heavy-quark loop (V111 and Ryy) are
neglected, as done in [58]. The PDF set is MMHT2014nnlo68cl, for which the corresponding
running coupling is as(m%) = 0.118.

The renormalization and factorization scales are set according to the MINNLOps procedure
and error bars are obtained through 7-point scale variation, where yg and yr are varied by a
factor of two above and below the central scale with the constraint 1/2 < ugr/pur < 2. We
present results for an inclusive setup, without any fiducial cut.

Table 4.1 shows the inclusive cross sections obtained with the MINNLOps and the NNLOPS
methods. Results are in perfect agreement at the sub-permille level, within numerical errors.
The MINNLOps results have slightly asymmetric error bars when compared to the NNLOPS
ones. This is not unexpected because of the different scale settings and treatment of higher-
order terms in the two calculations.
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Figure 4.3.: Differential distributions for e*v,H production obtained with the MINNLOpg and
the NNLOPS methods at LHE level.
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o [tb]

POWHEG-BOX-RES | 26.51(1)

POWHEG-BOX-V2 | 26.63(9)
MCFM 26.567(1)

Table 4.2.: Inclusive cross sections for pp — ete™ H production obtained through two inde-
pendent MINNLOps implementations within POWHEG-BOX-RES and POWHEG-
BOX-V2, and MCFM. Digits in brackets refer to statistical error only.

Figure 4.3 shows a comparison of the MINNLOps and the NNLOPS predictions for different
differential distributions at LHE level. More precisely, we show the rapidity (yy) and
transverse momentum (pr,n) of the Higgs boson, the rapidity (y+) and the transverse
momentum (pry+) of the W' boson, the rapidity of the positron (77,+) and the transverse
momentum of the W H system (ppy+p)-

All rapidity distributions, which are NNLO accurate observables, are in excellent agreement.
Discrepancies between the two computations are at ~ 1% level, with small statical fluctuations
in the tails. The asymmetry in the error bars of the MINNLOps results compared to the
NNLOPS ones is visible. A similar conclusion holds also for the transverse momenta of the
H and W bosons, where the agreement in the central value is within 1 — 2%. As for the
pr of the Wt H system, the difference between MINNLOps and NNLOPS is slightly larger,
up to 3 — 4%: this distribution is effectively only NLO accurate at pyy+y > 0 and there are
matching ambiguities in the intermediate region, which is reflected in the enlarged error
bars in this region. Apart from this small difference, we see a good agreement as the two
calculations are fully compatible within uncertainties.

We now comment on the size of the error bars of the two calculations in the pry+y
distribution, as we observe a difference in the range 30GeV < pry+y S 90GeV. This
discrepancy is related to the different way in which NNLO corrections are spread in the
entire spectrum. In fact, in the MINNLOps approach we use modified logarithms while the
NNLOPS calculation requires a pr-dependent multi-differential reweighting. We stress that
the shape of the MINNLOps error bars is closer to the one of a resummed calculation matched
to a fixed-order computation, as pointed out in [8].

The comparison of MINNLOps and NNLOPS results for e*v,H production shows a very
good agreement between the two calculations. This validates our MINNLOps implementation.

4.3.2. ZH production with H — bb decay

The validation of our calculation for ZH production with subsequent decay of the Higgs
boson into a couple of b-quarks is carried out in two steps. Firstly, we validate the production
stage only, considering pp — ZH with a stable Higgs boson.

We consider our default MINNLOps implementation in the POWHEG-BOX-RES framework,
a completely independent MINNLOps implementation in POWHEG-BOX-V2 and a fixed-
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order result obtained with MCFM [98]. The comparison is performed in an inclusive setup at
LHE level. Our integrated cross sections are presented in table 4.2, where we see a remarkable
agreement among the three independent calculations.

We then include the decay of the Higgs boson into our computation and we compare
the full pp — ZH — e*e”bb MINNLOps result to [61]. Also in this case, the validation is
performed at LHE level. All the input parameters and cuts are taken from [61]. The PDF set
is PDFALHC15_nnlo_mc, which corresponds to as(m%) =0.118. Our SM parameters are:

Gr = 1.166387 x 1072 GeV 2, I'y =2.4952GeV,
my = 80.398 GeV, myg = 125.0GeV,
I'y = 2.141GeV, I'y = 4.14MeV.

myz = 91.1876 GeV

The EW coupling and the weak mixing angle are defined as:
& = V2Gpm3, (1 —mb /m%) /7, cos? Oy = miy /m% . (4.9)

We include contributions Rjy in which the Higgs boson is radiated from a heavy-quark loop
(see section 4.2.1). We consider both top and bottom loops and the corresponding pole masses
are my = 4.92GeV and m; = 173.2GeV. As far as the H — bb implementation is concerned, we
evaluate the bottom Yukawa coupling in the MS scheme at a scale equal to the Higgs mass
my, corresponding to y;,(my) = 1.280 x1072. We recall that the specific value of i, does not
affect the calculation because it cancels exactly in the combination of production and decay
events as shown in equation (4.7). The branching ratio for H — bb decay is Br(H — bb) =
0.5824. In the production stage, the choice of the renormalization and factorization scales
follows the MINNLOps prescription. In the decay, the renormalization scale is set to the
Higgs boson mass mp. Scale uncertainties are obtained through 7-point scale variation with
the constraint 1/2 < ug/pur < 2. We correlate the scale variation factors in production and
decay.

fiducial cuts for pp — ZH — ete " bb
pre > 7GeV, pre, > 27 GeV, |1.| < 2.5
81GeV < m,+,- < 101 GeV
>2 b-jets (flavour-kT [99], R=0.4)

PTp-jet > 27 GeV, ‘m}—jet| <25

Table 4.3.: Fiducial phase space for e™e~bb production as defined in [61].

In this comparison, we apply the fiducial cuts presented in table 4.3. In the jet-clustering
procedure, if the clustering algorithm identifies more than two b-jets, we consider the pair
whose invariant mass is closer to the Higgs-boson mass.

Differential cross sections are shown in table 4.4. The agreement between MINNLOpg
and NNLOPS is good (with a 1.4% difference) and fully covered by scale uncertainties. The
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Table 4.4.: Fiducial cross sections for pp — ZH — e*e~bb production using the MINNLOpg

101

102

108

1.04

1.02

1

0.98 =

0.96

o [fb]
MINNLOps | 6.261(7) 027
NNLOPS | 6.348(6)+1:2%

and NNLOPS methods.

fiducial cuts

do/dmzy [fo/GeV] ~ pp—ZH—e*e'bb@LHC 13 TeV

AL B B L B AL AL BN
— MiNNLOpg (LHE) 1
=== NNLOPS (LHE) ]

do/dOMiINNLOpg (LHE)
—— S

200 300 400 500

mzy [GeV]

600

70

101 do/dpr up [f0/GeV]  pp—ZH—e'ebb@LHC 13 TeV

102 |

1073

1.06 -
1.04F

1.02

0.98f
0.96f

0.94

Figure 4.

I fiducial cuts

— MINNLOpsg (LHE)
-~ NNLOPS (LHE)

do/doMiNNLo,,S( HE)

0 50 100 150 200

Pr. bb [GEV]

4.: Differential ditributions for eTe~bb production obtained with the MINNLOps and
the NNLOPS methods at LHE level in the fiducial setup reported in table 4.3.

0

0

o

10
107!
102
10
104
10

1.3
1.2
1.1

0.9
0.8

10
100
1071
1072
108
104
1.15

1.1
1.05

-

0.95

o
©

0.85

64

pp—ZH—e*e bb@LHC 13 TeV

do/dm, [fb/GeV]

fiducial cuts

— MINNLOpsg (LHE)
~=- NNLOPS (LHE)
PR S SRR I S S S A RN S S S R S S S
do/dOMiINNLOps (LHE)
—— S

14 PN T FERE B

PRI SRR S SR S N S S S R S S Y |§
50 100 150 200

Mpp [GeV]
do/d]A ypp| [fb] pp—ZH—e*ebb@LHC 13 TeV

fiducial cuts

— MINNLOpg (LHE)

URALLL BELLL B B ) L

--= NNLOPS (LHE)

pe b b b b b b ]
do/dOMINNLOps (LHE)
JAARE AR RRRAN RARAN RARAN RARRE RARR =ans
3 [ [ =
f— — ;
3 P I E
Eul | | | | E
0

05 1 15 2 25 3 35
2 Yobl

IS



4. Higgsstrahlung with H — bb decay at NNLO+PS accuracy in the SM

discrepancy between the two results is slightly larger than when comparing inclusive cross
sections, because of the more exclusive setup.

Differential observables are presented in figures 4.4. In particular, we show the invariant
mass of the ZH system (mzp), the invariant mass (1p;) and transverse momentum (pp) of
the two reconstructed b-jets and the difference in rapidity between the two b-jets (|Ayyp|). We
observe a good agreement between the two calculations, with differences that are smaller
than 1-2% overall, with slightly larger statistical fluctuations in the tails. We have studied
many other differential observables and for all of them the level of agreement between the
two calculations is good. This comparison thus validates our MINNLOpg calculation.

4.4. Phenomenological results

In this section we present our differential predictions for pp — e*v,bb and pp — ete bb
showing both MINLO' and MINNLOps results. We present cross sections in both inclusive
and fiducial setups in 4.4.2 and we discuss differential distributions in 4.4.3. Our MINNLOps
prediction is compared to ATLAS data [100] in 4.4.4. We also analyse the impact of different
jet-clustering algorithms in section 4.5.2.

4.4.1. Input and parameters

Our results are obtained using the NNPDF31_nnlo_as_0118 [101] PDF set, which corresponds
to as(m%)=0.118. Our SM parameters are taken from the PDG [9], namely:

Gr = 1.166379 x 107> GeV 2, 'z =2.4952GeV,
my = 80.379 GeV, mpy = 125.09GeV,
'y =2.085GeV, I'y =41MeV.

myz = 91.1876 GeV,

The EW coupling and the weak mixing angle are defined as:
& = V2Grm3, (1 —mdy /m%) /7, cos? Oy = miy /m% . (4.10)

The H — bb branching ratio is Br(H — bb) = 0.5824. In pp — ZH — e*e bb we include
the Ryy contributions, in which the Higgs boson is radiated from a heavy quark loop: the
pole mass of the bottom quark is set to m;, = 4.78 GeV and the pole mass of the top quark to
m; = 172.5GeV. The bottom Yukawa coupling is y,(mp) = 1.280 x10~2: as already pointed
out, our final result does not depend on this value because it cancels out exactly when
interfacing production and decay events (see equation 4.7).

The parton shower is generated by PYTHIAS [87] with the Monash tune [102]. In our
interface to PYTHIAS, all the settings are kept to the standard ones, in particular for the recoil
scheme. Effects from hadronization, underlying event and QED shower are not taken into
account. We include hadronization effects in section 4.4.4 only, so that the comparison with
data is more reliable.
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fiducial-YR [103]
pp — W*H — e*v,bb

pp — ZH — ete bb
pre > 15GeV, |1.] < 2.5
75GeV < m,., < 105GeV
>2 b-jets (anti-kt [104], R=0.4)

pre > 15GeV, Prmiss > 15GeV, |1| < 2.5

>2 b-jets (anti-kt [104], R=0.4)

PTb-jet > 25GeV, |77b-jet‘ <25 PTb-jet > 25GeV, ‘nb-jet’ <25

fiducial-ATLAS [100]

pp — WEH — (*v,bb

pp — ZH — (T 4~bb/v,v,bb

lyu| <25
categories:
prw € [250,400] GeV,
prw € [400, o] GeV

lyu| <25
categories:
prz € [250,400] GeV,
prz € [400, o] GeV

Table 4.5.: Fiducial phase space in the fiducial-YR and the fiducial-ATLAS setups.

In the next sections, we present our results in three different setups: an inclusive setup
(inclusive), a fiducial setup inspired by the CERN Yellow Report [103] (fiducial-YR) and a
tiducial setup taken from [100] (fiducial-ATLAS). These setups are summarized in table 4.5.

4.4.2. Inclusive and fiducial cross sections

In this section we present integrated cross sections in both inclusive and fiducial-YR setups.
Table 4.6 shows our MiNLO' and MINNLOps predictions for both WH and ZH productions
with H — bb decay. In the ZH case, we report separately the results with and without
gg-induced contributions.

The MINNLOps corrections are positive and roughly 5-6% with respect to MiNLO' calcula-
tion in both setups, if we do not consider the loop-induced gg-contribution for ZH production.
As expected, we observe a significant reduction of the error bars when moving from the
MiIiNLO' to the MINNLOps calculation (errors are reduced by more than a factor of two).
Considering only the inclusive setup, MINLO’ and MINNLOps predictions are compatible
within scale variations. By contrast, in the fiducial-YR setup, the MINNLOps corrections are
generally not covered by scale variations: we verified that the MINNLOps results is covered
by the MINLO' error bars if we uncorrelate the scales in the combination of production and
decay events.

