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Abstract

In this thesis the electroweak production of the Z boson in association with two
jets is investigated focusing on its topology via the Vector Boson Fusion (VBF)
mechanism and the determination of heavy boson parton densities.

The first part presents a theoretical study of the Drell-Yan and electroweak Zjj pro-
duction mechanisms and their particle-level comparison, demonstrating the domi-
nance of the former and motivating the definition of a VBF-enhanced phase space to
isolate electroweak contributions. The impact of electroweak corrections is discussed
as a motivation for introducing electroweak (heavy boson) densities. These densi-
ties, derived from extended DGLAP evolution equations, are successfully validated
using HERA DIS data and applied to VBF Z production to assess their relevance
for t-channel boson dynamics and future collider studies.

The second part reports fiducial and differential cross-section measurements of Z-
boson production with dijets in the Z — ete™, Z — uu~ channels and the combi-
nation of both, analysed within a common phase space. Both inclusive (QCD Zjj
+ EW Zjj) and electroweak (EW Zjj) components are measured as functions of
the dilepton transverse momentum, pg. The inclusive measurement uses 59.83 fh™!
of 13 TeV CMS data from 2018, while the main result, the electroweak Zjj, exploits
the full Run 2 dataset of 138 fb™' at /s = 13 TeV. The Run 2 electroweak Zjj
measurement achieves a total precision of about 6%, establishing a new benchmark
for EW Zjj studies.



Zusammenfassung

In dieser Arbeit wird die elektroschwache Produktion des Z-Bosons in Verbindung
mit zwei Jets untersucht mit besonderem Fokus auf deren Topologie im Rahmen
des Vector-Boson-Fusion (VBF)-Mechanismus sowie auf die Bestimmung von Par-
tondichten schwerer Bosonen.

Im ersten Teil wird eine theoretische Analyse der Drell-Yan- und elektroschwachen
7 jj-Produktionsmechanismen sowie deren Vergleich auf Teilchenebene vorgestellt.
Dabei wird die Dominanz des Drell-Yan-Mechanismus gezeigt, was die Definition
eines VBF-optimierten Phasenraums zur Isolierung elektroschwacher Beitrage mo-
tiviert. Der Einfluss elektroschwacher Korrekturen wird erortert und dient als
Grundlage fiir die Einfiihrung elektroschwacher (schwerer Bosonen-)Dichten. Diese
Dichten, abgeleitet aus erweiterten DGLAP-Entwicklungsgleichungen, werden erfol-
greich mit HERA-DIS-Daten validiert und anschlieffend auf die VBF-Z-Produktion
angewendet, um ihre Relevanz fiir die Dynamik von t-Kanal-Bosonen sowie fiir
zukiinftige Kollider-Studien zu zeigen.

Der zweite Teil berichtet iiber sichtbare und differentielle Wirkungsquerschnittsmes-
sungen von Z-Boson-Produktion mit Dijets in den Kanilen Z — e*e™, 7 — " p~
sowie deren Kombination, analysiert innerhalb eines gemeinsamen Phasenraums.
Sowohl die inklusiven (QCD Zjj + EW Zjj) wie auch die elektroschwachen
(EW Zjj) Komponenten werden als Funktionen des transversalen Dileptonimpulses
P gemessen. Die inklusive Messung basiert auf 59.83 th™' an 13 TeV-CMS-Daten
von 2018, wahrend das Hauptergebnis, die elektroschwache Zjj-Messung, das voll-
standige Run-2-Datenset von 138 fb™! bei /s = 13 TeV verwendet. Die Run-2-
Messung erreicht eine Gesamtexaktheit von etwa 6%, und setzt damit einen neuen
Mafstab fiir Studien der elektroschwachen Zjj-Produktion.
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Introduction

The Standard Model of particle physics stands as one of the most successful the-
oretical frameworks in modern science, providing a comprehensive description of
fundamental particles and their interactions through quantum field theory [1]. Its
formulation in the 1970s unified electromagnetism and the weak force into the elec-
troweak theory, predicting the existence of the W and Z bosons as carriers of the
weak interaction. The experimental confirmation of these particles at CERN in
1983 |2, 3| also validated the electroweak sector [4]. This progression has enabled
rigorous tests of the Standard Model, including detailed investigations of electroweak
processes such as vector boson fusion, which continue to play a pivotal role in refining
our understanding of fundamental interactions and probing for new physics.

The study of electroweak Zjj production, especially in the vector boson fusion
(VBF) topology, serves as a direct probe of the electroweak sector. Mediated by ¢-
channel weak boson exchange, this process is sensitive to the structure of electroweak
couplings. Unlike QCD-dominated Zjj production, VBF Z allows for stringent tests
of anomalous triple gauge couplings [5], making it a benchmark for both theoretical
calculations and experimental methodologies. The process is also highly suitable
for precision phenomenology, facilitating the validation of advanced computational
techniques such as the matching of fixed-order predictions with parton showers and
the investigation of colour-singlet exchange, which results in reduced hadronic ac-
tivity in the central region [6]. This makes VBF Z production an essential tool for
studying PDF effects, initial- and final-state radiation, and resummation, all within
a well-controlled environment.

From a beyond-the-Standard-Model (BSM) perspective, VBF Z production plays a
key role as a calibration channel for Higgs physics and new physics searches. Sharing
the same experimental topology as VBF Higgs production [7], two forward jets with
a large rapidity gap and a central electroweak boson, VBF Z measurements help
validate the theoretical and experimental frameworks used in searches for the Higgs
boson and for BSM phenomena. The clean final state from Z-boson decays to
charged leptons allows for precise differential measurements and the rigorous testing
of theory calculations. Furthermore, the ability to separate VBF Z production from
QCD backgrounds using characteristic kinematic cuts, such as large dijet invariant
mass and rapidity separation, challenges our understanding of electroweak versus
QCD processes and provides a stringent test of theoretical modelling, making it a
cornerstone in the quest for new physics at high-energy colliders.

This thesis is structured as follows. Chapter 1 provides an overview of the Standard
Model of particle physics and the dynamics of high-energy proton—proton collisions.
Chapter 2 discusses the theoretical framework and phenomenology of Z boson pro-
duction, beginning with the inclusive Z+2 jets process and subsequently focusing
on the Vector Boson Fusion (VBF) topology, followed by a phenomenological com-

10



CONTENTS

parison between both. Chapter 3 examines the electroweak contributions to these
processes, with particular attention to their impact on parton distribution functions
and the role of heavy boson densities in VBF Z calculations. Chapters 4 describes
the Large Hadron Collider and the CMS experiment and Chapter 5 explains the
reconstruction of events and physics objects within CMS. Chapter 6 presents the
detailed measurement of the electroweak Z+2 jets production, while Chapter 7 re-
ports the measured cross section for inclusive Zjj production and highlights the
main result of this work, the measurement of the electroweak Zjj process. Finally,
Chapter 8 summarises the conclusions.
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Chapter 1

Theoretical Framework

This chapter introduces the theoretical framework relevant for describing hadronic
collisions. Section 1.1 provides a brief overview of the Standard Model (SM), the
theory describing the interactions of the fundamental particles. Section 1.2 explores
proton collisions at high energies, this includes QCD factorization, a formal discus-
sion on parton distributions, resummation and hadronisation.

1.1 The Standard Model of particle physics

The Standard Model (SM) is a well-established framework describing all known
fundamental particles and their interactions [8]. Despite its success in reproducing
experimental results, it remains incomplete: it does not incorporate gravitation
and fails to explain dark matter or dark energy. These limitations indicate the
existence of physics beyond the SM (BSM). To probe such phenomena and improve
the precision of established measurements, high-energy particle collisions are studied
at facilities such as the LHC.

From a theoretical standpoint, the SM is formulated as a Quantum Field Theory
(QFT), which represents the extension of quantum mechanics to systems of dynam-
ical fields. Within this framework, particles correspond to quantized excitations of
fields defined over the entire spacetime manifold. It describes the strong, weak, and
electromagnetic interactions, while the fourth fundamental force, gravitation, lies
outside its scope. The SM is constructed on the principle of least action and can be
expressed in terms of a Lagrangian formalism [9, 10]. The Lagrangian density, £,
encodes the fields and their interactions, from which the corresponding equations of
motion are derived. As the SM is a gauge theory, its fundamental interactions arise
from local internal symmetries of £. By Noether’s theorem, each such symmetry
implies a conserved quantity, corresponding to a quantum number [11]. The com-
plete SM Lagrangian density, £ is obtained by combining the contributions of the
individual interactions. Quantum Chromodynamics (QCD), based on the SU(3)q
symmetry, describes the strong interaction, where the subscript C' denotes the colour
quantum number (see Section 1.1.3). Electromagnetism and the weak interaction
are unified in the Electroweak (EW) theory (see Section 1.1.2). The EW theory is
based on an SU(2); x U(1)y gauge symmetry, with associated quantum numbers
given by the third component of the weak isospin T3 and the hypercharge Y. The
subscript L denotes the left-chiral nature of the weak interaction (see Section 1.1.3).

12



CHAPTER 1. THEORETICAL FRAMEWORK

In terms of gauge symmetries, the Standard Model can thus be written as
SU@B)e x SU(2), x U(1)y (1.1)

where SU(N) stands for special unitary algebraic groups that act on N dimen-
sions. Each group has N? — 1 objects that generated the group, called generators.
The generators can be represented through N ® N matrices, for SU(2) the three
Pauli matrices and for SU(3) the eight Gell-Mann matrices. These generate the
corresponding internal symmetry transformations. The SU(3). matrices act on the
colour space and SU(2); on weak isospin space.

The fundamental fields of the Standard Model (SM) (see Fig. 1.1) consist of fermion
fields, with spin %, and vector boson fields, with spin 1. Fermions are described
by spinors, which are two-component fields transforming under Lorentz symmetry.
Weyl spinors are the basic building blocks: left-chiral Weyl spinors, x;,, transform
as (%, 0), while right-chiral Weyl spinors, £z, transform as (0, %) Chirality is an in-
trinsic property defined by the transformation under Lorentz symmetry. To describe
massive fermions in the SM, these Weyl spinors are combined into four-component
Dirac fields, which satisfy the Dirac equation [12]. Parity, the spacetime transfor-
mation that inverts spatial coordinates, acts on a Dirac field by exchanging its left-
and right-chiral components. Accounting for chirality, the fermion fields of the SM
are represented as Dirac fields:

_ (XL _ —
7/} - <§R> XL = (1/2,0>, §R - (07 1/2)7 (1'2)

which are four-component fields. Fermions are grouped into quark and lepton

families, each organized in three generations. Quark isospin doublets contain an
up-type quark with electric charge +2/3 and a down-type quark with charge —1/3.
The six quark states, arising from two types across three generations, are referred
to as flavours. In the lepton sector, each charged lepton (electric charge —1) has
a corresponding neutrino (neutral) as its isospin partner. Finally, the EW theory
requires the introduction of a scalar (spin 0) field, the Higgs field, discussed in
Section 1.1.3.

mass - =2.3 MeVict =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c*
charge > 2/3 213 C 213 0 0 H
spin > 1/2 u 12 12 t 1 g 0
Higgs

up charm top gluon boson

=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0

113 d 113 S 113 b 0
12 12 12 1

down strange bottom photon
0.511 MeV/c* 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
-1 -1 -1 0
12 e 12 ]’1 12 T 1 ;
electron muon tau Z boson

<2.2eVic* <0.17 MeV/c* <15.5 MeV/c* 80.4 GeVic?

0 -I) 0 0 -I)T £1
12 e 12 .l)]l 12 1 W

electron

muon tau
neutrino neutrino neutrino W boson

Figure 1.1: The particle content of the SM. For each particle, a measured value for
its mass, its electric charge and spin quantum numbers are included [13].
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1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.1.1 The Feynman diagram representation

Richard Feynman introduced a graphical representation of interactions between fun-
damental fields, known as Feynman diagrams (see Fig. 1.2). These diagrams provide
both an intuitive visualization of quantum field theory (QFT) processes and a sys-
tematic framework for computing their probability amplitudes [14].

VIRTUAL

QUANTUM D

Yu

1 \ ELECTRONS /
Figure 1.2: The first published Feynman diagram [14].

In this formalism, time is conventionally read from left to right. Straight lines
denote fermions and antifermions, with arrows indicating fermion flow: left-to-right
for fermions and right-to-left for antifermions. Curly lines represent gluons, the
mediators of the strong interaction (see Section 1.2), wavy lines indicate electroweak
gauge bosons, and dashed lines denote the Higgs boson (see Section 1.3). Each
diagram implicitly incorporates all possible time orderings of a given process.

For a given initial and final state, an infinite number of Feynman diagrams can, in
principle, be constructed, differing in the number of interaction vertices. According
to the Feynman rules, each diagram is mapped onto a mathematical expression,
and the total probability amplitude is obtained by summing over all possible con-
tributions. Since this sum contains infinitely many terms, a systematic approach is
required to extract finite and physically meaningful predictions.

Perturbation theory

A practical framework to address this problem is provided by perturbation theory.
When the coupling of the interaction is less than unity, contributions from diagrams
with additional vertices are progressively suppressed. In this regime, the amplitude
can be organised as a power series in the coupling: starting with diagrams containing
the minimal number of vertices (leading order, LO), and systematically improving
the approximation by including higher-order corrections such as next-to-leading or-
der (NLO) and next-to-next-to-leading order (NNLO).

Renormalization theory

Perturbation theory provides a systematically improvable framework for quantum
field calculations but often yields intermediate expressions containing divergences.
These arise, in particular, from loop diagrams in which virtual particles can carry
unbounded momenta, leading to divergent integrals in the amplitude computation.
To render the theory predictive, a regularisation procedure is introduced, such as
imposing an arbitrary cutoff scale A, which suppresses contributions from momenta
much larger than this scale. The resulting quantities must then be reformulated
in terms of renormalised parameters, which are finite and correspond directly to
experimentally measurable values. Renormalisation introduces a scale dependence,

Chapter 1 14



CHAPTER 1. THEORETICAL FRAMEWORK

with physical parameters defined at a reference value known as the renormalisation
scale up. In practice, up is chosen to be of the order of the momentum transfer
characteristic of the process under consideration, thereby reducing the size of higher-
order corrections in the perturbative expansion.

1.1.2 Electroweak interactions

The electroweak theory originates from the unification of quantum electrodynamics
and the weak interaction. Quantum electrodynamics is a relativistic U(1) gauge
theory describing the interaction of charged fermions with the electromagnetic field.
The weak interaction, in contrast, is a chiral non-Abelian gauge theory mediated
by the charged W* and neutral Z° bosons, governing both flavor-changing and
flavor-conserving decays of quarks and leptons |[8].

Quantum electrodynamics

Quantum electrodynamics is a relativistic U(1) gauge theory describing the inter-
action of charged fermions with the electromagnetic field, therefore it describes the
interaction between matter and light.

Defining the Dirac Lagrangian as

£Dirac = 1/_) (la - m) ¢ ) (13)

the ¢ corresponds to the doublet of spinors previously introduced in Eq. 1.2, m is
the particle mass and v are the Pauli matrices such that 1) = wT’yo. Due to its U(1)
gauge nature, the Dirac Lagrangian is invariant under U(1) transformations of the
spinor fields:

v—e ™ and ¢ — e, aeR (1.4)

leading to a conserved current, v = 17"}, the electromagnetic charge. However, it
is not invariant under a U(1) local transformation, in which case the term « from Eq.
1.4 becomes a function in terms of space-time instead of a real number. Therefore,
in order to restore invariance under a U(1) local transformation, a gauge covariant
derivative D, is introduced to describe the interaction between the fermion and the
field:

D, =0, +ieA,, (1.5)

where e is the coupling strength understood as the electric charge of the particle
and A, is the electromagnetic vector potential, and under gauge transformations it
acts as

A, — A, — é@ua(az) . (1.6)

Subsequently, by promoting the partial derivative into the gauge covariant derivative
in Eq. 1.3, the theory of electromagnetism coupled to fermions is described by the
following Lagrangian:

Loep = TGP~ m)y — 3(F)* (1.7

Here, F,, = 0,A, — 0,4, denotes the electromagnetic field-strength tensor. The
QED Lagrangian Lqgp is invariant under local U(1) gauge transformations of both
the fermion field ) and the gauge field A,, with the latter identified as the photon,
the mediator of electromagnetic interactions.
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1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

Weak interactions

The theory of weak interactions is a quantitative framework first proposed by E.
Fermi in 1933 [15] to describe processes with a low coupling and an extremely short
interaction range such as 8 decays [16]:

n—pt+e +0°, p—ontet +1°, (1.8)

where 7 is the neutron, p is the proton, e~ (e*) is the electron (positron) and 7°(°)
is the electron antineutrino (neutrino). The original proposal by Fermi consisted
of the weak process described as a contact Lagrangian, suppressing any possible
mediator:

[’Fermi - _GF &pvuwn @Ee’y,u,wz/ ) (19)

where G denotes the Fermi constant, Fermi’s four-fermion theory successfully de-
scribed electron energy spectra, nuclear selection rules, and decay rates, while pro-
viding a consistent role for the neutrino and unifying various nuclear beta decays
through a universal coupling. Nevertheless, the theory was non-renormalizable and
assumed parity conservation, thus restricting its validity to low-energy processes.

Electroweak theory unification

These shortcomings were resolved with the development of the electroweak theory,
formulated by S. Glashow [17], S. Weinberg [18|, and A. Salam [19], which unified
the weak interaction with QED. In this framework, weak processes are mediated by
the exchange of massive W= and Z° bosons. The chiral V-A structure of the theory
naturally incorporates the observed phenomenon of maximal parity violation.

The electroweak theory is a SU(2)®@U (1) gauge theory described by the Lagrangian:

Lpw = Lym + Luiggs » (1.10)

where Ly, is the Yang-Mills Lagrangian for the SU(2) ® U(1) gauge group with
fermion matter fields, which describes only gauge bosons and fermions, and L4,
is the Higgs Lagrangian, which describes the Brout-Englert-Higgs mechanism, as its
name suggests. The Yang-Mills Lagrangian is defined as:

Lym = —+ Z FA FAM — 4BWBW + &LW“Dqu + QZRW“DMDR ) (1.11)
where
B,, =09,B,—9,B, and Fj, =3,W;' —a,W. — geapc WS Wy, (1.12)

are the gauge antisymmetric tensors constructed out of the gauge field B, associated
with the U(1) group and Wf , Wf , Wf corresponding to the three SU(2) generators.
Additionally, the €4p- is the antisymmetric Levi-Civita tensor understood as the
group structure constants and the interaction of the gauge fields with the fermions
is introduced by the covariant derivative:

1
_YL,RB/L IZJL,R' (113)

3
D/J,¢L,R = aﬂ—i—lgzté,RWf—’—lg/Q

A=1

Here, g and ¢’ are the coupling constants of the SU(2) and U(1) gauge fields W
and B, respectively, while té r and %YL, r are their generators in the representations
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of ¥ g. The self-interaction of the W;f 5 fields appears from the non-Abelian
structure of the SU(2) group, where the generators do not commute.