Considering the gg — ZH contribution, its effect is quite large because it represents about
8% in the inclusive and 11% in the fiducial phase space of the MINNLOps cross sections. As it
is only LO accurate, the error bars coming from loop-induced gg-diagrams are the dominant
uncertainties.
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pp — WTH — etv,bb
o [fb] inclusive | fiducial-YR
MiNLO/ 54.0475% | 20137337
MiNNLOps 57447070 | 2127773
pp — W~H — e~ #,bb
o [fb] inclusive | fiducial-YR
MiNLO/ 33.8275¢% | 13.07%3%
MiNNLOps 35.87 05 | 13.77 1%
pp — ZH — eTe bb
o [fb] inclusive | fiducial-YR
MiNLO/ 14.88%57% | 5217%3%
MiNNLOps (no gg — ZH) | 15.7978% | 5.48712%
MiNNLOps (with gg — ZH) | 16.99735¢ |  6.07 34~

Table 4.6.: Integrated cross sections for W H and ZH production with H — bb decay in the
inclusive and the fiducial-YR setups.

4.4.3. Differential distributions

In this section we show our phenomenological results considering differential distributions
in the fiducial-YR phase space defined in table 4.5. We present our MINNLOps results for
different observables for W H and ZH production®. In particular, we show: the invariant
mass (myy) and transverse momentum (pryp) of the bottom-quark pair, the absolute difference
in rapidity between the two bottom quarks (|Ayyp|), the transverse momentum of the hardest
bottom quark (pry,,,) and of the positron/electron (pr,+/pr,-), and the invariant mass of
the colour-singlet system (mwp/mzp). In this context, with bottom-quark pair we denote the
two jets with at least one bottom quark whose invariant mass is closest to the Higgs-boson
mass.

In our plots, the MINNLOps result is the blue and solid curve while the MINLO' result is
the black and dotted line. We also show the MINNLOps prediction in which the Higgs decay
is generated by PYTHIAS (red and dashed curve). This prediction is formally NNLO accurate
in the production and only LO accurate in the decay. In the two ratio panels we show the
ratio to the MINNLOps central value. In the upper panel, we correlate the scale variation
factors when interfacing production and decay events (Kg prod = KR dec), SO that error bars
are obtained through the customary 7-point scale variation. In the lower ratio panel, we do
not correlate the scales (Kg prod # Kr dec) and we thus consider all the possible combinations,

IThe corresponding results for W~ H production are shown in Appendix A.
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Figure 4.5.: Invariant mass m,j; of the bb system for e*v,bb production (left) and for ete~bb
production (right) in the fiducial-YR setup.

excluding the extreme cases (0.5,2) and (2,0.5). This prescription is a more conservative
17-point scale variation. When the shower generates the decay of the Higgs boson (red,
dashed curve), the scale variation is handled by PYTHIAS as well using its so-called automated
parton-shower variation facility [105]. Since the behaviour observed in W*H and ZH is quite
similar, we discuss these results simultaneously.

Figure 4.5 shows the invariant mass m; of the bb system for WTH (left) and ZH (right)
productions. The MINNLOps and MINLO' predictions are similar in shape, with a 5%
difference in the normalization induced by the MINNLOps corrections. The two results are
compatible within scale uncertainties both when correlating and uncorrelating the scale
variation factors. Looking at the two ratio panels, we note that using a 7-point or a 17-point
scale variation is irrelevant, as error bars are very similar in the two cases. There is an
important reduction of scale uncertainties in the MINNLOps results compared to the MINLO’
predictions below the Higgs-mass threshold, while error bars are similar above the threshold.
We observe that using PYTHIAS for simulating the decay of the Higgs boson is a rather good
approximation for this observable.

The absolute rapidity difference of the two bottom quarks is shown in figure 4.6. Again,
the left panel is WTH production while the right panel is the ZH case. Firstly, we observe
that the MINNLOps and the MINLO' results are not compatible when we correlate the scales.
In fact, we observe a non-reliable error band (roughly £1%) in the MINNLOpg result for
small values of |Ay,p|. Using the more conservative option of not correlating the scales, we
obtain more realistic scale uncertainties and we restore the perturbative idea of having the
MINNLOps result covered by the MINLO' error bar. For this observable, the LO decay of the
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Figure 4.6.: Absolute difference in rapidity |Ay; | of the bb system for e v,bb production (left)
and for eTe~bb production (right) in the fiducial-YR setup.

Higgs boson simulated by PYTHIAS8 does not compare well with the MINNLOps prediction,
especially in the forward |Ay,, | region.

Similar features can be observed in the other differential observables (ptu, P1p,,.qs PTet / PTe-
and mypy/mzy) shown in figures 4.7 and 4.8. In all cases we observe a mostly flat ~ 5%
correction induced by MINNLOps on top of the MINLO' calculation. The MINNLOps pre-
dictions have much smaller error bars. In most observables, correlating the scales between
production and decay leads to an accidental cancellation that generates unreliable error
bars (see e.g. the MINLO' pr 4, and PTb,.,, distributions around 200 GeV). A more realistic
picture is restored when uncorrelating the scales. The inclusion of the Higgs decay using
PYTHIAS produces distributions with shapes similar to the MINNLOps predictions but the
normalization is shifted upwards of roughly 5%. This distribution with LO decay is not
covered by the MINNLOps error bars in many phase space regions.

4.4.4. Comparison to data

In this section we perform a comparison between our MINNLOps predictions and ATLAS
data [100] in the in the fiducial-ATLAS setup. This comparison is presented in figure 4.9,
with the corresponding cross sections shown in table 4.7. For this study we consider all the
possible leptonic final states, i.e. £*v,bb, £T¢~bb and v,7,bb with ¢ € {e, u, T}, and we include
hadronization effects through PYTHIA8. However, we note that hadronization effects are
small.

We find a good agreement between the MINNLOps results and ATLAS data but we note
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that experimental measurements have very large uncertainties caused by low statistics, which
is due to the large lower cuts on the transverse momentum of the vector boson. We notice
that in the original publications of the observation of this process [106, 107], the cut applied
was much lower (150 GeV) but no unfolding to the fiducial cross section was performed.
Repeating this comparison with data at higher statistics will be desirable in the future.
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Figure 4.7.: Transverse momentum of the bb system prj;, and of the leading b-jet pry, , for
e*v,bb (left) and eTe~bb production (right) in the fiducial-YR setup.
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Figure 4.8.: Transverse momentum of the electron/positron py,+/pr,- and invariant mass of
the colour singlet myyp /mzpy for et v,bb (left) and for e*e~bb production (right)
in the fiducial-YR setup.
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Table 4.7.: Fiducial cross sections in the fiducial-ATLAS setup compared to ATLAS data.
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4.5. Jet flavour

4.5.1. Infrared-safe definition of jet flavour

Identifying the flavour of jets is fundamental for precision phenomenology. If we can correctly
assign a flavour to a reconstructed jet, we can significantly improve our ability in selecting
specific scattering processes and reject backgrounds. Even though defining a gluon jet or a
quark jet is intuitively clear, providing an infrared-safe definition of the flavour of jets is not
trivial. When going beyond LO in QCD, it is necessary to define a procedure that is able to
cluster partons into jets and associate each jet with a well-defined flavour. Well-defined flavour
means a flavour that is insensitive to extra soft and collinear emissions, thus infrared and
collinear safe.

In a simple and naive picture, we can define the flavour of jets as follows: firstly, we
reconstruct jets using a customary jet-clustering algorithm and we then assign to each jet a net
flavour content given by the difference between the total number of quarks and anti-quarks
for every possible flavour. If the net content of flavour of a jet is zero, this jet is a gluon jet. If
the net content of flavour is (minus) one unit of a possible flavour, the jet is a (anti-) quark jet
of that flavour. This procedure is clear and intuitive, but it necessarily leads to an ill-defined
definition of flavour of jets. As explained in [99], we can analyse this issue considering the
simple process eTe~™ — gg. At the first order in the strong coupling, one of the two final-state
partons emits a gluon. Applying a usual clustering algorithm (e.g. the kr-clustering algorithm
[108]), the gluon can be clustered with the quark, with the anti-quark or it can be considered
as a separate jet. Using the naive picture described before for assigning the flavour of jets, one
is always able to reconstruct the correct 2—2 Born flavour structure, or to define the process
as irreducibly 2—3. At the second order in the strong coupling, this procedure breaks: a
large-angle soft gluon can split into a pair of quarks widely separated in angle. These two
quarks can be wrongly clustered into two different jets (and not recombined together in a
gluon-jet first). This wrong recombination contaminates the flavour of the reconstructed jets.
This possible configuration is depicted in figure 4.10 taken from [99]. Given that this problem
can appear for arbitrarily soft gluons that split into g7-pairs, the above definition of jet flavour
is IR unsafe from O(a?) onwards.

Figure 4.10.: Possible O(a2) configuration in which a pair of widely separated soft quarks (k3
and k) coming from a large-angle soft gluon spoils the flavour of jets (k; and
ky). The picture is taken from [99].
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Most LHC measurements rely on the anti-kt algorithm [104] for the reconstruction of jets
and the flavour of jets is assigned with a naive procedure (a b-jet is a jet with at least one
b-hadron), thus a reasonable and robust data/theory comparison cannot be performed. In
[99], the authors proposed a new clustering algorithm that is IR safe in the assignment of the
flavour. This algorithm is called flavour-kr algorithm and in this section we present its main
features.

The starting point of our discussion is the IR and collinear structure of QCD. The usual kr
algorithm tries to reconstruct the QCD splitting history using a distance measure that starts
the recombination procedure from particles with the highest probability to have branched.
The clustering thus starts from the recombination of particles that are soft or collinear, as
this reflects the IR and collinear enhancement of QCD amplitudes. The kr-algorithm does
not distinguish between the kind of splitting at hand: a soft quark has the same closeness as
a soft gluon, but this does not reflect the QCD behaviour. In fact, the emission of a gluon
presents divergences in both soft and collinear regions while the emission of a quark has
only the collinear divergence. If we consider ¢ — g4, the product of phase space and matrix
element can be written as (see section 2.1.3):

Kg TR dE] dg%

27 Ei 912] !

dk; [ Mg g7, * ~ (4.11)

with E; < E; and 6;; < 1. We note that the soft divergence is not present. The same
conclusion holds also for g — gqg splittings. The kr-algorithm thus introduces a spurious
closeness as there is no divergence for E; — 0. This problem can be solved using a distance

measure that depends on the flavour of the particles involved in the clustering procedure.
In the flavour-kt algorithm, the distance measure dl(jp)

following:

between two particles i and j is the

(F) (Amzj + A<PZ-2]') max(p3, p3.),  softer of i,j is flavoured,
= i PTj 4.12)

min(p7g;, p%,j) , softer of 7, j is flavourless.

The term (AT]?]. + Aqblzj) is the usual angular distance between i and j and R is the radius of
the cone in the clustering sequence. By softer we mean the particle with lower transverse
momentum.

To define the distance with the beam, we need to separate explicitly the beam moving
towards positive rapidities B (right-moving) and the beam moving toward negative rapidities
B (left-moving), as we want to define a flavour also for the beam. The distances with B and B
are thus defined as:

(F) max(p3., p35),  iis flavoured,
dip = min(p2 2 is fl 1
p1ir P1p),  1iis flavourless.
2 2 i is fl d
di? _ m?x(ple, pzT,B)' 11s avoured, 4.13)
min(pz,;, p1z) i is flavourless.
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The terms prp (py ) represents the hard transverse scale associated with the right-moving
(left-moving) beam, defined as follows:

pra(n) = Y pri (O — 1) + Oy —5i)e” "), (4.14)

pra(n) = Yo pri (O —mi) + O —1)e” ™) . (4.15)

The idea behind equations (4.14) and (4.15) is the following: starting from a DGLAP approach
in which dominant contributions are strongly ordered in angle, the beam hardness should be
constructed as a function of the rapidity. Moreover, it should be harder than all the emissions
that already occurred and dependent on the light-cone momentum still left in the beam.

Given the definitions of the distance between two particles dl(jF) and the distance with the

()
i,B/B’

calculate the distances d

beams d the clustering procedure is equal to any sequential clustering algorithm: we

EJ.F) for every pair of particles and the distances dg;) /
with the beams. If the small calculated distance is a dl(jF) , the two particles i and j are clustered
together into a particle whose flavour is given by the sum of the two individual flavours.
When the smallest distance is dg ) or dl%: )
from the clustering sequence.

We can thus apply explicitly this procedure to the problematic configuration depicted in
figure 4.10: using the flavour-kr algorithm, the two widely separated soft quarks are clustered
together first, giving rise to a gluon jet. This gluon jet can then be clustered to the other
particles involved in the process without spoiling the flavour of jets.

For a complete proof of the IR safety of this algorithm, the interested reader is referred to

the original publication [99].

5 of every particle

, the particle is considered a final jet and removed

4.5.2. Impact of the jet-clustering algorithm

In this section we discuss the impact of using different clustering algorithms for the iden-
tification of b-jets in the phenomenological analysis presented in section 4.4. In particular,
we show a comparison among the anti-kt algorithm [104] (blue and solid curve), the kr
algorithm [109] (red and short-dashed curve) and the flavour-kr algorithm [99] (green and
long-dashed curve). We remind the reader that the main difference between the anti-kt/kr
algorithms and the flavour-kt one in the reconstruction of b-jets is the fact that in the first
case a b-jet arises anytime there is at least a bottom (or anti-bottom) quark in a jet, while
in the flavour-kr case there must be an uneven number of b or b quarks. In this way, when
a bb-pair is recombined together, we obtain a b-jet in the anti-k7/kt case, while we obtain
a gluon-jet with the flavour-kr algorithm. This different behaviour in the reconstruction of
b-jets determines large discrepancies in some regions of the phase space.