The invariance of the Lagrangian under local transformations of SU(2);, ® U(1)y
implies the existence of two associated conserved currents: the weak isospin cur-
rent corresponding to the SU(2); symmetry and the weak hypercharge current
corresponding to the U(1)y symmetry. The physical electric charge, @), arises as
a linear combination of these two conserved quantities, as expressed by the Gell-
Mann-Nishijima relation:

Y
Q=Ty+3. (1.14)

where T3 is the third component of weak isospin and Y is the weak hypercharge.
Experimentally, weak interactions couple only to left-chiral fermions, which trans-
form as doublets under SU(2),. Right-handed fermions are singlets under SU(2),,
and thus do not transform. In contrast, the U(1)y gauge field couples to both
chiralities according to their hypercharge. As a result, fermion fields are defined as:
1F 7 1+ %}

2 )

(1.15)

Vrp = { 5

:| wv %L,R = E |:
where 7” is a Dirac matrix defined in [20]. These fermion fields can be re-written

for leptons as:
L = (7) , (1.16)
L

where [ represents the charged lepton and v, its neutrino. In the case of quarks,
fermion fields are built with quark generations, for example:

L, = @,E)L , (1.17)

where u; is the up quark in its mass eigenstate and d} is a mixed state of up quarks
and down quarks respectively through the Cabibbo-Kobayashi-Maskawa matrix.
From Eq. 1.11, Eq. 1.13 it is immediate to derive all fermion couplings to the gauge
bosons and their definitions. In the charged-current (CC) sector, the charged weak
boson W* is defined as:

~ WhEaw?
= % .
In the neutral-current (NC) sector, the photon, A,, and the neutral weak boson
Z,, emerge as orthogonal and properly normalized linear combinations of the gauge
fields B,, associated with the U(1), symmetry and Ws’, the third component of the
SU(2);, gauge:

w* (1.18)

A, = cos Oy B, + sinfy, W, | (1.19)
Z, = —sinfy B, + cos QWW3 : (1.20)

where 6y, denotes the weak mixing angle. Explicit mass terms for gauge bosons are
forbidden by gauge invariance, yet experimental results confirm that the W* and Z°
bosons are massive. Hence, the SU(2) ® U(1) symmetry is spontaneously broken.
Although the Lagrangian is invariant under global and local transformations, the
vacuum does not preserve the full symmetry, therefore there is a broken internal
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symmetry. According to the Goldstone theorem [21], each broken continuous sym-
metry gives rise to a massless scalar, the Goldstone boson. Englert and Brout [22]
and Higgs [4] showed that in a local gauge theory these modes are absorbed, giving
mass to the W* and Z° bosons. This process, known as the Brout-Englert-Higgs
mechanism, also predicts a massive scalar particle, the Higgs boson.

The Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism, originally proposed to generate gauge boson
masses, was subsequently incorporated into the electroweak theory by Weinberg [18|
and Salam [4], thereby providing a mechanism to explain the masses of three gauge
bosons mediating the electroweak interactions.

In a first approach, two complex scalar fields are defined so that they transform as
a doublet under SU(2), ® = (®*, ®°). In this scenario, the Lagrangian is defined as

L£=(D,®)(D"®) - V('®), (1.21)
where the potential V (®'®) is the Higgs potential:
V(®ID) = —p20Td + \(dTD)? (1.22)

where g is the vacuum parameter and A the quartic Higgs coupling. For A < 0,
the potential has no minimum, rendering the theory non-physical. Imposing A > 0,
there are two cases: u® < 0 gives a trivial minimum at ®,,;, = 0, while * > 0 yields

a non-trivial minimum
2
mooy
b . = \/_ @, 1.23
min 2)\6 ( )

The potential has a continuous set of minima parametrized by ¢, forming a circle
of radius % in the complex ®-plane. This produces the characteristic "sombrero"
shape of V(®) (see Fig. 1.3), where spontaneous symmetry breaking corresponds to
selecting a specific vacuum among infinitely many.

Figure 1.3: Illustration of the Higgs potential in the case of x> < 0. The purple
marble illustrates the choice of a point at the minimum of the potential, which
breaks spontaneously the symmetry [23].

Now, the ® field can be decomposed in a radial o(x) and angular 7 (x) fields around
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the non-trivial minimum, separating into components that capture amplitude vari-
ations and those corresponding to angular excitations:

B(z) = e @ <¢% y +00 ) ) (1.24)

In this model, v = y/u?/X is the vacuum expetation value, 7(z) corresponds to

the Goldstone boson, while ¢(x) is a massive boson with mass m, = /2u*>. The
Goldstone bosons are eliminated by fixing the exponential parametrisation to zero:

O(z) = (% v fa(w)) ) (1.25)

As a result, the radial field, o(z) is identified as the Higgs field: o(x) = H(z) and
the Higgs Lagrangian is:

2\ 2
Litiggs = (Duq))T(DMCI)) —A (@ch - %) : (1.26)

where the covariant derivative is given by Eq. 1.13 and Wf are the gauge fields
corresponding to SU(2) and B, to U(1). Thus, the gauge fields of SU(2) become
massive following the spontaneous breaking of the SU(2) ® U(1) symmetry. This
broken symmetry induces a new vacuum with a non-zero minimum, giving rise to
the massive Higgs field. The interaction between the Higgs and electroweak bosons
generates their masses.

Finally the mass terms for the physical Wf and Z,, bosons are obtained by introduc-
ing equations 1.18 and 1.20 into the Lagrangian above. The resulting boson mass

terms are: . )
wE = v and my = EUVQQ +4”, (1.27)

The Yukawa interaction

To describe the interaction between the Higgs field, ®, and fermions, v, an additional
contribution to the Lagrangian is introduced, known as the Yukawa interaction. This
term preserves the SU(2) gauge symmetry and was originally inspired by models of
the nuclear force mediated by pions. The interaction is expressed as

m

Lyawa = — 0 TUp® — T, &, (1.28)

where I' denotes the Yukawa coupling matrix, ensuring invariance under Lorentz
and gauge transformations [24|. Following spontaneous symmetry breaking, this
interaction provides a mechanism by which fermions acquire masses proportional to
the vacuum expectation value of the Higgs field, v.

1.1.3 The strong interaction

Quantum Chromodynamics (QCD) is a non-Abelian SU(3) gauge theory which
describes the strong interactions, where the conserved Noether current associated
with it is the colour charge.
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This symmetry group describes transformations among the three colour charges
carried by quarks, which transform as triplets under SU(3), corresponding to three
distinct colour states. The local SU(3) invariance introduces eight massless gauge
fields, represented by the eight Gell-Mann matrices G};,a € [1, 8], leading to gluons
being the gauge bosons of the strong interaction, each associated with a generator
of the group. These gauge fields are identified as gluons, the mediators of the strong
interaction [§].

The QCD Lagrangian for the strong interactions for the 4-component Dirac spinors,
@Dé associated with each quark field of colour ¢ and flavour ¢ up to gauge-fixing terms
is:

1 a a)uv . 71 j T
ﬁQCD = —ZF,EV)F( u +1 Z quM(Du)ijwé - Z mq¢q¢qi (1-29)
q q
F;SIOJL) = a,uAg - aVAZ + gsfabcAZAzcn (130)
. Nij qa
(D,)ij = 6i; 0, — zgSZTJAM, (1.31)

a

where g, is the QCD coupling constant, A}, are the Yang-Mills (gluon) fields, f,.
are the structure constants of the SU(3) algebra and the A{;/2 matrices its genera-
tors [13].

The covariant derivative is introduced to ensure local SU(3) gauge invariance of
the Lagrangian. Due to the non-Abelian nature of SU(3), its generators do not
commute, allowing gauge field self-interactions. Equation 1.29 thus represents an
incomplete QCD Lagrangian, as a gauge-fixing term is needed to properly define the
transformation properties of the gauge fields and fix redundant degrees of freedom.

1.2 Proton collisions at high energies

Hadronic structure is fundamental to hadronic collisions, with real electroweak cor-
rections altering it at high energies. The discussion below focuses on the QCD
aspects relevant to hadronic structure and in particular proton—proton, collisions.
Hadrons are bound states of quarks and gluons described by QCD, as outlined in
Section 1.1.3. SU(3) gauge invariance restricts asymptotic states to colour-neutral
combinations of partons, leading to mesons, formed by a valence quark and a va-
lence antiquark, baryons, which are three-valence-quark singlets, and more exotic
configurations such as tetraquarks, pentaquarks, hybrids, and glueballs. In particu-
lar, protons are composite particles made of three valence quarks: two up and one
down, giving a net charge of +1. Beyond these, they contain a dynamic sea of glu-
ons and quark—antiquark pairs arising from quantum fluctuations. Valence quarks
define the quantum numbers of the hadron, including charge and isospin. The mass
of a hadron primarily arises from strong interactions, rather than from the Higgs
mechanism. Notably, the observed hadron spectrum reflects confinement dynamics
and approximate chiral symmetry, and is successfully reproduced by effective models
and lattice QCD in the non-perturbative regime.

Confinement in QCD prevents quarks and gluons from existing as free particles,
binding them into colour-singlet hadrons. This phenomenon is rooted in the non-
Abelian nature of the strong interaction, where the strong coupling constant a,
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increases as the momentum scale p decreases. At leading order, the running of a;
is given by
1

Bo ln(MZ/ AQ)
As p approaches the QCD scale A, «g diverges, indicating the breakdown of per-
turbation theory and the onset of confinement. Conversely, at high energies, where
1 is large, o, becomes small, a property known as asymptotic freedom, which al-
lows quarks and gluons to interact weakly and enables perturbative calculations.
At hadronic scales (1 ~ 1GeV), the coupling becomes large, rendering perturba-
tion theory inapplicable; thus, hadron structure must be determined experimentally.
In the low-energy regime, the potential between colour charges grows linearly with
separation, ensuring that only colour-neutral states are physically observable.
These experimental observations motivated the development of several models, most
notably the parton model, introduced by Feynman in 1969 [25|, describes hadrons
as composed of massless, point-like partons, later identified as quarks and gluons.
The internal structure of hadrons is characterized by parton distribution functions
(PDFs), which are discussed in Section 1.2.2, while Section 1.2.3 introduces trans-
verse momentum dependent PDFs.

o (1) (1.32)

Proton collisions

Proton—proton colliders, such as the LHC, provide a unique environment to test
Quantum Chromodynamics (QCD). In these facilities, two proton beams are ac-
celerated in opposite directions to TeV scale energies and brought into collision
at dedicated interaction points, as described in Section 4.1. At such energies, the
fundamental interactions occur between the constituent partons of the colliding pro-
tons. These partons carry different momentum fractions and colour charges, making
pp collisions an ideal setting to study a broad spectrum of partonic processes, and
thereby a powerful tool to probe both SM and BSM physics.

Incoming protons

Hard interaction

QCD radiation

Figure 1.4: Simplified diagram of a pp collision from Ref. [26].

Figure 1.4 illustrates a simplified proton—proton collision, with colours representing
distinct stages. The collision is factorized into successive phases: the initial state
with two incoming protons (blue), the hard process where constituent partons in-
teract (violet), and the subsequent QCD evolution producing hadrons (orange) and
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QCD radiation (red) from initial and final states. Proton remnants (green) also
hadronise. Some unstable hadrons decay further until a final stable state of leptons
and hadrons is reached, which are the experimentally measurable particles. The
quarks and gluons remain connected by conserved colour charge throughout.

Cross sections quantify the likelihood of a given process in these collisions. Different
energy scales are involved, from the proton mass (~ 1 GeV) through the hard
interaction scale (up to TeV at the LHC) down to non-perturbative hadronisation
scales. Factorization theorems allow separating the cross section into components
addressing these scales, which will be introduced in Section 1.2.1 along with the
collinear factorization theorem.

1.2.1 QCD factorization

Factorisation theorems allow the separation of scattering processes in proton—proton
collisions into distinct components associated with different energy scales. In the
context of this thesis, which focuses on the electroweak production of the Z boson
with 2 jets (EW Zjj), with particular emphasis on Vector Boson Fusion (VBF)
processes, the factorisation approach is outlined as employed to compute this cross
section.

It is important to note that the EW Zjj consists on a set of processes that pro-
duces a Z° boson in association with two jets solely via electroweak interactions
at leading order (O(agy,) when considering the leptonic decay). This is defined as
the t-channel exchange of a weak vector boson, which includes Z-boson production
via vector boson fusion (VBF), Z-boson bremsstrahlung and multi-peripheral pro-
duction, forming a gauge-invariant set. In the VBF Z process (see Fig. 3.1), two
quarks from the incoming protons each emit a virtual electroweak boson (W= or Z)
and continue as scattered quarks, forming forward tagging jets. In a typical chan-
nel, an up-type quark emits a W+ boson and becomes a down-type quark, while a
down-type quark emits a W~ boson and becomes an up-type quark. The two vec-
tor bosons then fuse to produce an on-shell Z boson, which can decay leptonically,
for instance Z — p '~ or Z — e'e . This process is purely electroweak and is
characterized by a large rapidity separation between the tagging jets.

Figure 1.5: VBF Z Feynman diagram.

Collinear factorisation theorem
At QFT level, the collinear factorisation theorem for the EW Zjj process at hadron
colliders like the LHC is rooted in the separation of long-distance (non-perturbative)
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and short-distance (perturbative) physics. This is formalised by expressing the
hadronic cross section as a convolution of parton distribution functions (PDFs) and
a hard-scattering matrix element that describes the electroweak interaction of the
exchanging vector bosons. The PDFs describe the probability to find the incoming
quark (or anti-quark) with a fraction of momentum of the proton, z, inside the pro-
ton, whereas the hard-scattering matrix element is computed in perturbation theory,
therefore the EW Zjj cross section can be expressed as:

1 1
O-EI}ZZZJJ]J(S) = Z/ d%/ dzy fi(@y, pp) fj(vaMF) &Fjv—\I)ZZ}JJ(éaMFJLR) (1.33)

where s is the squared center-of-mass energy of the entire proton-proton collision,
fi(z, pp) is the PDF for parton ¢ with momentum fraction x at factorisation scale
W, &;Ejv_}v ZZ}J:] is the partonic cross section for the hard EW Zjj process whereas pp
and pup are the factorisation and renormalisation scales, respectively. The partonic
cross section is defined as

&EVXZZ}JJ@) = %/dcbw {Miﬁzyf (1.34)
In this expression, § = x;xys is the partonic centre of mass energy squared, also
known as one of the Mandelstam variables, P 2 1s the differential phase space for
the Z + 2 jets final state and |[M;;_z; J|2 is the squared matrix element for the
process, summed /averaged over initial and final spins and colours. |M,;_,z; J|2 de-
fines the transition probability of the incoming particles into the outgoing particles,
which in the EW Zjj scenario is the probability amplitude for the partonic process
where two quarks (or antiquarks) exchange electroweak bosons in the t-channel and
produce a Z boson plus two jets.

The matrix element M, ,,;; is computed perturbatively, leading to ultraviolet
(UV) and infrared (IR) divergences. UV divergences from large momenta are ab-
sorbed by renormalisation, introducing the arbitrary scale pup, and IR divergences
from small momenta are factorised into the PDFs, with up as the cut-off. Both
scales are unphysical, and the cross section should be independent of them, but
truncating the perturbative expansion at finite order induces residual dependence,
reduced at higher orders. Varying pp and pp estimates missing higher-order effects.
Collinear factorisation is effective for single-scale processes but fails when disparate
energy scales exist, such as in low py regions of the dilepton system (reconstructed
7" boson), where resummation becomes necessary (see Section 1.2.4).

1.2.2 Parton Distribution Functions

Parton distribution functions (PDFs) study the collinear structure of hadrons. PDFs
encode the probability density for finding a parton inside a hadron carrying a fraction
x of the hadron’s longitudinal momentum, at a given energy scale pu.

The PDF is formally defined through deep inelastic scattering (DIS), as realized at
HERA, where high-energy electrons or positrons scatter off protons [27]. In this
process, the virtual photon exchanged between the lepton and the proton probes
the proton’s internal structure. Following the derivation by John Collins in [28],
the cross section factorizes into a calculable electromagnetic current and a hadronic
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current, the latter encapsulating the non-perturbative structure of the proton:

dk™ ko
Fim(€ L / T (1.35)

This definition is exactly correct, appropriate, and valid, but only in a model QFT
where the parton model is correct. In QCD it must be modified as follows: the bare
(unrenormalized) parton distribution function (PDF) for a parton of flavour j in the
proton H is defined as a gauge-invariant light-cone correlator of quark fields within
the proton [28]:

dw ™ ieptu ) 7(0) - AN
foyim&) = > € (Pl (0,w™, 0p)W (w 70)7’% (0)|P)., (1.36)
where the Wilson line is
W(w™,0) =P |70k 4 ApaOu™0r)ta | (1.37)

a path-ordered exponential of the gluon field along the line joining the quark and
antiquark fields ensuring gauge invariance.

In Egs. 1.36 and 1.37, w(o) denotes the bare quark field, | P) is an eigenstate, g is the
bare gauge coupling of QCD, € is the longitudinal momentum fraction, 4" is a light
cone Dirac gamma matrix, P is the “plus” component of the hadron’s momentum
in light-cone coordinates and ¢, are the generating matrices of the SU(3).
However, in QCD, ultraviolet (UV) divergences arise due to short-distance fluctua-
tions (see Fig. 1.6). To obtain a physically meaningful, finite PDF, the bare operator

(a) (b) lc)

Figure 1.6: (a) and (b) Examples of graphs with UV divergences for quark density.
(c) Structure of UV divergences of parton densities from Ref. [28].

must be renormalized. This is achieved by introducing a UV regulator, for instance
through dimensional regularization with n = 4 — 2¢ space-time dimensions, and by
applying suitable renormalization factors to absorb the divergences. In the minimal
subtraction (MS) renormalization scheme, these factors are defined by subtracting
only the divergent parts of the loop corrections, expressed as poles in € that arise in
dimensional regularization. Specifically, order-by-order in perturbation theory, the
renormalization factor Z, (2, g, €) is written as pure pole terms in € at € = 0:

_\ g o e
(z,9,€ _2(1671') Z] (2, €), Z (z,€) Z i ( 617 (1.38)

n=
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where S, is selected as:

(4m)°
1—e) "
This renormalization procedure introduces a dependence on an arbitrary energy
scale, p1, in the PDF: fio);/,(&) = f;/n(&) = fjn(z, ) by performing an integration
over z, the momentum fraction “transfer” between the bare and renormalized parton:

S, = (1.39)

fj/h Z/ (2,9, )f(o)j/h(f/z)- (1.40)

As p is an arbitrary scale f;,(x, 1) should not depend on the choice of p, therefore
renormalisation group equations (RGEs) are derived to explain the dependence of
the PDF on the energy scale:

afcé]inxuu Z/ (1)) fbh( > . (1.41)

From the viewpoint of collider phenomenology, PDFs are indispensable, experimen-
tally constrained inputs that connect the theoretical framework of QCD with mea-
surable observables at hadron colliders such as the LHC. By encoding the proba-
bility densities of partons carrying certain momentum fractions inside the proton,
PDFs enable quantitative predictions of cross sections and kinematic distributions
across a wide range of processes. Measurements of differential cross sections in pro-
ton—proton collisions, performed at multiple center-of-mass energies and over broad
kinematic domains, feed into global PDF analyses, thereby refining their precision
and constraining the proton’s quark and gluon structure. The scale dependence gov-
erned by the DGLAP evolution equations manifests experimentally through scale-
and energy-dependent modifications of these distributions, observed as scaling vi-
olations in measured cross sections. This interplay allows for increasingly precise
tests of the Standard Model and enhances the sensitivity of searches for phenomena
beyond it.