We consider W H production in the fiducial-YR setup defined in table 4.5. The radii of
the clustering algorithms are always set to R = 0.4. We show plots for the invariant mass
(myp) and the transverse momentum (pr ) of the bb system, the transverse momentum of the
hardest b-jet (ptp,,,,) and the transverse momentum of the positron (py,+).
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Figure 4.11.: Invariant mass m;;, and transverse momentum pr;, of the bb system for e*v,bb
production in the fiducial-YR setup using the anti-kr, kT and flavour-kr algo-
rithms with R = 0.4.

Before describing the main differences induced by using a flavour-specific clustering
algorithm, we observe that the difference between the anti-kt and kr algorithms is small, as
expected. For this reason, we will comment only on the difference between the flavour-kT and
kr algorithms, as they share the same underlying distance in the ordering of the clustering.

The left panel of figure 4.11 shows the invariant mass my,;, of the bb system. We observe
a large discrepancy in the low mass region which is related to configurations in which the
two b-quarks are separated by a small ARy, distance. In these configurations, the output
of the kt and flavour-kr clusterings is different, because both algorithms tend to cluster
the two bottom quarks together but in the first case we obtain a b-jet while in the second
one we obtain a gluon-jet. When applying the fiducial cuts of the fiducial-YR setup, we
require at least two b-jets, thus it is more likely to accept the event in the k1 case. Moreover,
a soft b-quark can be sufficient, as it can be clustered with a hard gluon, giving rise to a
sufficiently hard b-jet that passes the fiducial cuts. This recombination is instead strongly
suppressed when applying the flavour-kt clustering. Furthermore, the two algorithms behave
differently even when ARy, > R: the kr algorithm tends to cluster two different b-jets, while
the flavour-kt algorithm can cluster the two b-quarks together because of the definition of

the beam distance. In particular, the algorithm compares the relative distance dgf) with the

distance of each bottom quark to the beams dlgl;) and dég). By construction, the distance with

(F)

the beams is greater than the transverse momenta of the bottom (anti-bottom) quarks, so di].

can be smaller than d' B) and d ) even for ARy, > R.
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Figure 4.12.: Transverse momentum of the leading b-jet pt;, , and of the positron py,+ for
e*v,bb production in the fiducial-YR setup using the anti-kr, kt and flavour-kr
algorithms with R = 0.4.

The same motivations explain the large discrepancies in the pry;, distribution (right panel
in figure 4.11) and the pry,, distribution (left panel in figure 4.12). In fact, there are large
differences in the high-pr regions, where the Higgs boson is highly boosted and thus tends to
decay into a collimated pair of b-quarks or an energetic leading b-quark.

The right panel of figure 4.12 shows that the clustering algorithm for the reconstruction of
b-jets can also have an impact on observables that are not directly associated with bottom
quarks. In fact, we show that we observe a large discrepancy in the pr,+ distribution for large
values of the transverse momentum. These differences are again associated to configurations
with a highly boosted Higgs, as the positron recoils on the Higgs system and becomes boosted
as well.

We conclude by stating that our plots clearly show that the impact of the clustering
algorithm that is used for the identification of b-jets is absolutely not negligible as it introduces
large discrepancies when compared to usual jet-clustering algorithms. We thus suggest
reconstructing heavy-quark jets through the flavour-kr algorithm only when it is used also
on the experimental side, which is usually not the case because of its complexity (see [110]
for a detailed analysis on the applicability of this algorithm). A possible (but not always
feasible) solution is given by performing a massive calculation in which the kinematics of the
b-quarks is described retaining a full dependence on the mass at the amplitude level. This
approach is commonly referred to as four-flavour scheme (4FS). The main drawback is that
massive calculations are not always available at high accuracy. A matching between precise
massless computations and parton showers thus becomes fundamental, as we can perform
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a reshuffling of momenta at the parton shower level in order to restore the correct masses.
However, this reshuffling is not completely unambiguous and it introduces uncertainties on
the kinematics of the bottom quarks.
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5. ZH production with H — bb decay at
NNLO+PS accuracy in the SMEFT

5.1. Motivation

The current formulation of the Standard Model cannot be the final fundamental theory of
nature. Even though it appears to be incredibly precise and predictive in the description
of scattering processes at colliders, many experimental and theoretical issues cannot be
explained through the SM. For example, in the SM neutrinos are massless particles, which is
in contradiction with flavour oscillations observed experimentally [111, 112]. The SM cannot
explain the presence of Dark Matter and Dark Energy that are detected through cosmological
observations [113]. Furthermore, the abundance of matter over antimatter in the Universe
suggests the presence of additional sources of charge-conjugation and parity (CP) violation
other than the SM mechanism [114]. Moreover, according to our current knowledge, the SM
cannot be unified with the theory of General Relativity.

Despite its incompleteness, the striking success of the SM at the LHC led to the possibility
of formulating a final fundamental theory of the subatomic world through an effective-field-
theory (EFT) in which the SM is the low-energy manifestation of a complete UV theory
beyond the SM (BSM). In this framework, the SM physics at the electroweak scale is decoupled
from the complete UV theory, which means that the two dynamics are factorized because
they occur at largely different scales. The physical motivation is that two phenomena widely
separated in energy do not affect each other, up to some corrections proportional to the ratio
of the two involved scales [115].

An EFT framework reveals to be extremely useful when the complete UV theory is not
known. In fact, it is possible to use a bottom-up approach to parametrize our lack of knowledge
of the complete theory, without constructing a specific BSM model. In this way, we simply
parametrize deviations from the SM predictions that can be matched to the complete theory
afterwards. A widely used BSM theory constructed using this logic is given by the Standard
Model Effective Field Theory (SMEFT) [116, 117, 118].

In the SMEFT, we correct the low-energy dynamics as predicted by the SM with a set of
local operators that respect the same SU(3) x SU(2); x U(1)y gauge symmetry structure.
The SMEFT Lagrangian thus reads

c

Lovprr = Lov + ) Y 01", (5.1)
n=>5 i

where (91-(") are local operators with mass dimension 7, Cl-(”) are the corresponding unknown
Wilson coefficients and A represents the new physics scale. The Wilson coefficients are
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unspecified and constrained by experiments: a Wilson coefficient different from zero is an
indication of new physics. Once bounds on the Wilson coefficients are provided, we can
obtain bounds on the parameters of the BSM theory.

BSM searches constitute an important part of the current and future LHC physics pro-
gramme. As already presented in chapter 4, the Higgs boson is crucial in this context because
a better understanding of the Higgs sector would lead to an improvement of our knowledge
of the theory and a possible extension towards a BSM model. In the SM, the largest branching
fraction of the Higgs boson is the H — bb decay (~ 60%) and the highest sensitivity to this
decay is given by the production of the Higgs boson through Higgsstrahlung (see section 4.1).
This process has been observed by both the ATLAS and CMS collaborations [106, 107]: the
H — bb signal strength in the Higgstrahlung channel ( yl‘)/EH ) is constrained to be as predicted
by the SM within 25% at one standard deviation. When Run III data will be available and,
even more so, during the high-luminosity phase, this signal strength will become much more
constraining: the ultimate projected accuracy for y'b/\éH and beBH is 15% and 5%, respectively.
The pp — ZH — (T ¢~bb process is thus particularly interesting for BSM searches in the
Higgs sector.

In this chapter, we present an extension of the calculation performed in chapter 4 for
pp — ZH — £7(~bb in the SMEFT. Both pp — ZH and H — ff (with f generic fermion)
have been studied in the SMEFT at NLO QCD and NLO EW in different works (see e.g.
[119, 120, 121, 122, 123, 124]). In the framework of anomalous couplings, the full process
pp — ZH — {T0~bb has been studied at NNLO QCD in [125]. In this chapter, we show
how to obtain NNLO+PS predictions in the SMEFT for pp — ZH — (T{~bb including a
set of dimension-six operators that have a direct impact in QCD, without considering EW
effects. The results described in this chapter were originally presented by the author and
collaborators in [3].

This chapter is organised as follows: we first describe the calculation in section 5.2 and we
present in detail our practical implementation in section 5.3. In 5.4 we present a phenomeno-
logical analysis for LHC collisions, discussing which kinematic observables are particularly
suitable to enhance our sensitivity to BSM effects related to the operators considered in the
calculation.

5.2. Outline of the calculation

We consider ZH production
pp — ZH — (T0"H, (5.2)

with the subsequent decay of the Higgs boson H to a pair of bottom quarks:

H — bb. (5.3)
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With ¢ we indicate a massless lepton (¢ € {e,u,7}). We consider the following SMEFT
operators that modify the SM Higgs field and couplings up to NNLO QCD accuracy:

Quo = (H'H)O(H'H), Qup = (H'D,H)* (H'D'H),
3
Quu =yp (H'H) gL br H, Qve = (f;f)be qLo T" br HG¥ M,
g2 83 b b,o ~C
Qu6 = (yz (TH) Gl G, Q6 = G S GGG 64

They enter the full SMEFT Lagrangian as:
C:
LsvErr D Y x; Qi (5.5)
i

These operators Q; have dimension six and their product with the corresponding Wilson
coefficients C; is suppressed by two powers of the new physics scale A. Notice that we do
not include any EW operators (e.g. operators that modify the coupling of the Higgs boson
with two Z bosons) and Q3¢ does not directly affect the Higgs boson but it is needed to reach
NNLO QCD accuracy.

With H we denote the SM Higgs doublet, g is the left-handed third-generation quark
doublet and by is the right-handed bottom-quark singlet. The QCD coupling constant is
s = VA4mnas. wa represents the QCD field strength tensor, where a is a colour index and
i, v are Lorentz indices. Given the SU(3) generators T“, the covariant derivative reads:
Dy =9, —igs G, T?. With f ab¢ we denote the QCD antisymmetric structure constant. We
also use O = 9, 0" and o,y = /2 (vuyv — YvYu), With 7, the usual Dirac matrices. The
bottom-quark Yukawa coupling is y;, = /27, /v, where 7, is the mass of the bottom quark
in the MS scheme and v is the Higgs vacuum expectation value (VEV). In the case of Quy
and Q¢ operators, we assume the sum over the hermitian conjugate.

The normalisation adopted in equation (5.4) reveals to be extremely useful. In particular,
we explicitly include a factor y; in both Qg and Qy¢, as this factor appears in many UV
complete theories that match our operators [126, 127]. Moreover, we include some powers of
the strong coupling ¢s and a factor 1/ (471)? in Qpc, Qug and Qsg, in order to have the Wilson
coefficients Cg, Cyg and Csg of order O(1) in all weakly-coupled UV-complete extensions
of the SM. We stress that this normalisation is not the only one possible (see e.g. [122]) but it
turns out to be particularly advantageous for a clear power counting in the SMEFT.

Our predictions are obtained following the strategy presented in chapter 4. More precisely,
we separately generate production events (pp — ZH) and decay events (H — bb) in the
SMEFT. The event generation for the production stage consists in the computation of SMEFT
corrections that are factorized from the SM calculation; the generation of decay events requires
the computation of both factorizable and non-factorizable corrections. We then combine
production and decay events using a narrow-width approximation formula, as explained in
4.2.3. Once the complete events are obtained, we shower them using PYTHIAS [87] applying
a dedicated veto procedure. In our computation, bottom quarks are considered massless,
but we keep a non-zero bottom Yukawa coupling. We impose the minimal-flavour violation
hypothesis [128] and set the Cabibbo-Kobayashi-Maskawa matrix element V};, to one.
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5.2.1. SMEFT factorizable contributions to H — bb decay

The SMEFT operators Qnn, Qup and Qpp are associated to factorizable contributions: the
corresponding matrix elements can be obtained from the massless H — bb computation in
the SM at NNLO accuracy [83, 84, 129] with a rescaling of the bottom Yukawa coupling v,

vo = vp (14 2chc) s (5.6)
where
v? C v?
Cfac = Ckin — CbH Ckin = 73 [CHD + ZD] , CoH = PRQ (Con) - (5.7)

The effect of Quo, Qup and Qpy factorizes to all orders in the strong coupling because these
operators do not contain gluons. In equation (5.7), the term ¢y, is associated to the canonical
normalisation of the Higgs kinetic term when Qpp and Qpp are included in the calculation.
The Higgs VEV v is defined as
0> =1/(V2Gr), (5.8)

and it is thus related to the Fermi constant Gr which is obtained from muon decay. The
relation between the VEV and Gr is modified at LO by EW corrections in the SMEFT. These
corrections are very small [118, 121] and thus negligible in our study.

Given the simplicity of the replacement in (5.6), we can obtain the analytic H — bb decay
rate associated to the inclusion of the operators Qpm, Qup and Qpy in a straightforward way;,
starting from the corresponding results in the SM. At LO accuracy, the SM decay width reads

2
Lo _ 3YyMu

['(H — bb)gy = .
and the corresponding NNLO result is [130, 131, 132]:
- _ 2
T(H — bB)NNIO = (14 A)T(H — bB)LS, A= “—7;5.67+ (“—NS) 29.15. (5.10)

Both the b-quark Yukawa coupling and the strong coupling constant «; are evaluated at a scale
equal to the Higgs-boson mass mp. Moreover, in the evaluation of the numerical coefficients
in the expansion of A in equation (5.10) we consider five active flavours. The SMEFT NNLO
result is easily obtained by performing the rescaling in equation (5.6):

T(H — bb) et = (1+ 2 cgoe) T(H — bb)SNLO (5.11)

We note that the inclusive H — bb decay rate in the SM is known up to O(a?) in the limit
of massless b-quarks [133, 134, 135], so it is possible to extend equation (5.11) to this order
in a straightforward way. Since our goal is to reach NNLO+PS accuracy, equation (5.11) is
sufficient for our purpose.