The RGEs for the PDFs are known as the DGLAP evolution equations and P,,, the
evolution kernels, are known as the splitting functions. The evolution kernels can be

q
Té =Pyq % Pyq

g q

q g

=P, =P
Wr< wﬁi

g
Figure 1.7: Feynmann diagrams at leading order for QCD splittings.

computed perturbatively in a, by replacing the hadron with an on-shell parton, since
they are independent of the hadron state. In this way, the kernels follow directly from
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QCD vertices at scales p in the perturbative regime. The leading-order diagrams
are shown in Figure 1.7, and the corresponding expressions in Equation 1.42.

1+ 2° 3
qu(Z) = CF m —+ 55(1 — Z)
P, (z) = CFM
< (1.42)

z 11—z 11C, — 4n /T
+ +2(l—2)| + —2— L F
(1—2), z 6

Pg(Z) = 2CA

. o(1—2)

Here, Cy, Cp, and T denote the QCD color factors, and n is the number of active
quark flavours.

The splitting functions exhibit divergences at specific values of z: P, and P, diverge
as z — 1, corresponding to gluon radiation from gluons and quarks, respectively.
Near z ~ 1, large momentum transfer leads to emitted gluons carrying a small
momentum fraction (1 — z), known as soft gluon radiation. P,, and P,, diverge
as z — 0. As a result, DGLAP evolution can be seen as parton splitting, where
quarks lose momentum by emitting gluons via bremsstrahlung, and gluons split into
qq pairs, driving PDF evolution.

While the scale dependence of PDFs can be calculated within perturbative QCD,
the intrinsic structure of the hadron itself cannot be derived from first principles due
to the non-perturbative nature of confinement. Instead, the partonic content of the
hadron must be modelled through parametrisations. Specifically, the distribution of
a given parton flavour ¢ is represented by a general functional form of the type [29]:

fo(2,Q8) = Az*(1 — 2)" P(x), (1.43)

where z is the fraction of momenta carried by the parton, Qj is the initial en-
ergy scale, A, «, and § are parameters fitted to experimental data, and P(z) is a
polynomial or other function to capture shape nuances. The starting distribution
at the scale Qf are then evolved to any other scale Q? using the DGLAP evolu-
tion equations, which resum the leading logarithmic scale dependence governed by
perturbative QCD.

Collinear PDFs characterize the hadron structure in one dimension by integrating
over transverse momenta. In contrast, the three-dimensional structure of the hadron
can be probed by not performing the transverse momentum integration in Eq. 1.35.
These three-dimensional distributions are known as unintegrated PDFs or transverse
momentum dependent PDFs (TMD PDFs).

Parton Branching-based (PB) PDFs

PDFs can also be determined by solving the DGLAP evolution equations through
iterative parton branchings and renormalization group evolution in a fully exclu-
sive way. This approach is known as the Parton Branching (PB) method. Unlike
traditional inclusive PDF extraction techniques, the PB method retains the full kine-
matic information of each branching, making it naturally compatible with Monte
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Carlo event generators (e.g. CASCADE3 [30]). This feature makes the method
particularly advantageous for studying multi-scale and small-x processes.
Following the calculation from [31], the renormalization group evolution of parton
distribution functions, f,(z, #*) can be written in terms of DGLAP parton splitting
functions, P,,(as(p?),2) as stated in Eq.1.41. This PDF can be expressed in its
momentum-weighted form as:

fala, 1) = af (2,17 , (1.44)

therefore:

Ofal@, ") Z / 12),2) /2, 12 (1.45)

dln p?

Here = denotes the longitudinal momentum fraction, p represents the evolution mass
scale, aig is the running coupling, and z stands for the splitting variable.

Because the transverse separation between emitted partons is limited by a finite
resolution scale, energy—momentum conservation prevents the resolution of partons
whose longitudinal momentum fractions are too close to z = 1. This limitation
introduces a cutoff, z > z,,, where 1 — z); ~ O(Aqcp/pt). Here, 11 is a scale of the
order of the hard-scattering energy, and Agcp ~ 1 fm ™' represents the characteristic
scale of the strong interaction. This is solved by introducing a soft-gluon resolution
parameter z,, in Eq.1.45. This parameter separates the full evolution into two
contributions: the resolvable range (z < z,, ) and the non-resolvable range (z > z,,),
where 1=2,, ~ O(Agep/ 1)

This allows the PDF to be reformulated in terms of the resolvable contributions as
follows:

el 3 { [ i3 ()

Olnp s x

Z (1.46)
—/O dzsz(f)(as(/LQ),Z)]Ea(x:/f)} )

which can be solved by an iterative Monte Carlo method if the no-branching prob-
abilities are included. This is achieved through the implementation of the Sudakov
form factor:

Ay (zar, 12, 1) —exp( Z/ / dz z P9 (o, (1), )) , (1.47)

which is defined as the probability for parton a to undergo no branching between
evolution scale p, and evolution scale p, where the branchings are understood to
be classified according to the given resolution z,,. As a result, including this factor
leads to the PDF evolution equation rewritten as:

T - 9 Aa 2 5 )
aJ(;aln: Z/ dzpal?) a (1), 2) ol /2, 1) + L9 (MQ)fa(x,,u ).
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Finally, considering A,(ug) = 1, this expression can be integrated as:

B 2 A 2 ZMm 5
o) = 8,000 [ B [ e, ), )
(1.49)

which can be iteratively solved via a Monte Carlo method.

1.2.3 Transverse Momentum Dependent Parton Distribu-
tions

Transverse momentum dependent PDFs (TMDs) generalize collinear PDFs by en-
coding the full three-dimensional momentum structure of hadrons as they retain
information on both the longitudinal and transverse momentum components of par-
tons within the nucleon. This captures spin—orbit correlations and orbital angu-
lar momentum effects inaccessible in the collinear framework. Formally, TMDs
arise by not integrating over the transverse momentum in Eq.1.35, requiring a joint
parametrisation of longitudinal and transverse momentum dependence.

In both Parton Branching (PB) TMDs and TMDs based on the TMD factorisation
framework, the hadron structure is decomposed into collinear and transverse com-
ponents. While both methods are grounded in QCD factorisation, TMDs derived
from TMD factorisation are defined within a formal factorisation theorem, where
the transverse momentum dependence is parametrised at a low scale and evolved
using dedicated evolution equations. In contrast, Parton Branching TMDs are con-
structed by solving QCD evolution equations with explicit generation of transverse
momenta at each branching, embedding the transverse structure directly into the
parton emission history.

TMD factorisation framework

The Transverse Momentum Dependent (TMD) factorization framework provides
a systematic theoretical approach for describing hadronic processes in the region
qr < (@), where intrinsic transverse momentum effects become significant. This
framework resumes logarithms of the form ln(Q2 / q%) by introducing TMD parton
distribution functions, and is essential for precision predictions of electroweak gauge
boson production, such as Z + jets at the LHC [32, 33].

TMD Factorization Formula
Within the Collins—Soper—Sterman (CSS) formalism [34], the TMD PDF in impact-
parameter space by reads

Fiym (@ br; G o) = exp [_ 9/, 013 bax) = Gre (075 bna) In gﬂ
Bodu , /
X exp{K(b*;,ub*)lnL/bZ +/ub*; [’yj(as(,u ) — éln/f,nyK(as(u ))} }

XZ/ a3 fy (& n b)C’;?( bas 1y, , ¢ (ﬂb*))'

Here:

e 1 is the longitudinal momentum fraction of hadron H carried by parton j.
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br is the impact-parameter (Fourier-conjugate to transverse momentum k).

( is the rapidity factorization scale, regulating rapidity divergences.

w is the renormalization (UV) scale.

o K(br; ) is the Collins-Soper kernel, and ;, v, are the anomalous dimensions.

gk and g,y are non-perturbative functions encoding long-distance physics.

The b, prescription is defined by b, = b/ \/ 14 (by/bpax)” and o, = 2¢ "7 /b,,
where v is the Euler-Mascheroni constant.

Evolution Equations
The rapidity evolution is given by the Collins—-Soper equation [35]

8lnfj/H(xabT;C7:u)

S = Kb, (1.50)
with the perturbative expansion
K (brin) = =5Cp o) I 324 ) + 0. (151)
The renormalization-group equation in y reads
TRl ) ) Bl S (152)

where 7; and 7k are extracted from quark electromagnetic form-factor calcula-
tions [36].