The practical implementation of our computation relies on the MC code used in [61, 2]
for reaching NNLO+PS accuracy for the H — bb decay in the SM. The SM matrix elements
needed for the computation are taken from [84]. The generation of decay events associated to
factorizable corrections is done simply by taking the SM results as obtained in chapter 4 using
the NNLOPS method and applying the correct rescaling factor (equation (5.6)) a posteriori,
as we will describe in section 5.3.
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5.2.2. SMEFT non-factorizable contributions to H — bb decay

The insertion of the Qpg, Qnc and Qs operators gives rise to non-factorizable corrections to
the fully differential H — bb decay rate.

The operator Q¢ is associated to Feynman diagrams of the type shown in figure 5.1. In
particular, we show tree-level and one-loop contributions to the H — bbg decay in the upper
left and right panels, respectively. Tree-level diagrams in the H — bbgj and H — bbgg
channels are shown in the central panels. Moreover, the lower diagrams represent two-loop
contributions to the H — bb decay. The corresponding matrix elements are obtained interfer-
ing the SMEFT diagrams with the relevant SM amplitudes and their explicit expressions can
be found in Appendix A of the original publication [3].

The dominant contribution is given by the interference of the tree-level H — bbg correction
in SMEFT (upper left diagram in figure 5.1) with the real H — bbg SM amplitude. This
H — bbg correction is IR finite. In fact, the corresponding one-loop correction is exactly
zero because it involves only scaleless integrals. Using the normalisation defined in equation
(5.4), this contribution appears in our calculation at NNLO (more precisely, it is of order
O(y2a?Cpyg)). After integrating over the three-body phase space, we find the following
inclusive H — bb decay width

_ _ N\ 2 m2
D(H = b = Aanaic T(H = WD)EG, Avn = (2) 32, 612)
where we have defined ¢ as:
2
v
ChGg = F Re (CbG) . (513)

We emphasise that our result agrees with the one presented in [122] after taking the limit for
massless bottom quarks.

Using current experimental bounds, the real part of the Wilson coefficient Cp; appearing
in (5.13) is weakly constrained [136, 137, 138]. In fact, values of ¢,c = O(100) are allowed
by current data and thus the NNLO correction in equation (5.12) is numerically sizeable, of
the order of a usual NLO computation. For this reason, we included in our computations
also N°LO corrections (O(y2 a2 C)). At this order, the contributing Feynman diagrams are
virtual corrections (upper right panel in 5.1) and real corrections leading to both H — bbgqg
and H — bbgg (central panels in 5.1). Moreover, at this order the two-loop contributions
represented by the lower diagrams have to be accounted for as well.

The operator Qp¢ can be discarded from our computation as it does not contribute to
the fully differential decay rate H — bb in the massless limit for the bottom quarks. This is
related to the fact that an insertion for this operator does not produce amplitudes with mixed
chiralities for the final-state bottom quarks in case of massless quarks. More details can be
found in appendix B of [3].

As for the operator Q3c, we have both tree-level corrections to H — bbgg and one-loop
corrections to H — bbg. These contributions are of order O(y? a2 Csg) (i.e. N°LO), so
beyond the accuracy of our calculation. Moreover, given the actual bounds on the Wilson
coefficient C3¢ [139], they have a very minor numerical impact (see appendix B of [3] for
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Figure 5.1.: Sample Feynman diagrams contributing to the H — bb decay up to N°LO
accuracy with the insertion of the operator Q.

more details). For these reasons, contributions associated to this operator have been neglected
in our computation.

5.2.3. SMEFT contributions to pp — ZH

Among the operators defined in equation (5.4), the largest correction to pp — ZH is given by
Quno and Qpp. These operators induce a contribution at LO that can be obtained with the
following shift:

Stzz = 8tizz (1+ 2ckin) - (5.14)

With grnzz we denote the coupling of the Higgs boson with two Z bosons in the SM (gnzz =
2m% /v). We recall that we consider only operators that have an impact up to NNLO QCD
accuracy, so that effective EW operators that modify the g7z coupling in a non-trivial way
are not accounted for in our computation.
Using the shift in equation (5.14), the inclusive cross section for ZH production in the
SMEFT reads
o(pp — ZH)Strr = (14 2cun) o(pp — ZH)GH™. (5.15)

The contributions coming from the insertion of Q,y and Q¢ are exactly zero in the case of
massless bottom quarks. The operator Q¢ contributes at NNLO with corrections that are
lower than the permille level (see appendix B of [3]), so that they do not have a concrete
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impact on our results and we thus neglected them. Finally, the operator Q3; contributes at
N3LO accuracy, so we discarded it in the calculation.

5.3. NNLO+PS implementation in the SMEFT

In this section we discuss the practical implementation of a NNLO+PS MC code for obtaining
predictions of pp — ZH — (T{~bb in the SMEFT. The strategy we adopt is similar to what
we used for the generation of the SM results for the same process described in chapter 4.
First, we separately generate results for the production and the decay stages of the Higgs
boson. In this case, for the decay we generate two sets of events: the first one contains the
factorizable corrections while the second one is related to non-factorizable contributions. We
then combine production and decay events employing a narrow-width approximation for the
Higgs boson. Once the events for the complete process are produced, we shower them using
PYTHIAS. The application of the shower requires an appropriate veto procedure.

5.3.1. Generation of events

The first step for obtaining results for pp — ZH — ¢*¢~bb production in the SMEFT is the
generation of both production and decay events.

¢ Generation of production events: SMEFT corrections to pp — ZH production factorize
according to equation (5.14). We thus generate SM results through the MINNLOpg im-
plementation presented in [2] within the POWHEG-BOX-RES framework [88], following
what is done in chapter 4. The correct SMEFT rescaling factor will be included in a later
step (more details in the combination section 5.3.2).

* Generation of decay events: the H — bb decay is affected by both factorizable and
non-factorizable contributions. The generation of events associated to factorizable
corrections is straightforward: we use the SM implementation presented in [2] within
the POWHEG-BOX-V2 framework [41], as described in chapter 4. This calculation
makes use of the MINLO' + reweighting procedure. The reweighting factor we adopt
is described in equation (4.4). The correct SMEFT rescaling factor (equation (5.6)) is
included a posteriori when interfacing production and decay events.

The generation of events associated to non-factorizable corrections is more involved. We
recall that the leading contribution is related to the insertion of the Qs operator, which
contributes at order O(a?). This contribution is finite when the gluon is unresolved
and we can thus perform our computation in the POWHEG framework without the
need of the MINLO' method, at variance with the factorizable corrections. From now
on, we will denote this correction as R. We include corrections up to O(a3) through
a usual POWHEG computation: we provide both real and one-loop virtual matrix
elements (which we denote RV and RR) as depicted in figure 5.1 (upper right and
central panels). IR singularities are handled through the FKS subtraction method, as
default in POWHEG. The last missing contribution is given by the two-loop corrections
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depicted in the lower panels of 5.1, which we call VV. This contribution is not associated
to a correction to the H — bl_ag process, but rather to H — bb. Given that it is IR finite,
we can integrate over the 2-body phase space, obtaining
7\non,VV s 49 7\LO
I'(H — bb)gyprr = ) Anon cp T'(H — bb)gyy - (5.16)
and add this result to the SMEFT factorizable contributions to H — bb in a later step
(more details in the combination section). Note that the non-factorizable corrections
have a linear dependence on c,g. For producing our results, we set ¢, = 1! for the
generation of events and we modify this value only in a later step.

5.3.2. Combination of production and decay events

The combination of production and decay events is done following the strategy presented
in section 4.2.3. Note that events for the production stage are combined with decay events
associated to both factorizable and non-factorizable corrections, thus obtaining two sets of
complete events: the first set contains in the decay the factorizable corrections, while the
second set contains the non-factorizable corrections.

We employ a narrow-width approximation formula for the Higgs boson, so that the weight
for the complete event wEMEFT can be obtained in a straightforward way starting from equation

(4.7):
SMEFT , SMEFT

w
SMEFT __  prod dec

Wy - I’%MEFT 7 (517)

where w}sjlr\ggFT is the weight associated to pp — ZH events and w5¥ET is the weight for

H — bb events. The latter can be either associated to the factorizable or non-factorizable
contributions.

In our concrete implementation, we use F%M instead of FISLIMEFT

in the previous equation

SMEFT wSMEFT
SMEFT __  prod dec
L ™M (5.18)
H

and we then apply the correct rescaling factor I$M/T$MEFT at a later stage. This allows us to
modify the Wilson coefficients involved in the calculation a posteriori, without recalculating
any of the individual cross sections.

The weights associated to the production events and to the factorizable decay events are
the SM weights because the correct SMEFT rescaling factors are accounted for in the next step
of the combination procedure. This means that we concretely use wIs)lr\g 4 and wﬁ%’é in (5.17).
As for the decay events with non-factorizable corrections, we remind the reader that ¢, has
been set to 1 in the event generation: this allows us to modify this Wilson coefficient in a
flexible way at the level of differential distributions in a later stage.

Once the two sets of complete events are obtained, we shower them using PYTHIAS8 and

applying the veto procedure described in section 4.2.3.

n our code, ¢ is expressed in units of v?.
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5.3.3. NNLO+PS SMEFT differential cross section

The differential distributions obtained after showering the events can be combined as follows:

=\ non,VV
I'(H— bb_)rsllc\)/llnEFT
I'(H — bb)J©

2
donnro+ps = (14 2ckin) { [1 — 205y + ] doRit0+ps

I"SM
n,R+RV+RR H
+ do-ll\ll(l)\ILO+PS } I‘%MEFT . (5-19)

dovM, o.ps Tepresents the differential cross section obtained interfacing the SM production
events with the SM decay events while daﬁ%ﬁ%ﬂi\s’”m is the differential cross section obtained
interfacing the SM production events with the decay events associated to the non-factorizable
R, RV, RR corrections.

The term (1 + chin)z is the SMEFT rescaling that accounts for the correct normalisation of
the Higgs kinetic term. It comes from the production (5.15) and factorizable contributions in
the decay (5.11) stages.

We stress that both T'(H — bb)2vity and dop SRV R depend linearly on cjc. Note that
we now include the correct width factor I'$M /TSMEFT. The total SMEFT decay width T$MEFT is

given by
TIMEFT = (14 200n) | TR — (28 ¢ — KpG Dnon €bc) T(H — bb)Sy

+6KyccucT(H — g9)50 |, (5.20)

where K, = 1.622 represents the QCD correction to the partial decay width of H — bb up to
N3LO related to Q¢ . The specific value used follows from the semi-analytic formula (5.27).
The term in I$MEFT proportional to

02

represents the SMEFT correction to the partial decay width H — gg associated to the insertion
of Qng. We show sample diagrams of this contribution in figure 5.2. This correction starts at

NNLO since

aZms,

721302’
which is obtained in the approximation of infinite top-quark mass. Higher-order effects
proportional to Cyg are encoded in an approximate way in the factor Ky = 1.844 in
equation 5.20 that include QCD corrections up to N*LO [135]. Notice that equation (5.20)
contains only corrections associated to the operators considered in (5.4).

T'(H — g8)sm =

(5.22)
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Figure 5.2.: Sample of interfering diagrams associated to SMEFT corrections proportional to
cHc- They contribute to the partial decay width H — gg needed in (5.20). The left
diagram is the LO SMEFT result with the insertion of the Qpg operator, while
the right diagram is the one-loop SM contribution mediated by a top-quark loop.
In the latter case, there are also contributions mediated by light quarks but they
have a negligible numerical impact.

5.4. Phenomenological results

5.4.1. Input and parameters

We now present phenomenological results for pp — ZH — ¢4~ bb for 13 TeV LHC collisions.
We reach NNLO+PS accuracy in the SMEFT, considering the subset of dimension-six operators
defined in (5.4). Our SM input parameters are taken from the PDG [140]:

Gr = 1.166379 x 10°GeV 2, [, =2.4952GeV,
my = 80.379 GeV, my = 125.09GeV,
my = 91.1876 GeV, Ty =4.1MeV.

The EW coupling and the weak mixing angle are defined as:
oc:\/iGpm%vsinZOW/n, sinzewzl—m%,\,/m%.

The Higgs VEV is obtained using v = 271/4 Ggl/ 2. As for the b-quark mass, we use the
MS mass 7, (71,) = 4.18 GeV as input which leads to 7, (my) = 2.79GeV and y;,(my) =
V211, (my) /v = 1.60 - 1072, We adopt the NNPDF31_nnlo_as_0118 parton distribution func-
tions [101] with as(m%) = 0.1180, which corresponds to as(m?%;) = 0.1127. We shower our
events using PYTHIAS [87] with the Monash tune [102]. Hadronization, underlying event
effects and QED showers are not included.

In the following, we will show results considering two possible scenarios:

1) ckin=0, cuc=0, c36=0, g #0 and c¢;c =0, (5.23)
2) Ckin = 0, CHG = 0, C3g = 0, CyH = 0 and CyG 7& 0. (5.24)

We thus consider only the separate effect of ;7 and c,. The current experimental constraints
on these two operators at 95% CL are the following:

ey € [—0.13,0.20], (5.25)
che € [—438,438]. (5.26)
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The bound on ¢, is derived from a recent SMEFT fit [139], while the constraint on ¢, comes
from the analysis [138] of the transverse momentum spectrum of Z production in association
with b-jets as measured by ATLAS [141].

5.4.2. Inclusive H — bb decay

In this section we present the inclusive decay width for H — bb at N°LO in the SMEFT in the
limit of massless bottom quarks. We obtain

_ 2 3
T(H — bB)NEQ, = { (14 2¢ctac) [1 + 2567+ (2) 2015+ (2) 41.76]

w5\ 2 m3; Ks 7\LO
n (;) i [1 += 17.32} cbc} T(H—bb)sy, (5.27)

where we set the renormalization scale to yug = mpy. Notice that the O(a2) correction
proportional to c,¢ is calculated by the author and collaborators in [3] for the first time. This
contribution enhances significantly the non-factorizable corrections (~ 60%), which explains
why encoding this correction in our NNLO+PS generator is crucial.

The H — bb decay width shown in equation (5.27) allows us to study the impact of the
operators defined in (5.4). We can consider the two scenarios in (5.23) and (5.24) and vary
the coefficients ¢, and ¢, within their current experimental bounds (equations (5.25) and
(5.26)). Looking at the shift induced by these operators, we can extrapolate a hierarchy in the
SMEFT effects. More precisely:

I'(H— bg)gf/[]f;% 1e { [—39, 26]% in scenario 1 (5.23) , using (5.25), (5.28)
[ )

I'(H — bE)SNl\S/ILO —6.3, 6.3]% in scenario 2 (5.24) , using (5.26).

We observe that the impact of the Q¢ operator is smaller by a factor O(5) than the factorizable
corrections associated to the insertion of Q.

5.4.3. Differential distributions

In this section we present our differential distributions employing the fiducial cuts reported in
table 5.1.  We stress that the cut on the transverse momentum of the Z boson pr/+,- is used
in order to substantially reduce some backgrounds (tf, single-top and diboson production
[76]). Another source of background is given by Z 4 jets production. We will comment on
how our results vary if we modify the cut on the transverse momentum of the Z boson
considering the categories pr ¢+~ € [75,150] GeV and pr ¢+~ > 250 GeV.

In the following plots we show our SMEFT results (red curve) considering either ¢,y = 0.15
or c,c = 400. The chosen numerical values are within the current experimental bounds
(equations (5.25) and (5.26)). All the other Wilson coefficients are set to zero. We compare
this computation with SM results as obtained in chapter 4. The error bars are given by the
customary 7-point scale variation, correlating the scales in production and decay.
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fiducial cuts

pre > 15GeV, |1y < 2.5
75GeV < my+p- < 105GeV, pr - € [150,250] GeV
>2 b-jets (anti-kt [104], R=0.4)
prj > 25GeV, [17;] < 2.5

Table 5.1.: Fiducial phase space used in section 5.4.3.

We start our discussion from the invariant mass of the bb system. The two b-jets are
reconstructed as the pair of b-jets whose invariant mass is closest to the mass of the Higgs
boson. Including only factorizable corrections (left panel) clearly induces an overall rescaling
of the SM distribution, which reaches 30% effect for the specific value of the Wilson coefficient
we have chosen. A more interesting result is given by the inclusion of non-factorizable
corrections (right panel) as it determines a distortion of the shape of the m,; distribution. In
fact, the SMEFT calculation receives important corrections below the Higgs threshold (up
to 40% for m,; ~ 50 GeV). This enhancement is related to the structure of the leading Q¢
correction, which is associated to the contribution to H — bbg depicted in the top left panel in
tigure 5.1. The interference of this contribution with the corresponding SM diagram produces
an amplitude in which the gluon emission probability is isotropic in the phase space (the
explicit result is reported in Appendix A of the original publication [3]). By contrast, in the
SM the real emission of a gluon is strongly enhanced in the soft or collinear regions. As a
result, configurations in which the energy-momentum of the Higgs boson is equally shared
among the two bottom quarks and the gluon are more frequent in the SMEFT calculation,
while in the SM we expect a m;; distribution strongly peaked at the Higgs boson mass, as it
is more likely that the two b-jets carry most of the energy-momentum of the Higgs. Moreover,
we note that if we change the sign of the Wilson coefficients, the sign of the relative impact of
the SMEFT corrections changes accordingly.

The shape of the SMEFT effects in the m,; distribution depends on the jet radius R used
in the clustering algorithm for the identification of the b-jets. This feature can be observed
comparing the right panel of figure 5.3 with both panels in figure 5.4. In these plots we
show the m,; distribution varying the radius in the clustering procedure. We show results
for R =04, R = 0.7 and R = 1. In general, the m,; distribution is peaked at lower values
when the radius increases. This same behaviour has been observed for different pr /-
categories. In fact, we analysed both pr+,- € [75,150] GeV and pr ¢+~ > 250GeV and the
same conclusions hold.

Another distribution that is particularly affected by SMEFT effects in presence of ¢, is
the invariant mass n1,;; of two b-jets and an extra jet. We reconstruct the bbj system taking
two b-jets and an extra jet whose invariant mass is closest to the Higgs boson mass. In figure
5.5 we show the my; distribution considering a radius of R = 0.4 (left panel) and R = 0.7
(right panel). SMEFT effects are strongly pronounced in the low bbj-region because events

91



5. ZH production with H — bb decay at NNLO+PS accuracy in the SMEFT
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Figure 5.3.: Invariant mass of the two reconstructed b-jets in the fiducial setup reported
in table 5.1 for ¢,y = 0.15 (left panel) and ¢, = 400 (right panel). The SMEFT
prediction is represented by the red curve. The SM result with its scale uncertainty
band is shown in black and gray. The radius used in the clustering algorithm
(anti-k7) is R = 0.4.

with an extra jet are more likely in the SMEFT due to the insertion of the Q,c operator.
Furthermore, we already observed that the largest corrections in the m,; distributions arise at
~ 40 GeV (see right panel in figure 5.3 and both panels in 5.4). Since we apply a fiducial cut
p1; > 25GeV, we expect to observe an excess of events at ~ 60 GeV in the m,; distribution.
Indeed, this effect is present in the left panel of 5.5. When comparing the two panels in 5.5
in which we increase the radius used in the clustering algorithm, we see that the SMEFT
effects move toward larger values of m;;: this is understood considering that a larger R
value means clustering more radiation in the same jet, which concretely produces a larger
three-jet invariant mass on average. Notice that in the recent ATLAS analysis [142], the m;
distribution is already used for the construction of a multivariate discriminant for constraining
Cpi. We believe that the shape and R-dependent effects presented in this section can increase
our sensitivity to this operator, which is still weakly constrained.

We studied many observables other than m,; and m,;; for analyzing how the Q¢ operator
affects the process under study. We identified different distributions in which the impact of
this operator is non-trivial, like the transverse momentum of the Z boson (pr,+,-) and the
transverse momentum of the two bottom quarks (pt;,). However, these effects cannot exceed
the percent level, and thus these observables taken by themselves have limited constraining
power. We thus suggest incorporating these observables in a multivariate discriminant that
can enhance our overall sensitivity to c;g.
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Figure 5.4.: Invariant mass of the two reconstructed b-jets in the fiducial setup reported in
table 5.1 for c,c = 400. The SMEFT prediction is represented by the red curve.
The SM result with its scale uncertainty band is shown in black and gray. The
radii used in the clustering algorithm (anti-k1) are R = 0.7 (left panel) and R =1
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Figure 5.5.:
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Invariant mass of the bbj system in the fiducial setup reported in table 5.1 for
cpc = 400. The SMEFT prediction is represented by the red curve. The SM result
with its scale uncertainty band is shown in black and gray. The radii used in the
clustering algorithm (anti-k7) are R = 0.4 (left panel) and R = 0.7 (right panel).
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6. WZ production at NNLO QCD and NLO
EW accuracy matched to parton showers

6.1. Motivation

In view of the increasing level of precision of current and future LHC experimental mea-
surements, proposing theoretical calculations at the highest accuracy possible in both QCD
and EW perturbation theory is crucial. In this context, the production of a pair of massive
vector bosons pp — V'V plays an important role, as experimental measurements for this kind
of process are precision tests of the SM. In fact, VV production provides direct access to
the trilinear gauge couplings, which may be modified by new physics effects, and it thus
probes the gauge symmetry structure of the EW sector and its interplay with the scalar
one. The aim of this chapter is to present a NNLO QCD and NLO EW accurate calculation
matched to parton showers for pp — W*Z — EliI/g%*E*. We consider the specific case of
W=*Z production because it has a large cross section and a clean experimental signature if we
consider the fully leptonic decay (the signature is given by three charged leptons and missing
energy). However, we highlight that the strategy we present in this chapter is fully general
and it can be applied to any process of interest, provided the correct matrix elements are
available.

A combination of QCD and EW corrections is non-trivial, especially when matched to parton
showers. Thus, we first present how to combine NNLO QCD and NLO EW contributions at
fixed order reviewing the discussion presented in [143]. To this end, we define the following
notation

donnro oep = doo (1 +6doep),  donroew = doro (1 + dew), (6.1)

where the higher-order corrections with respect to the LO contribution are encoded into
dqcp and Jgw for QCD and EW calculations, respectively. The combination of QCD and EW
corrections can be performed through two main schemes:

¢ Additive scheme

Higher-order QCD and EW corrections can be combined in a purely additive way via

donneo ocp+Ew = donnro ocp + donto ew — doro = doro (1 + doep + dew),  (6.2)

in which we simply sum the NNLO QCD and the NLO EW computations, removing
the LO contribution to avoid double counting. Considering the specific case of W*Z
production, using this combination procedure we generate terms of order O(a*) (LO),
O(a*as) (NLO QCD), O(a*a?) (NNLO QCD) and O(a®) (NLO EW).
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6. WZ production at NNLO QCD and NLO EW accuracy matched to parton showers

* Multiplicative scheme

Higher-order QCD and EW corrections can be combined in a factorized scheme

donto Ew

3 = doro (1 +3dacp) (1+dew),  (6.3)
0Lo

donNLO QeDxEW = dONNLO QCD X
where we supplement the NNLO QCD computation with an EW K-factor given by the
ratio of the NLO and the LO computations. Using this combination scheme we generate
mixed QCD-EW contributions. Considering the specific case of W*Z production, we
obtain extra terms of order O(a’a;) and O(a’a?) when compared to the additive
combination.

The multiplicative scheme should be seen as superior to the additive combination (6.2)
because of the factorization of QCD and EW effects at high energies. More precisely, EW
effects are dominated by EW Sudakov logarithms at high energies, while the dominant QCD
effects are related to scales much lower than the hard scale so that QCD and EW effects
factorize. However, V'V production presents topologies for which this assumption is violated
and neither a multiplicative nor an additive scheme is suitable for performing the QCD-EW
combination. These topologies are associated with so-called giant K-factors.

Giant K-factors arise from configurations in which the gap between the hardness of the
two vector bosons is large: pry, > pry,. They are thus pure NLO effects because they
are associated with regions of the phase space that are forbidden at LO. In fact, when a
hard vector boson V; is present at LO, the second vector boson V; is hard as well due to
energy-momentum conservation, pty, = pt,v,. However, at NLO most of the recoiling energy
can be absorbed by the extra jet pty, ~ pr;, while the second vector boson remains soft
prv, = O(my). Anytime a process is characterized by a topology with a hard vector boson,
a hard jet and a soft second vector boson, we can integrate over the soft vector boson phase
space [144]:

2
My

o'V o do¥] L pog? (L 6.4
o o doy g o og” | = |- (6.4)
The previous equation shows that we can factorize the cross section for a hard V] process
with a soft second vector boson into a hard V] cross section at LO (dazg) multiplied by a
radiative correction that represents the emission probability of the soft vector boson. Given

that 0’{%/ 0y o« as/w, the radiative correction to the hard V'V process is

dO—V(V)] 2 QZ
x a5 log <> , (6.5)
doty ) m2,

which becomes large already at the TeV scale (e.g. it is a factor of 3 when Q = 1TeV).

We stress one more time that giant K-factors are pure NLO effects which are different from
enhanced QCD logarithms associated with soft and collinear emissions. While the former
effects are related to the opening of a new channel at NLO accuracy (the hard pp — V(V)]
channel), the latter appear to all orders in perturbation theory. Starting from NNLO accuracy,
calculations are free from giant K-factors.
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Figure 6.1.: Sample Feynman diagram associated with giant K-factors at NLO QCD. The blob
represents the hard scattering at scale Q > my while the red vector boson is the
subleading one which generates EW soft and collinear logarithms.

The appearance of giant K-factors can spoil the convergence of the perturbative series and it
creates issues in combining QCD and EW higher-order contributions. In fact, a multiplicative
scheme is not suitable in this case: NLO EW effects are dominated by Sudakov logarithms to
the hard V'V process, while giant QCD K-factors are driven by soft EW boson radiation in the
V] process. There is no factorization of QCD and EW effects so that a multiplicative scheme
is not motivated. When giant K-factors are present, the average between the multiplicative
and the additive schemes can give us a pragmatic prediction of our result, and the difference
between the two provides an estimate of error bars associated with missing higher-order
effects. Notice that configurations associated with giant K-factors can be avoided by means
of appropriate (dynamic) jet-veto that can suppress configurations associated with hard V']
topologies.