Non-perturbative Structure
For by > b,, the Collins—Soper kernel and intrinsic-momentum behaviour become
non-perturbative. The b, prescription ensures perturbative control:

bT . 26_7E

b* = 5 I /’Lb* - b
\/1 + (bT/bmax) -

The non-perturbative functions gx (br; buax) and g; /g (7, bp; byax) are determined via
global fits to Drell-Yan and electroweak boson data, exploiting their universality
across processes [37].

This formalism underpins the interpretation of Zf{boson transverse-momentum spec-
tra, separating short-distance dynamics from universal long-distance proton struc-
ture. In brief in the TMD factorization framework there are two evolution equa-
tions: the CSS kernel, which governs the rapidity evolution, and the RG equa-
tion, which describes the evolution in p. To determine the TMD, gj, which is the
non-perturbative function of the CSS kernel, and g;,, which encodes the intrinsic
transverse momentum, must be fitted to experimental data.

Despite its strong theoretical basis, the TMD factorization in VBF Z production
faces limitations. It is valid primarily at low g < @), restricting predictive power
to this region. Large by introduces non-perturbative functions, whose universality is

(1.53)
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uncertain, affecting precision. The framework’s applicability to complex, multi-scale
processes like VBF, with multiple jets and color exchanges, is less proven. Addition-
ally, higher-order truncations, matching uncertainties, and power corrections further
constrain its predictive accuracy. Consequently, careful interpretation and comple-
mentary methods are necessary for reliable phenomenology in this context [38|.

Parton Branching-based (PB) TMDs
PB-based TMDs at their energy starting scale p, are defined as:

- 1 k>
A2, K 0, 115) = xfol, 1) - — exp (—#) : (1.54)

S S

where f,(z, ,ug) denotes the collinear starting parton density, kr is the transverse
momentum assumed to follow a Gaussian distribution, and ¢? represents its width.
Therefore, to determine the TMD distribution at a general energy scale u, the
parameter qg is extracted from fits to experimental Drell-Yan p; spectra measured
at various centre-of-mass energies and dilepton invariant masses, as detailed in [39].
This procedure yields a value of ¢ = 1 GeV?.

Then, the evolution of the PB TMDs is obtained from the extended DGLAP evolu-
tion equations [31]:

d2/.L/2 A )
71_”/2 A /2)

M (R) / 1 7 — 2
dzPab (Oés(ﬂ):z)A(;kT—QT,M ) )

T

Az, by, 1?) = Dg (1) A, ke, 15) +Z/
(1.55)

which is consistent to Eq.1.49 as expected. Here A, is the Sudakov form factor, as
explained in Section 1.2.2; A denotes the momentum-weighted TMD distribution;
zp represents the maximal momentum transfer from parton b to parton a; Pa(f )
is the real part of the splitting function; p’ is the scale of the radiation, and
corresponds to the transverse momentum of the radiated parton.

1.2.4 Resummation

The Z° boson is produced mainly through the Drell-Yan mechanism in proton-
proton colliders: ¢7 — Z° — [M1~, which is a QCD-driven mechanism initiated
by quark—antiquark annihilation with gluon radiation: qq — A ["l"g. In this
topology, the cross section with a gluon radiation according to [40] is:

do 1 m?l
o (do) gopn, X @g—5 In —=, (1.56)
dQT ar  4qr

where (do) g, is the Born level cross section for the DY process, oy is the strong
coupling and my; is the mass of the dilepton system. In this scenario, the lack of
higher order corrections introduces a divergent behaviour when g — 0 and the
logarithmic term and oy increase when ¢p < mj;, introducing the need to model
this region due to its non-perturbative nature.

To regularize this divergence, all order emissions are accounted for by implementing
the collinear approximation together with a strong ordering condition. In the first-
order approximation, the radiation angle is assumed to be small, while higher-order
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terms allow the emissions to be expressed as a finite series involving n radiations.
Consequently, these geometric series

pTZ mu - 1. 5 mi
H In §(Prn — qr) = exp 5111 — | (1.57)

pT % pT 7 Dy

yield a finite cross section by resumming gluon emissions to all orders in the
Drell-Yan Z° boson production process:

daRes — di % eSeT’i@S , (158)
dgr  dqr

where op,, is the resummed and finite cross-section. As a result, the transverse mo-
mentum spectrum of the Z° boson can be divided into three characteristic regimes:
the non-perturbative region (g7 < my;), the resummation region (¢r < my;), and the
hard region (g > my;). To ensure a consistent description, the resummation region
must be properly matched to the hard region, thereby preventing double counting of
emitted partons. The resummation of soft and collinear radiation can be performed
through several approaches, traditionally using transverse momentum factorisation
theorems, TMDs, or parton shower algorithms.

On the opposite, in the EW Zjj production, and particularly in the VBF Z process,
does not require QCD resummation. The VBF Z process is purely electroweak at
leading order and proceeds via the ¢-channel exchange of a weak boson between two
quark lines, with no colour connection between the scattered quarks. As a conse-
quence, the pattern of soft and collinear QCD radiation is strongly suppressed, and
the large logarithms that spoil the convergence of the fixed-order expansion in QCD-
induced processes, such as log(M3 /p3) terms at low pr, do not arise. The fixed-order
electroweak calculation therefore remains reliable across the relevant phase space.
Further advancements in the formal treatment of QCD corrections to vector boson
fusion processes are discussed in detail in [41-44|. Comprehensive studies addressing
the incorporation of both QCD and QED corrections in hadronic electroweak boson
production can be found in [45, 46].

Parton Showers

Parton showers (PS) resum multiple quark and gluon emissions through an iterative
evolution of incoming partons on an event-by-event basis. PS keep the final-state
kinematics fixed to preserve momentum conservation, respect physical symmetries,
and ensure compatibility with both higher-order calculations and hadronisation
models. Consequently, the evolution proceeds backwards, incorporating Sudakov
factors to ensure probability conservation and theoretical consistency in initial-state
shower algorithms within perturbative QCD [47].

Considering the standard approach, parton showers are derived from the DGLAP
evolution. In this context, the Sudakov form factor can be expressed as described
in Eq. 1.47. There, a parton evolves from an initial energy scale p, to a higher scale
1 by generating the momentum fraction z of the emitted particle according to the
splitting function P, (2). In this context, if the computed y’ lies outside the interval
between iy and p, the emission does not occur, and no branching takes place in the
evolution, as already stated in Section 1.2.2. However, in a backward evolution, the
previous procedure is inverted, meaning the evolution is performed from the final
energy scale p to the initial one p, this is translated into an additional constrain
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in Eq. 1.47:

Backward uz dl’[’/Q Fdun (R) 2 fb (ZE/7 :ulz)
Aa =exp | — Z /'2 —Iu,2 / dZPab (OKS(,M ), Z)m > (159)
b s Eg a Y

This procedure guarantees that the parent parton participating in the splitting pro-
cess was originally part of the hadron. The total transverse momentum, obtained by
combining the contributions from the emitted radiations and the intrinsic transverse
momentum of the incoming partons, is subsequently transferred to the final-state
particles. The non-perturbative intrinsic transverse momentum is then modelled
using a Gaussian distribution.

Modern Monte Carlo event generators model QCD radiation through parton-shower
algorithms that iteratively approximate the all-orders structure of soft and collinear
divergences via successive 1 — 2 splittings. Variants of these algorithms differ
mainly in the choice of evolution variable and the implementation of colour co-
herence. Virtuality-ordered showers, used in early versions of PYTHIA [48], evolve
in decreasing off-shellness Q* and require angular vetoes to restore soft-gluon co-
herence. Angular-ordered showers, as in HERWIG, employ the emission angle as the
evolution parameter and thus implement coherence by construction [49]. Transverse-
momentum-ordered showers, adopted in PYTHIA 8 [48], evolve according to the
emission hardness p;, providing an intuitively physical ordering that facilitates con-
sistent merging with multi-leg matrix elements. Dipole and antenna showers, im-
plemented for instance in SHERPA [50] and VINCIA [51], treat radiation as emitted
from colour-connected parton pairs, naturally capturing coherence effects and main-
taining close correspondence with NLO subtraction formalisms.

For initial-state radiation (ISR), shower evolution proceeds backward from the hard
scale to the hadronic scale, with the no-emission probability encoded in an ISR
Sudakov factor containing ratios of parton distribution functions. This construc-
tion, formalised in the PDF2ISR framework [52], preserves the inclusive PDFs and
ensures consistency between ISR evolution and DGLAP dynamics, an essential re-
quirement for precision predictions in processes such as Drell-Yan and electroweak
boson production.

1.2.5 Hadronisation

The EW Zjj process involves a dijet system as part of its final state. These jets
are the result of a hadronisation process, in which the original high-energy quarks
and gluons produced in the hard scattering evolve into collimated sprays of hadrons
through non-perturbative QCD dynamics. This hadronisation process transforms
colour-charged partons into colour-neutral hadrons, allowing them to be observed
as jets in the detector [53].