W*Z production was extensively studied in the past years. Calculations at NLO accuracy
in QCD were presented in [145, 146, 147, 148, 149] and results for polarized W*Z production
are available in the double-pole approximation [150]. NLO QCD results for W*Z+jet were
obtained in [151]. At NNLO accuracy, inclusive cross sections were presented in [152] and
an extension to fully differential predictions can be found in [153]. NNLO computations are
nowadays publicly available in MaTRrIX [154] and MCEM [155]. As far as EW corrections are
concerned, NLO results were presented for on-shell production in [156, 157] and including
off-shell decays in [158]. A combination of NNLO QCD and NLO EW computations was
performed through MATRIx+OPrENLOOPS as presented in [143]. Results matched to parton
showers were presented at NLO accuracy in [159, 160].

In this chapter, we extend the problem of the combination of QCD and EW higher-order
contributions to the matching with parton showers, considering the specific case of WZ
production. The main issue in reaching this accuracy is defining a consistent way of combining
QCD and EW calculations with QCD and/or QED parton showers without spoiling the formal
accuracy of the fixed-order computation and without including any double counting.

This chapter is organised as follows: in section 6.2 we describe our calculation and the
possible matching schemes between NNLO QCD and NLO EW computations matched with
parton showers; in section 6.4 we present a phenomenological analysis for 13 TeV collisions
at the LHC commenting in detail on the differences among the different matching schemes
and presenting our best prediction. In the same section, we show a comparison with recent
ATLAS data [161] as well. The results presented in this chapter were originally presented by
the author and collaborators in [4].
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6.2. Outline of the calculation
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Figure 6.2.: Feynman diagrams for W' Z production at LO. Panel (a) is the t-channel con-
tribution, panel (b) is the s-channel contribution and panels (c,d) are DY-type
channels.

We consider the process
pp — (v 00" + X, (6.6)

where ¢ and /' represent any combination of massless leptons (¢, ¢’ € {e, i, T}). We study
both different flavour (¢ # ¢') and same flavour (¢ = ¢') channels. Sample Feynman diagrams
for this process are presented in figure 6.2, in which we show LO contributions (O(a*)).

As far as NNLO QCD corrections are concerned, we include contributions up to O (a*a?)
and we note that no gluon-gluon contributions are possible due to charge conservation.
NNLO corrections are expected to be large because of the radiation zero effect at LO [162]
for which leading helicity amplitudes vanish in some kinematic regions. As a consequence,
the LO calculation is not reliable and higher-order contributions are particularly large (e.g.
NNLO corrections are of the order of 10-15% [152]).

The NLO EW contribution is of order O(a°). Virtual corrections are g4 one-loop contribu-
tions involving W, Z and Higgs bosons, photons and fermions in the loop, including heavy
quarks. Real corrections are of pure QED type (photon emissions). Photon-induced contribu-
tions yy are not present at this order, while photon-quark yg contributions are in principle
allowed. The latter contributions have been neglected because of the suppressed photon flux
in the proton, which is accompanied by an extra power of the electroweak coupling O(«)
times a collinear logarithm L.!

IWe note that g contributions are potentially large when the initial-state photon 7 couples directly to a W-
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We reach NNLO QCD and NLO EW accuracy matched to parton showers using an a-
posteriori combination. Our strategy proceeds in three main steps: first, we separately
generate events at NNLO QCD and NLO EW accuracy within the POWHEG-BOX-RES frame-
work [88]. Secondly, we shower the events through PYTHIAS [87] applying a dedicated veto
procedure. Lastly, we combine QCD and EW results at the level of differential distributions
using appropriate combination schemes.

6.2.1. Generation of events

We separately generate NNLO QCD and NLO EW accurate results within the POWHEG-
BOX-RES framework.

As for the QCD computation, we adopt the MINNLOps procedure. Since no W*Z gen-
erator was available in the POWHEG-BOX-RES, we first implemented the corresponding
W=ZJ code and then we upgraded it to NNLO accuracy in W*Z production through the
MINNLOps method. The matrix elements for tree-level and one-loop corrections are obtained
from OrenLoors [163, 164, 165] while the two-loop amplitude is provided by VVamr [166]
through the interface to MATRrIX [154]. Given the CPU-demanding computation, the two-loop
correction is included only at the level of the generation of events (stage 4) in POWHEG,
setting appropriately the run_mode option in the input card as described in [70]. For the
calculation of the D terms in the MINNLOpg formula (3.45), we use HOPPET [74] for a fast
evaluation of the convolutions with PDFs. Furthermore, we compute polylogarithms in the
collinear coefficient functions using BHPLOG [93]. To avoid spurious higher-order logarithmic
terms in the MINNLOps formula (3.45), we adopt a modified logarithm (3.53) that smoothly
turns off NNLO corrections in the region pr > my+,, where pr and W= Z are the transverse
momentum and the invariant mass of the W*Z colour singlet [71]. At high pr, we set the
scales of the calculation through the largeptscales1 option so that equation (3.58) is used.
At small pt, the default MINNLOps prescription in the choice of the scales is employed.
Furthermore, we set Qp = 0 GeV in (3.57) and we freeze the strong coupling and the PDFs at
0.8 GeV. We also switch on the POWHEG option doublefsr1 [94], so that g — qg and ¢ — g7
splittings are treated symmetrically for the definition of the starting scale of the shower.

For the computation of the NLO EW calculation, we developed a code analogous to the
one constructed in [159]. More precisely, we implemented a W*Z generator within the
POWHEG-BOX-RES framework. This code can produce NLO QCD, NLO EW and NLO QCD
+ NLO EW results matched to QCD and QED parton showers for all pp — V'V processes. All
the needed matrix elements are taken from OPENLooOPs [163, 164, 165]. Also in this case, we
set doublefsr 1.

6.2.2. Matching with parton showers

The parton shower is generated by PYTHIAS [87]. We keep all the standard settings to their
default value, in particular for the recoil scheme. The matching of NNLO QCD and NLO EW

boson propagator in the t-channel [158]. These contributions can be implemented separately and added to
higher-order g4 QCD corrections in a purely additive way.

98



6. WZ production at NNLO QCD and NLO EW accuracy matched to parton showers

accurate results with QCD and QED parton showers requires a dedicated veto procedure. Our
strategy? consists in letting both the QCD and QED showers radiate in the entire kinematically
allowed phase space and then checking that the shower history is consistent with the emission
generated by POWHEG at LHE level. More precisely, we activate the following options in
PYTHIAS8

pythia.readString("SpaceShower:pTmaxMatch = 2"),
pythia.readString("TimeShower:pTmaxMatch = 2"),

which set the starting scales of both space- and time-like showers to the partonic energy of
the event. Once the event is showered, we apply an a-posteriori veto as follows:

¢ When generating NNLO QCD events, we restrict the QCD radiation produced by the
shower, as default in POWHEG. QED radiation from the shower remains unconstrained
so that the entire phase space allowed by the kinematics is covered. The veto procedure
thus consists in scanning all the QCD emissions produced by PYTHIAS8 and storing the
hardest transverse momentum p7®*. We now compare p7®* with the hardness (scalup)
of the QCD emission generated by POWHEG at LHE level. The value of scalup is read
from the event file. We accept the event only if p7®* < scalup. If this requirement is not
met, we try to reshower the event again. After 1000 failed attempts, the event is rejected.

As for the generation of NLO EW predictions, we apply the same logic: QED emissions
must be restricted to avoid double counting, while QCD radiation should cover the entire
allowed phase space. QED radiation can be produced by the shower both as initial-state
radiation (ISR) and as final-state radiation (FSR). In the latter case, it can come from the
decay of both the W (FSR-W) and the Z (FSR-Z) bosons. We thus define three different
starting scales, according to the region in which the QED emission is produced. For
doing so, we activate the multiple-radiation scheme option (allrad 1 in the input card)
of POWHEG. In this way, we keep track of all the possible QED emissions generated
by POWHEG in the three singular regions of the process. The transverse momenta of
these (up to) three emissions define the starting scales scalup; in the different regions
(i € {ISR, FSR-W, FSR-Z}). More precisely, in the case of FSR we calculate the transverse
momentum of the photon with respect to the lepton emitter in the centre-of-mass frame
of the mother resonance. If no photon is produced by POWHEG in a certain region,
we set scalup to a default IR cutoff (1073 GeV). We then scan all the QED emissions
generated by PYTHIAS, we store the hardest transverse momenta py™ for each region
and then we check whether the requirement py ™ <scalup; is fulfilled for each region.
If yes, we accept the event, otherwise we try to shower the event again. After 1000
unsuccessful attempts, the event is rejected.

6.2.3. Combination of QCD and EW results

Once the NNLO QCD and NLO EW results have been separately showered according to the
procedure defined in 6.2.2, we can combine them at the level of differential distributions.

2This veto procedure is inspired by what is done in Appendix D in [78].
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In order to make the notation easier, we will refer to these results as NNLOgcp+PS and
NLOgw+PS, respectively. Moreover, we introduce

X € {QCD, EW},

(6.7)
Y € {QCD, QED, QCD and QED},

(N)NLOL™  with {
which refers to the (N)NLO calculation in X perturbation theory matched to Y parton showers.
We also introduce a generic term for the higher-order correction to the LO computation
defined as

SN(N)LOy Vrs = N(N)LOL s — Lo{ s, (6.8)

and a multiplicative K-factor:
K-N(N)LOY™s = N(N)LOY s /LOL s 6.9)

At fixed order, QCD and EW calculations can be combined through the additive and
multiplicative schemes presented in equations (6.2) and (6.3). When considering the matching
with parton showers, this combination should not spoil the formal accuracy of the fixed-order
computation and should not introduce any source of double counting. We thus identify the
following possible combinations of NNLOgcp+PS and NLOgw+PS results:

Additive schemes:

1. NNLOGary @7 1 6NLOS PP = NNLOSE 3™ (6.10)
2. NNLOGep ‘P + 6NLOSI ™)™, 6.11)
3. NLOjoy PP 4 SNNLOGES ™. (6.12)
Multiplicative schemes:

4. NNLOGep 2P x K-NLOS ¥ = NNLOSZ ™ (6.13)
5. NNLOGep @' » K-NLOy ™, (6.14)
6. NLOS > ¥P)rs  K-NNLOSZ ™, (6.15)
7. NNLOSES™ x K-NLOfw . (6.16)

We introduced the short-hand notations NNLOSQCCD%%EVD)PS and NNLOS)C%?(EV]\E]D)PS for what will

be referred to as default additive and multiplicative schemes (first and fourth combinations).
We also introduced the fixed-order NLO EW K-factor

K-NLOU) = NLOUe) /o), 6.17)

where we do not perform any matching with the parton shower (it is obtained via
MATRIX+OPENLOOPS).

All the presented scheme have the same formal accuracy and they differ only for higher-
order terms (note that the last combination does not include the QED shower). We will
analyse these combination schemes in detail and we will discuss their ability to describe
relevant kinematic regions of distributions.
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6.3. Validation of the calculation

In this section we validate both the NNLOgcp+PS and the NLOgw+PS implementations
through a comparison with fixed-order calculations. We present results for pp — u*v,ete”
at 13 TeV centre-of-mass energy, but the same conclusions hold for any decay channel. The
validation is performed at LHE level. The fixed-order results for both NNLO QCD and NLO
EW computations are obtained through MATrIx+OPENLOOPS.

6.3.1. Input and parameters

We use the NNPDF31_nnlo_as_0118_luxqed [167, 168, 169] PDF set, which corresponds to
as(m%) = 0.118. Our input parameters are taken from the PDG [9]:

Gr = 1.16639 x 107> GeV 2, my = 125GeV,

my = 80.385GeV, Ty = 4.07MeV,

T'w = 2.0854 GeV, m; = 173.2GeV (on-shell),
my = 91.1876 GeV, I = 1.347878 GeV .

I'7 =24952GeV,

We adopt the complex-mass scheme [170, 171] and EW parameters are determined through
the G, scheme [165]:
V2

g, = — Gr|(m3y, — iTwmy) sin® |, cos? Oy =

i

m%,\, — zTme
T’HZZ — ifzm 7 ’
NNLOgcp+PS results are obtained using the MINNLOps method, so the central scales are

set using the standard MINNLOps procedure. As for the NLOgw+PS calculation, we use the
following central scales

1 2 2 2
MR = HE =5 <\/me+€, + P T \/m}zwp + PT,w/y) , (6.18)

where m,+,- and ppe+,- (M, and pr,y,) are the invariant mass and the transverse momentum
of the reconstructed Z boson (W boson). We estimate error bars using the customary 7-point
scale variation, keeping 0.5 < ur/ur < 2.0. In the fixed-order computations, we use the same
central renormalization and factorization scales as defined in (6.18).

Leptons are obtained using a dressing procedure: for every bare lepton ¢’ we construct a

cone of radius R = 0.1 around it. All the photons inside this cone (AR, = / A(,bﬁby + Aﬂﬁb,y <

0.1) are clustered together with the bare lepton, defining the physical lepton ¢ with momentum
pe = pp + py- The clustering procedure starts from the smallest AR, distance among all the
possible lepton-photon couples. Once a photon is recombined with a lepton, it is removed
from the final-state particles of the process.
We consider an inclusive setup (inclusive setup) in which we apply only a cut on the Z
boson mass:
66 GeV < m,+,- <116 GeV . (6.19)

This mass window is needed to avoid the photon singularity.
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6.3.2. NNLO QCD

Figure 6.3 shows the comparison between NNLOgcp+PS results at LHE level (blue curve)
and fixed-order results at NNLO QCD (red curve). The former are obtained through the
MINNLOps procedure as explained in the previous sections while the latter are obtained
using MATRIx+OPENLoOOPs. We consider the inclusive setup.