Hadronisation can be studied through fragmentation functions in processes where
the final states originate from QQCD interactions, such as the Drell-Yan mechanism.
These fragmentation functions quantify the probability density that an outgoing
parton will produce a hadron h [54|. In contrast, within the EW Zjj production,
particularly in the VBF Z channel, the Z° boson is produced via the fusion of
two W™ bosons exchanged between initial-state quarks. This mechanism proceeds
through a colour-neutral exchange, unlike typical QCD processes involving colour-
charged partons, and therefore leads to a suppressed hadronic activity in the central
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region. As a result, the modelling of hadronisation in this case becomes less direct,
relying instead on non-perturbative techniques implemented in parton-shower Monte
Carlo event generators. These generators typically employ two main approaches to
simulate the hadronisation process:

e The Lund string model: describes the confining colour field between quarks
and antiquarks separated by distances exceeding approximately one femtome-
ter as a relativistic string characterized by a constant tension, reflecting the
linearity of the confinement potential. When the energy stored in the system
surpasses the energy associated with the string tension, the string breaks. This
process leads to the creation of a new quark—antiquark pair from the vacuum,
where the newly formed quark (or antiquark) subsequently combines with the
corresponding antiquark (or quark) from the previous configuration [55].

e The cluster model: is founded on the principle of pre-confinement, where
gluons, carrying both colour and anti-colour charges, undergo non-perturbative
splitting into quark—antiquark pairs. These pairs subsequently form primordial
clusters, with each quark ultimately combining with an antiquark to produce
colour-neutral states [56, 57|.

Additionally, in recent years, Machine Learning (ML) and data-driven approaches
have begun to be explored as tools for improving hadronisation modelling. One of
the first proofs of concept in this direction is provided by MLhad [58], an ML frame-
work whose architecture is built upon conditional sliced-Wasserstein autoencoders
(cSWAE). The ¢SWAE is a type of generative model designed to learn complex
conditional distributions by minimizing the sliced-Wasserstein distance between the
data and the model-generated samples [59]. In this context, MLhad is trained on
simplified Pythia-generated kinematic distributions corresponding to pion emissions
within the restricted Lund string model, with the training restricted to strings end-
ing in light quark flavours.

Another recent development involves the application of deep generative models to
hadronisation through a two-tier Generative Adversarial Network (GAN) framework.
A GAN consists of two neural networks, a generator and a discriminator, engaged
in an adversarial optimisation process in which the generator aims to reproduce
the true data distribution, while the discriminator seeks to distinguish between
genuine and synthetic samples [60]. In this specific configuration, the generator
operates at the parton level, whereas the discriminator is defined at the hadron
level. This approach has demonstrated the ability to reproduce key features of
the Herwig cluster hadronisation model in a simplified configuration constrained
to pion production [61]. Although ML-based and deep generative hadronidation
models have demonstrated promising results in proof-of-principle studies, they have
not yet been widely adopted for mainstream phenomenology applications.
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Chapter 2

Theory and Phenomenology of Z
Boson Production

In proton-proton colliders such as the LHC, the dominant production mode of the
Z" boson is the Drell-Yan process, where a quark and antiquark from the colliding
protons are annihilated at leading order via the s-channel, producing a Z % hoson that
subsequently decays into a lepton-antilepton pair: ¢§ — Z° — [71~. This topology
constitutes an excellent tool to perform PDF fits and study the PDF dependence in
x, mainly for low-to-moderate x values.

In contrast, the electroweak production of the Z° boson with 2 jets, referred to as
EW Zjj, involves the set of processes that produces a Z° boson in association with
two jets solely via electroweak interactions at leading order ((’)(O/}EW) when consid-
ering the leptonic decay). This is defined as the t-channel exchange of a weak vector
boson, which includes Z-boson production via vector boson fusion (VBF), Z-boson
bremsstrahlung and multi-peripheral production, forming a gauge-invariant set. In
this case, the kinematic selections typically require large dijet invariant mass and
significant rapidity separation, isolating regions where initial-state quarks carry high
momentum fractions, thereby providing direct sensitivity to the v and d quark PDFs
at high x, which are difficult to constrain with more inclusive processes. Differential
measurements enable bin-by-bin PDF' validation in electroweak-enhanced regions,
complementing global PDF fits especially in high-z and forward acceptance domains.
Furthermore, due to its similar kinematic characteristics and sensitivity to PDFs as
VBF Higgs, this approach offers a critical validation tool for PDFs in the phase
space relevant to VBF Higgs and beyond the Standard Model electroweak investi-
gations. Moreover, among the different topologies which contribute to the EW Zjj,
the VBF Z constitutes an excellent tool to investigate the W= boson densities.
The differential cross section as a function of the dilepton transverse momentum,
P provides critical insight into the three-dimensional momentum structure of the
proton through the study of Transverse Momentum Dependent (TMD) parton dis-
tribution functions.

2.1 Inclusive production of Z boson
In the current thesis, the inclusive production of the Z° boson refers to the inclusion

of both the Drell-Yan (see Fig. 2.1) and the electroweak (EW) production of the Z°
boson (see Fig. 2.2). Section 2.2 presents the formal calculation of the Drell-Yan
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Z° boson inclusive cross section and differential cross section with respect to the
energy scale Q? and the dilepton transverse momentum p4. Section 2.3 introduces
the topologies which form the electroweak production of the Z° boson and displays
the formal calculation of the cross sections for the VBF Z. Finally, Section 2.4 shows
a comparison of Drell-Yan, EW Zjj and VBF Z at particle level.

2.1.1 Drell-Yan production of Z boson

The cross section of the Drell-Yan (see Fig. 2.1) production of the Z° boson is
computed following the calculation presented in Refs. [1, 40]. The general partonic

d 9

Figure 2.1: Representative Feynman diagrams for Drell-Yan production in associa-
tion with dijets, from Ref. [62]

cross section for qq — Z2° — 171 is

1 [
() = %/\Mﬁd%. (2.1)

Here $ is the partonic centre-of-mass energy squared, |./\/l\2 is the squared amplitude
averaged over initial spins and colours and d®, is the 2-body phase space element.
The amplitude for q(p,)@(ps) — Z — €7 (k)€ (ky) is

_ng,l/ _

vy !l L5
u(k — v(ky) , 2.2
§— MZ1iM,T, (k)" (9v — ga7")v(k2) (2.2)

M = 5(pa)7" (g% — 947 )ulp:)

2 cos Oy,

where g{; = 2 (Tgf —2Qy sin® 9W> is the vector coupling constants for the

g

ng is the axial coupling constants for the fermion f, T. ?f is

fermion f, gf; =

weak isospin of fermion f, @ is fermion electric charge, M, and I'; are Z° mass
and width. Consequently the squared amplitude after averaging over initial spins
and colours is

4 A2
g S

11
3 4 costOy (38— M2):+ MTS

M = (687 + 800V +g40)] . 23)

where the prefactor 1/3 corresponds to the colour average and 1/4 to the spin
average. In the current scenario, since it involves a 2-body final state, the integration
over the phase space element reads:

!

k] Vs

1 3}
Dy, = — Q ith = —. 2.4
/d 2 = g with [F = (2.4)
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As a result, after integrating over the solid angle €2, the partonic cross section is:

11 4 3
0(8)2541277 1 N 2.2 22
cos Oy (8 — Mz)" + M7y

(98" + %7)(gv” + g4°) - (2.5)

Then, as mentioned in Chapter 1, the hadronic cross section is obtained via convo-
lution with PDFs:

Z/ d901/ oo fy (@1, 1) f(2a, 15)5(3 = 21795) . (2.6)

Here f, is the PDF for quark g carrying momentum fraction x, y is the factorization
scale, often considered pup = M, and § = x,x9s where s is hadronic centre-of-mass
energy squared. Then, a change of variables is performed: 7 = x;zy = §/s:

Z/ / 7fq x1) fe(T/21)6(8 =75) , (2.7)

Tmin

where 7,,;, = 4m} /s = 0 for electrons or muons. Finally, the hadronic cross section
for the Drell-Yan production of the Z° boson is

1 94 21295(9%° + 947 (v + 94%)
Z/ dl‘l/ dZL'qu l’l ) 172 v 4 v GI) . (28)
36’“— COS GW (l‘lﬁUQS — Mz) + MZFZ

In addition, the hadronic differential cross section with respect to the invariant
energy squared Q* can be obtained by introducing a delta function in Eq. 2.6 as:

-3 / dz, / A [, 103) Fy(n, 1)3(Q — 1096 (5 = Q7). (29)

Then, after evaluating the delta function, the differential cross section is rewritten
as:
2 2
d
5(Q2 — T1T98) = Xy = Q77 dxg = o )
T8 1S

d331 o s (@0 2\ .. o
Z// - ,HF)fq<$13,MF>U(S—Q)-

And by introducing the partonic cross section in it, the differential cross section
finally reads as

(2.10)

do 1 g4
dQ2 36ms cos® Ow

[ ey (s A
gy TR 25T ) QP - MR+ MY

2 l2 ¢ 2
(L% + %) (gv” + g4°)
(2.11)

The hadronic differential cross section with respect to the dilepton transverse mo-
mentum p} is obtained at NLO in QCD, since at LO the Z boson is produced with
zero transverse momentum. Therefore, to get a nonzero Z° pé,l«, at least one extra
real parton is needed in the final state, therefore both channels: ¢q¢ — Zg and
qq — Zq where Z — "1 are needed.
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First, kinematic parameters are defined: the partonic CM energy is § = (p; + p2)2,
the Mandelstam variables are: ¢ = (p; — q)°, @ = (py — )%, the squared Z°

2 ti—My 3 . Lo 2
boson transverse momentum: p7 = “—%°. Then, solving for ¢ in terms of p7:

t = 3 <M§ -5+ \/(§ — M3)? — 4§p2T> with integration limits: 0 < p7 < (§ —
M7)*/(43).
For q7 — Z"¢ the spin- and colour-averaged squared amplitude is:

1 2 92 q2 q2 £2+ﬂ2+2M%§
§gs (gV +gA ) I%L

A2
(Mlggoszg = , (2.12)

2
cos” Oy

where g2 = 47ma, and a, is the strong coupling at scale pp and similarly, ¢> = 47a
and « is the weak coupling constant.
For qg — Z°q the spin- and colour-averaged squared amplitude is:

. 1, ¢ 42 g2 8 +@ +2M5t
= . 2.13
‘M’gq—>Zq 3295 C082 (gw (gv + ga ) —50 ( )
Consequently, the partonic differential cross section in p is
dé,; 1 5 1
et L] 2 22 (2.14)
pr 167 V1 4935/ (5 — M2)
where 7, 7 = qq, qg, @g. Then, the hadronic differential cross section reads
do 1 1 dé;;
5 = Z/ dwl/ dwzfi(xl,ufv)fj(wayu%)%(s = 3719523719%7#%%) ) (2.15)
de ij 0 0 de

where pp is the renormalization scale and pp is the factorization scale, with the
integration limits: ©,245 > M3 + 2pp\/ Mz + p7 which correspond to the kinematic

C e U (—-M2)?
threshold and the partonic limit: 0 < pp < =—7%-.