We show the following differential observables: the difference in the azimuthal angle
between the two leading charged leptons (A¢y/), the rapidity of the leading charged lepton
(yr,), the invariant mass of the three charged leptons (m3(), the invariant mass (m,,,) and
the transverse momentum (pr,y,) of the reconstructed W boson, and the missing transverse
momentum (Prmiss). For all of them, we see an excellent agreement between the MINNLOps
and the fixed-order results. In the two calculations, error bars have a similar size. In this
comparison, we do not expect a one-to-one agreement, as the two computations differ for the
treatment of higher-order corrections and in the scale settings.

This comparison validates the MINNLOps implementation.

6.3.3. NLO EW

Figure 6.4 shows the comparison between NLOgw+PS predictions at LHE level (blue curve)
and fixed-order results at NLO EW (red curve). The former are obtained through POWHEG
as explained in the previous sections while the latter are obtained using MATRIx+OrENLOOPS.
We consider the inclusive setup.

In this comparison, we expect a one-to-one agreement in the two predictions apart from
small numerical fluctuations in the tails of distributions. In fact, the two computations are
identical except for the POWHEG Sudakov in the NLOgw+PS results that correctly generates
a photon emission for the matching with a parton shower.

We show the same distributions already presented in the validation of the NNLO QCD
generator. For all of them, we see an excellent agreement, both in the central value and in the
size of error bars.

This comparison validates the NLO EW POWHEG implementation.

6.4. Phenomenological results

In this section we present phenomenological results for W*Z production at NNLO QCD and
NLO EW matched to parton showers, as originally presented in [4]. For simplicity, we again
restrict ourselves to the specific case:

pp — utvete . (6.20)

6.4.1. Settings

Our input and settings are identical to the ones used in the validation, so we refer the reader
to section 6.3.1.
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Figure 6.3.: WTZ predictions at NNLO QCD accuracy obtained using the MINNLOpg
method (blue) and obtained at fixed-order using MATRIX+OPENLOOPs (red) in the
inclusive setup. 103
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Figure 6.4.: W Z predictions at NLO EW accuracy obtained using POWHEG (blue) and
obtained at fixed-order using MATRIX+OPENLOOPS (red) in the inclusive setup.
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When combining QCD and EW results, we always correlate the scales in the two computa-
tions. We thus note that, when using a multiplicative scheme, the EW K-factor is almost scale
independent, up to corrections of order O(a) when varying the factorization scale.

The parton shower is generated by PYTHIAS [87] with the Monash 2013 tune [102]. We
set the option TimeShower:QEDshowerByOther to off, preventing resonances to emit photons,
in order not to spoil the NLO resonance structure as generated by POWHEG. Moreover,
also TimeShower : QEDshowerByGamma is set to off, preventing photons to split in leptons and
quarks. Hadronization effects and multi-particle interactions (MPI) are considered only in
section 6.4.3, where we perform a comparison with recent ATLAS data.

Results are presented using two different definitions of the fiducial phase space, as defined
in table 6.1. The first setup is the inclusive one (inclusive setup) already presented in
equation (6.19), while the second setup is taken from the ATLAS analyses of [172] and [161].

fiducial setup
|me+€7 - mz| < 10GeV
pres > 15GeV,  pr, > 20GeV,
‘774‘ < 2.5, mrw > 30GeV,
AR,+,- > 0.2, ARe:tH > 0.3

inclusive setup

66 GeV< m,+,- < 116 GeV

Table 6.1.: Definition of inclusive setup and fiducial setup [172] [161] used in the phe-
nomenological analysis for pp — u*v,ete” production. Note that leptons are
always considered dressed.

In the comparison to data in section 6.4.3, we employ the corresponding RIver routine [173]
available in the HEPdata webpage https://www.hepdata.net/record/ins1720438. Note that
in table 6.1, we define the transverse mass of the W boson as:

2
mrw = \/ (Ery+Eny,) = PR, with E},=md+ph,. (6.21)

In the RIVET analysis, the same definition is adopted but in the massless approximation for
dressed leptons (m, = 0 in equation (6.21)).

6.4.2. Differential distributions

In this section we analyse in detail the different combination schemes of QCD and EW
calculations matched to parton showers presented in section 6.2.3. For simplicity, we consider
again only the following decay channel: pp — u*v,ete.

Our plots are organised as follows:

¢ Main panel

We show the NNLOEQQCCDD’QED)PS result (blue and dashed line), in which the NNLOqcp
computation is supplemented with both QCD and QED showers. In this prediction, EW
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6. WZ production at NNLO QCD and NLO EW accuracy matched to parton showers

effects are pure QED effects coming from the parton shower. Moreover, we present our

default multiplicative and additive combinations, namely NNLO&%%%%‘];VD)PS (magenta

and long-dashed curve) and NNLOE)%%[))(’%\E,D)PS (green and solid curve).

First ratio panel

We present the ratio to the NNLOEQQCCDD’QED) " prediction, in order to study the impact
of EW effects. Apart from the NNLO(Q%%?L%SVD)PS and NNLOé%CD]?fV\E,D)PS combinations,

we present also the pure NNLOgcp+PS calculation, namely NNLO&QC%D)PS (red and

dash-dotted curve). In this way we can observe the impact of both EW effects coming
from the fixed-order computation and QED effects originating from the parton shower.

Second ratio panel

We show the ratio to the default additive combination NNLOEQ%%%%S\,D) . In this panel

we include the default multiplicative scheme NNLOEQ%CDZ’]%E,D) " and the multiplicative

combination in which the EW K-factor is obtained through a fixed-order computation
NNLO(QQC%D)PS X K—NLOg",?,') (brown and dash-dotted curve).
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Figure 6.5.: Rapidity ye. (left) and invariant mass m,, (right) of the reconstructed Z boson for

W™ Z production in the inclusive setup.
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6. WZ production at NNLO QCD and NLO EW accuracy matched to parton showers

We start our discussion with the rapidity y.. of the reconstructed Z boson, shown in the left
panel of figure 6.5. EW effects are negative and small (few percent). They are completely cov-
ered by scale wuncertainties, which have edges of around +3-5% and
—2-3% in all predictions. EW corrections are flat in the phase space for this observable:

this is not unexpected since y.. is inclusive over QED radiation. For studying the effects

of pure QED emissions generated by the shower, we can compare the NNLOE)QCCDD) " with

the NNLOEQQCCDD’QED)PS results: these effects are at the level of —1-2%. A comparison with

the default combinations with EW calculations shows that effects of pure EW origin are

of order —2-3%. The default additive and multiplicative combinations (NNLOS%%%%&VD)PS

and NNLO(Q%%]?(’SV]\E]D)PS) agree at the percent level. Moreover, the multiplicative case with

the fixed-order K-factor is almost identical to the default multiplicative combination, which
means that y,, is weakly affected by secondary photon emissions.

The right panel of figure 6.5 shows the invariant mass m,, of the reconstructed Z boson. In

this plot we add one more combination, NLOé%\?D’QED)PS + 5NNLO(QQC%D)PS (beige and dash-

double-dotted curve). This combination is the additive scheme in which QED effects generated
by the parton shower are not encoded on top of the NNLO QCD computation. For this
observable, we expect important distortions when including QED effects, as already pointed
out for Drell-Yan production in [174, 175, 176]. In fact, considering the pure QCD computation

NNLOéQCCDD)PS is not suitable to describe the Z resonance, as this calculation does not take into
account large QED collinear effects that shift events from above to below the Breit-Wigner peak.
These effects are of order 40% at around m,, = 70 GeV. A similar result can be observed in
the new NLO](;\%\,CD’QED)PS + 5NNLOE)QC%D)PS combination: the distortion of the curve is related
to missing large QCD-QED effects (even though beyond accuracy) given by the interplay of
the QED shower with the NNLO QCD calculation. Moreover, we note an excellent agreement
between NNLO(QQCCDD’QED)PS and the default additive and multiplicative combinations. The

multiplicative NNLO&%%E’%E,D)PS and NNLOSQC%D)PS X K—NLOI(;",(\),')Combinations are in good

agreement (1-2% level), which validates the matching of the EW computation with the QED
shower in a resonance-aware way, as done in the POWHEG-BOX-RES framework.

We now turn to high-energy tails of relevant distributions, showing results in both
inclusive setup and fiducial setup as defined in table 6.1. Notice that we adopt a

logarithmic scale and binning on the x-axis. In the following plots, we add one more

combination in the second ratio inset, namely NNLOEQQCCDD’QED)PS X K-NLOé%ED)PS (orange and

dash-double-dotted curve), in which the QCD shower is not applied to the EW K-factor.
Figure 6.6 shows the missing transverse momentum p1miss in the inclusive setup (left

panel) and fiducial setup (right panel). The two setups show similar results. Pure

QED effects are small (at the percent level), as observed comparing the NNLOé%%D)PS and

NNLOS)CCDD’QED)PS curves. By contrast, EW contributions are strongly enhanced in the deep
tails due to the appearance of EW Sudakov logarithms. As clearly shown in the second
ratio panel, there is a large discrepancy between the default additive and multiplicative
schemes, and this effect is originated by large NLO QCD corrections that give rise to gi-
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Figure 6.6.: Missing transverse momentum prmiss for W Z production in the inclusive
setup (left) and fiducial setup (right).

ant K-factors. Moreover, the default multiplicative combination does not agree with the
NNLOGep /P x K-NLOSZ™'™ and the NNLOSsyy ™ x K-NLOUw” predictions: this dis-
crepancy arises from giant K-factors that are related to QCD emissions generated by the
shower. We explicitly verified that, applying a suitable dynamic veto that suppresses hard-
V+jet topologies, the three multiplicative combinations are in perfect agreement.

In figures 6.7 and 6.8 we show the transverse momenta of the charged leading lepton
pre, and the charged subleading lepton pr,,. We note a similar behaviour to the p1miss
distribution. More precisely, EW effects are negative and strongly enhanced in the high-
energy tails. The observed discrepancy among the different multiplicative combinations is
related to giant K-factors, as explained for the prmiss Observable. Note that this discrepancy
is absent for the subleading lepton, as this observable is less affected by giant K-factors.
QED effects have a non-trivial impact at low transverse momentum, as observed comparing

NNLO&QC%D)PS with N NLO((DQCCI:DD’QED)PS in the first ratio panel and comparing N NLOZDQED)rs

QCDXEW
and NNLO((QQCCI:)D)PS X K—NLOéf",(\),') in the second ratio panel.

Figure 6.9 shows the invariant mass of the three charged leptons mj3,. Also for this
observable, EW corrections are negative and visible in the deep tails of the distribution.
When comparing the inclusive setup (left panel) to the fiducial setup (right panel), we
observe a significant enhancement of the EW effects. For example, at around m3, ~ 2 TeV, EW
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Figure 6.7.: Transverse momentum of the charged leading lepton p1,, for W*Z production in
the inclusive setup (left) and fiducial setup (right).

corrections are about —10% in the inclusive setup while they reach about —20-30% in the
fiducial setup. This effect is due to the definition of the fiducial phase space. In fact, for
large m3, values leptons are produced at very large rapidities in the inclusive setup and,
in these topologies, not all the Mandelstam invariants s;; are large. These invariants appear
in the EW (double) Sudakov logarithms (In* (|s;;|/m3,)), which thus result suppressed. By
contrast, when applying fiducial cuts in the fiducial setup, lepton rapidities are constrained
and the very forward regions are excluded from the definition of the phase space, thus leading
to the usual enhancement of EW effects in the deep tails.

In all the plots presented in this section, we did not show results associated with the

(QCD,QED)

NNLOQCD PS4 5NLO§§$D)PS and the NLOI(;%VCD’QED) PS % K—NNLO(QQC(IZDD)PS predictions, even

though they were listed as possible combination schemes in section 6.2.3. The reason is that we

did not find any significant discrepancy with the NNLOEQ%CDDJ;%SVD) " and the NNLO&%%B’&ED) s
calculations, so we refrained from showing results with these combinations. We stress that

they should be considered equally appropriate and valid.
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Figure 6.8.: Transverse momentum of the charged subleading lepton pr ¢, for W*Z production
in the inclusive setup (left) and fiducial setup (right).

6.4.3. Comparison to data

For the comparison to data, we consider the NNLO(QCD’QED)PS rediction as our default result.
p QCDXEW P

ATLAS data are taken from [161] and we adopt the corresponding RIVET analysis available in
https://www.hepdata.net/record/ins1720438. The fiducial cuts are given by the fiducial
setup described in table 6.1. In this section, the results are the average of all the possible
decay channels of W*Z production (e*e~e*v,, u*u~pu*v,, ete  pFvy, ete  p*vy).

Figure 6.10 shows a comparison of our default result with MPI effects (blue and solid
curve), without MPI effects (red and dashed curve) and ATLAS data. In our results, we
include effects from hadronization. Note that we show the absolute cross section per bin in
all the plots. The last bin of unbound distributions (indicated with co) should be seen as an
overflow bin. We consider the transverse momenta of the Z and W bosons, prz and ptw
respectively, and of the neutrino pt,. We also show the transverse mass of the colour singlet
mtwz defined as

2
4
mrwz = Y pri| —Piwz (6.22)
i=1

where i runs over the three charged leptons and the neutrino. Moreover, we show the
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Figure 6.9.: Invariant mass of the three charged leptons for W' Z production in the inclusive
setup (left) and fiducial setup (right).

difference in the azimuthal angle between the two vector bosons A¢wz and the absolute
rapidity difference between the Z boson and the charged lepton coming from the W |yz — v, |.

Our default MINNLOps prediction is in excellent agreement with data, both in the bulk of
the cross section where QCD is dominant, and in the tails of distributions where EW effects
become large. Note that all the shown distributions are genuinely NNLO QCD and NLO
EW accurate, except for Agyz. In fact, the latter is equal to 7t at LO and the entire spectrum
is filled starting from NLO calculations, as a recoil of the WZ system on extra radiation is
required. This observable is formally only NLO QCD accurate, which is reflected in the
slightly larger error bar at low A¢wz. MPI effects lower the MINNLOps prediction by 5%,
making the agreement with data slightly worse. We notice that theoretical predictions are
extremely precise, as scale variation leads to a few percent error bars. By contrast, data
have much larger uncertainties. Nevertheless, these measurements will improve significantly
when Run III data is considered in the future, thus performing again this comparison will be
particularly relevant.

111



6. WZ production at NNLO QCD and NLO EW accuracy matched to parton showers

pp — ZW* — (0l'vy @LHC 13 TeV pp — ZW* — £00'vy @LHC 13 TeV
= T T T T T T T T T T = L B I L e e o e e o B
o) L I I I ] o) L I I | I ]
= —4— ATLAS data = ¢ AT“AS( .
&S — 4~ NNLOGD A" (MiNNLOs) w/0 MPI ES r -t- NNLOocp g ™ (MINNLOrs) w/o MPI
< —+— NNLOZS /2™ (MiNNLOps) with MPI < —— —— NNLOG ™ (MINNLOps) with MPI
10" 10" [— —
E —4— J
L e T S 4 F T e T
9, 1.2 - QS 12
N T L A ]
E 1E - I _l_ = i [ —
g 09 - g 09
2 o8 E = 2 o8E
< E 3 [ E =
R~ 0.7 = I ‘ I I | ‘ I | ‘ I | 11 | (=4 0‘7 E1 111 ‘ I | ‘ I L1 =)
50 100 150 200 ) 50 100 150 200 IS
p% [GeV] PY [Gev]
pp = ZW* — (0l'vy @LHC 13 TeV pp — ZW* — 000'vy @LHC 13 TeV
g L arlasdua | 5 L T ]
5 r 4 (QCD.QED)ps (y s X 4 5 [ —+— ATLASdata 7
] + = NNLOGH fw ™ (MiNNLOps) w/o0 MPI = L b NNLOSPOEDIs (\NNLOpe) ve/o MPL ]
5 —+— NNLOEDED)s (MiNNLOps) with MPI 5 QeDxEW Y rs) WO
< Qeoiw (M rs) wil E < o1 —H— NNLOGL /2" (MiNNLOps) with MPL|
_____ - E
10 = ] i ]
L ] 1
______ — E
L ¢ = g
£ - £ ot
3 1.4 _
91 = 9 1.3 B~ =
% —= % 1.2 B
=] = 4 LI1E —i—+ —
= E E = 1 R
2 09E E 2 09E E
2 ost 1 -
g o 1 FoiE .
’ 30 50 90 © o 200 400 600 )
Y [Gev] miZ [GeV]
pp — ZW* — 000'vy @LHC 13 TeV pp — ZW* — (0l'vy @LHC 13 TeV
= L B o e e e L e o o = e e B e e L e e e e e A
= I I I I I I o) I I I
het —4— ATLAS data s —— ATI.AS{ gg)aQED
5 [ =+ - NNLOZDEDS (MiNNLOps) w/o0 MPI — 5 L —+ = NNLOGZD/EW™ (MINNLOps) w/o MPI |
| NNLO{EE R (vinNLOp) with Mt ] —+— NNLOSEHE ™ (iNLOr) it M1
_’_‘
0! — =
L ] 101 _
[ | ] r |
;ﬁ S I S — ]
RN T (T AN AENTNTINTAN RR A Lo [ IR R
» »
| ET T ‘ LI ‘ T L ‘ L ‘ T = 6‘ T ‘ T ‘ T T ‘ LI T ‘ T |
Q 115 F — — —
2 E 4 E 2 E
1.1 — =
25 = s i B ER =
=] e S e E| = E|
D= E = E
e - ° =
2 E g E
S Bl bv v b b b 149 S Lo b b v b v 0 3
0.5 1 1.5 2 2.5 3 1 2 3 4 5
[Apwz| vz = yiwl

Figure 6.10.: Comparison of the NNLO((Q%%?(’EQV}E,D)PS result with MPI effects (blue and solid
curve), without MPI effects (red and dashed curve) and ATLAS data [161].
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7. Conclusions

High-precision collider phenomenology is the common thread of this thesis. Since the
Standard Model cannot be the final fundamental theory describing the subatomic world and
no clear hints of new physics has been observed so far, precision physics has become an
indispensable element for any possible progress in LHC physics. New physics effects can
appear as small deviations when comparing data to theoretical calculations, which directly
translates into the necessity of obtaining both data and theoretical predictions at ultimate
precision.

In recent years the LHC has entered the so-called precision era: experimental measure-
ments are reaching an unprecedented level of precision in many hadron-collider observables
especially with the upcoming improvement to the High Luminosity phase. In order to inter-
pret correctly these data, theoretical calculations should match the same level of precision.
Moreover, a direct data/theory comparison can be performed only through realistic and
flexible theoretical simulations. In this thesis we analysed in detail one of the main building
blocks for obtaining precise and realistic theoretical predictions, namely the matching between
tixed-order calculations and parton showers.

Fixed-order calculations and parton shower simulations are at the core of the description of
a collider event in the perturbative regime. These two tools are complementary approaches
that can be fully exploited to obtain a realistic and accurate event simulation when consistently
combined. In particular, a fixed-order computation is suitable for a precise description of the
hard scattering process, but it does not provide a full simulation of the collider event. By
contrast, a parton shower simulation describes the realistic evolution of a collider event from
the high-energy limit down to the detector level in the soft and collinear approximation but
only at low accuracy. Matching the two descriptions, while keeping the best features of both,
thus becomes crucial for high-precision physics.

Nowadays, this combination can be performed at NNLO+PS accuracy, which means
keeping the NNLO accuracy of the fixed-order prediction without spoiling the structure of
the parton shower. Among the methods available in the literature, the MINNLOps framework
plays an important role because it is a flexible and numerically efficient tool that requires
neither a CPU-demanding a-posteriori reweighting nor the introduction of an unphysical
merging scale for partitioning the phase space according to the jet multiplicity. The main goal
of this thesis is to present some cutting-edge results obtained using the MINNLOps method
for key processes at the LHC.

Part I presents a review of the theoretical ingredients that are needed to construct a
NNLO+PS accurate event generator. We start with a detailed overview of both fixed-order
calculations and parton shower simulations in chapter 2, highlighting their strengths and
weaknesses and showing why they are complementary tools that can be combined consistently.
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The problem of the matching at NNLO+PS accuracy is presented in chapter 3: reaching
NNLO+PS accuracy is highly non-trivial and it first requires a deep understanding of the
matching procedure in a simpler case, namely NLO+PS. We thus present the basics of
the POWHEG method for the generation of NLO+PS accurate events in section 3.1. The
improvement of this framework into the MINLO and the MINLO' methods is described in
section 3.2 where a merging of different jet multiplicities is performed without the introduction
of unphysical slicing parameters. The MINNLOps method is finally presented in section 3.3.

The core of this thesis is Part II, where we present phenomenological results for relevant
processes at the LHC.

Chapter 4 is dedicated to precision Higgs physics and jet flavours. We discuss the im-
plementation of a MINNLOps-based event generator within the POWHEG-BOX-RES and
POWHEG-BOX-V2 frameworks for the associated production of a Higgs and a vector boson
(pp — VH, with V = W¥, Z) with subsequent decay of the Higgs boson to a pair of bottom
quarks (H — bb). The vector boson V can decay to any possible leptonic final state. This
process is crucial for precision measurements in the Higgs sector as it yields the highest
sensitivity to the determination of the bottom Yukawa coupling. The matching with the
parton shower (PYTHIAS) is non-trivial because the starting scales of the emissions generated
by the shower are different in the production and decay stages of the Higgs boson. In our
phenomenological results for 13TeV LHC collisions, we compare our MINNLOps results,
MINLO' results and predictions obtained using PYTHIAS for generating the decay of the
Higgs boson (formally, this is a LO decay). The outcome of our study is that the inclusion
of NNLO corrections is fundamental for improving our description of the process at hand,
as it induces a ~5% increase in the normalization on top of the MINLO' predictions and
it determines an important reduction of theoretical uncertainties. Moreover, employing
PYTHIAS for generating the decay of the Higgs boson is not suitable for correctly describing
certain observables (e.g. the absolute difference in rapidity of the two reconstructed b-quarks
is highly distorted in the very forward region). We presented also a detailed analysis of
the impact of the jet-clustering algorithm that is used for the identification of b-jets. We
performed a comparison among the flavour-kr clustering algorithm, which is needed for an
infrared safe definition of jet flavour, and usual clustering algorithms that are insensitive to
the flavour of particles, namely the kr and anti-kt algorithms. Using the flavour-kr algorithm
leads to significant distortions of relevant distributions in certain kinematic regions of the
phase space, which led us to the conclusion that this algorithm should be used only when it is
applied also on the experimental side. This is usually not the case, as it is still too challenging
for a practical application. More progress is surely needed for defining a flavour of jets that is
both theoretically consistent and applicable to experimental measurements.

Chapter 5 presents an extension of the implementation of ZH production with H — bb
decay to the SMEFT. We include in our computation a subset of dimension-six operators that
are relevant up to NNLO accuracy in QCD for the process at hand. We thus follow the strategy
presented for the same calculation in the SM (in chapter 4) for implementing a Monte Carlo
event generator at NNLO+PS accuracy in the SMEFT. While for the production stage of the
Higgs boson the SMEFT effects we are considering are completely factorized, in the H — bb
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decay both factorizable and non-factorizable corrections appear. In the non-factorizable
contributions we encode corrections that are formally N3LO accurate, due to the weak
constraints on the corresponding Wilson coefficients. We study two main scenarios where
we separately switch on factorizable and non-factorizable effects. This is done considering
all coefficients equal to zero but one, the value of which is set according to its current
experimental bounds. Factorizable corrections determine only a shift in the normalisation
with respect to the SM, while non-factorizable contributions are more interesting because they
alter the shape of relevant distributions. In particular, we identified two kinematic observables
that are suitable for increasing our sensitivity to the considered SMEFT effects. The first one
is the invariant mass of the bb system, which is reconstructed as the pair of b-jets whose
invariant mass is closest to the Higgs mass; the second distribution is the invariant mass of
the bbj system, which is reconstructed as the set of two b-jets and one additional jet whose
three-jet invariant mass is closest to the Higgs-boson mass. These two distributions receive
large SMEFT effects in the low-mass region. Moreover, these effects are dependent on the
exact jet definition because they change when varying the jet radius used in the clustering
procedure. This work is the starting point of a more challenging project in which NNLO+PS
accuracy in the SMEFT is reached for an enlarged set of operators, including e.g. non-trivial
insertions of pure EW operators.

In chapter 6 we present a strategy for targeting NNLO QCD and NLO EW accuracy matched
to parton showers, namely NNLOgcp+PS and NLOgw+PS accuracy. The combination of QCD
and EW corrections matched to PS is done a posteriori, at the level of differential distributions.
We present phenomenological results for W*Z production, but we stress that this strategy
is fully general. W*Z production represents a precision test for the SM because it provides
direct access to triple gauge couplings, thus probing the gauge structure of the EW sector.
We implemented a MINNLOps-based event generator for reaching NNLOgcp+PS accuracy
within the POWHEG-BOX-RES framework. Moreover, we implemented a POWHEG code for
producing NLOgw+PS accurate events, again within POWHEG-BOX-RES. The matching with
the parton shower is not trivial because QCD and QED emissions should respect different
constraints according to the emissions already present at Les Houches Event level. We propose
seven different combination schemes that differ only by higher-order corrections. NNLO
QCD computations matched with both QCD and QED showers provide a good description of
the bulk of the cross section, while EW effects become increasingly dominant in the tails of
kinematic distributions. This project is a first step towards the possibility of implementing a
single MC event generator that reaches the targeted accuracy in one calculation. Concretely,
we would like to extend the MINNLOps method by including NLO EW effects. This extension
is extremely challenging as it requires a deep understanding of the IR structure of mixed
QCD-EW contributions in the MINNLOpg formalism.

The results presented in this thesis are the state of the art for precision phenomenology.
Reaching NNLO+PS accuracy is nowadays mandatory for a correct understanding of LHC
data and the MINNLOps method has revealed to be a powerful and flexible tool for targeting
this accuracy. In view of the imminent High Luminosity upgrade, we believe that our results
and developed tools will be very valuable for the high-energy community, especially for
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7. Conclusions

current and future experimental analyses. In light of this, our MC event generators will be
made publicly available on the POWHEG-BOX webpage.
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A. Differential distributions for W™ H
production with H — bb decay at
NNLO+PS in the SM

In this section we present differential distributions for pp — W~ H — e~ #,bb analogous to
the results presented in section 4.4.3. We refrain from commenting these results further as the
same conclusions that were discussed for W H production still hold.
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Figure A.1.: Differential distributions for e~ #,bb production with fiducial-YR cuts (table 4.5).
See text for more details.
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Figure A.2.: Differential distributions for e~ #,bb production with fiducial-YR cuts (table 4.5).
See text for more details.
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