2.1.2 Electroweak production of Z boson

As explained in the introduction of the current chapter, the EW Zjj process includes
the contribution from the VBF Z, Z-boson bremsstrahlung and multi-peripheral pro-
duction in a gauge-invariant set, as shown in Fig. 2.2. Gauge cancellations cause

q q q woe q q
Z
poye uhet A w,e”
w VA
w-
utet w* q 7 utet
q q q q q q

Figure 2.2: Representative leading-order Feynman diagrams for EW Zjj production
at the LHC: vector boson fusion (left), Z-boson bremsstrahlung (centre) and multi-
peripheral production (right), from Ref. [63].
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strong negative interference between the VBF process and the other two production
modes, with the bremsstrahlung-like process giving the largest contribution. Inter-
ference with multi-peripheral production only occurs when the dilepton mass is close
to the Z boson mass, as stated in Ref. [64]. As a result, it is not possible to claim
an absolute dominance of any of these three individual processes when considered
independently due to their overlapping contributions. However, once a specific kine-
matic selection is applied, such as one enhancing the VBF Z production, the VBF
topology becomes the dominant component in the measured electroweak Zjj yield.

2.1.2.1 Vector Boson Fusion production of Z boson

As discussed in the works of Zeppenfeld and collaborators [65, 66|, the electroweak
Zjj process comprises Feynman diagrams such as the ones depicted in Fig. 2.3,
among which the charged-current contributions (diagrams a, b, ¢, d, and g) dominate
due to the stronger quark coupling to the W boson compared to the photon and Z.
Within the narrow-width approximation, this subset forms a gauge-invariant set, as
explained in [66]. For the selection described in Section 2.2, corresponding to the
experimental analysis in Chapter 6, the relative contributions at /s = 13 TeV are
approximately 70% from (a)+(d), 20% from (b)+(c), and about 10% from (g), as
typically computed with Monte Carlo tools [67] and illustrated in Fig. 2.9, where the
ns distribution shows, in green, the VBF Z contribution corresponding to 10% of
the electroweak Zjj yield, shown in blue. However, under the typical vector boson
fusion (VBF) phase-space selection, characterized by very forward jets, a large dijet
mass threshold (~ 1 TeV), and described in detail in [65], diagram (g) provides the
leading contribution, an assumption adopted in the present section.

2 1
W W
33— 4 3 4
5 (b) 5

——éz s —o—éfﬁf<

| —— 2 1 S
W

6 6
5
2
W,
3—>——>—4 3 g
(c) (d)
| —————2 | —— 2
yA z
f ——w— 5 [——¢6
z : i
3I——L 4 3—»—2‘—>—4

(g)

Figure 2.3: Complete set of Feynman graphs for EW Zjj production, modified
from [66].
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The VBF Z production at the LHC at LO is: q(p;) + @ (p2) — a(ps) +7 (ps) + Z(k),
which from a quark perspective is: u(py) + d(p,) — u(ps) + d(ps) + Z(k) with t-
channel propagators t; = (p; — p3)%, ta = (py — ps)*. This process involves t-channel
W= exchange to produce the Z° boson, which constitutes the main charged-current
contribution.

As previously explained, the full amplitude is M = Y7 M,. Here the gauge-
invariant VBF Z is composed by two types of contributions: fermionic Z emission
(diagrams (a)-(d) in Fig. 2.3) and triple gauge vertex Z emission (diagram (g)), but
only the latter will be explicitly considered for the current discussion.

The matrix element for the triple gauge vertex Z emission reads:

_ e _Z q Ocq
= ) (s 20)

t, — M, M
_ 8 —i qmm) (2.16)
X U(py) Uiy v(po) ——— <g —
(4)W(2)t2_ 7 35 V2

X Vﬁﬂsu(‘]h q2, k) eu(k) .

This matrix element factorizes into five distinct terms representing the complete t-
channel W™ -exchange topology with WWZ vertex emission. The term @(ps) Ty u(p;)
describes the upper quark charged-current vertex where the incoming wu(p;) emits

a W™ boson and scatters to the outgoing u(ps), with 'y, = f/—%v"‘PL. The lower

antiquark current @(p,)Tyov(py) describes the charge-conjugate process d(p,) —
d(p,) + W™, with index o contracted between the two currents. The t-channel w*
—i(gay —Gady/Miv)
ty— My
projector ensuring transversality. The WWZ triple gauge vertex V**(q, k) connects
the exchanged W (index ) to the outgoing Z boson (index x), while €, represents
the Z polarization vector (summed over physical polarizations). Here the WWZ
triple gauge vertex is:

VI (q, k) = g™ (2q — k)’ + g""(k —q)" + ¢"" (¢ — k)" . (2.17)

propagators carries momentum ¢ = p; — ps with the standard gauge

This WWZ vertex describes Z emission from a t-channel W propagator with in-
coming momentum ¢ (index ) and Z momentum k. The first term ¢""(2¢ — k)”
couples the incoming W Lorentz indices ~, u directly to the outgoing Z index p
through momentum conservation 2¢ — k = g+ (¢ — k). The second term ¢"*(k — q)”
contracts the intermediate W* (¢ — k) index p with Z index p, carrying the momen-
tum kick (k — ¢)” back to the incoming W. The third term ¢””(q — k)" completes
the cyclic gauge structure by coupling incoming W index ~ with outgoing Z index
p, with (¢ — k)" along the continuing W* propagator, satisfying the Ward iden-
tity ¢,V = 0 for the single propagator emission topology. Here the coupling is

gwwz = —ecotby,. The spin- and colour-averaged squared matrix element is:
—_— 1 1
2 2 2
|Mg| = 2 Z |Mg| =1 Z |Mg| ) (2.18)
2: NC spins,pol 18 spins,pol

behaving as:

1

IM|* o —— (2.19)
B a1

where for small ¢;, each propagator term (¢; — MVQV)_1 in Eq. 2.16 effectively maps to

a factor (p?p + ]\/[3[/)_1, reflecting the characteristic behaviour of the t-channel W=

fusion in the VBF Z topology, as illustrated in the distributions of Section 3.5.
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2.2 Phenomenology of inclusive and electroweak
production of Z boson

The production of the Z° boson is dominated by the Drell-Yan process, with elec-
troweak production and especially the VBF topology being subdominant. To inves-
tigate this behaviour, both the Drell-Yan and electroweak Zjj samples were sim-
ulated using MadGraph5_aMCONLO [68] with the NNPDF31_nnlo_as_0118 PDF set,
and interfaced to Pythia [69] for parton showering and hadronisation. The VBF Z
process was simulated with Powheg [70| using the PB-TMDNLO-HERAI+II-2018-set?2
PDF set, and likewise interfaced to Pythia [69]. Then a Rivet [71] plugin was de-
veloped, implementing a series of basic kinematic cuts at particle level, and a set
of additional cuts to enhance the VBF topology, denoted as VBF Z-enhanced
selection (see Tab. 2.1).

Inclusive selection ‘ VBF Z-enhanced selection
Z peak: 75 GeV < My < 106 GeV, Nj.ptpns = 2
I < 2.4, |n;| <47
PTyepions > 20 GeV, pr,.,, > 30 GeV

No additional cuts pri,, > 40,20 GeV
prj,, > 50,50 GeV
Njets Z 2
M;; > 200 GeV
Ad, < 2.8
|An;;l > 1.5

Table 2.1: Fiducial selection at particle level implemented in the Rivet plugin.

The resulting particle-level distributions, shown in Figs. 2.4-2.9, illustrate the con-
tributions of the different production topologies under these selections. In these
figures, Drell-Yan Z° production (QCD background) is depicted in red, electroweak
7" production (EW Zjj) in blue, and VBF Z° production (VBF Z) in green, clearly
highlighting the relative impact of the various cuts and topologies.

Overall, in all distributions the inclusive selection yields rates approximately one
order of magnitude higher than the VBF Z-enhanced selection.

In the dilepton transverse momentum distribution, pr, shown in Fig. 2.4, both
selections exhibit similar shapes, although the peak is “shifted due to the leading
lepton py > 40 GeV requirement.

For both leading (Fig. 2.5) and subleading (Fig. 2.6) jets, the absolute pseudorapidity
distributions |n| of the EW Zjj and VBF Z signals are flat in the range 0 < |n| < 2.5
under the inclusive selection. In the VBF Z-enhanced selection, however, they
exhibit a mild rise in this central region, followed by a steeper decrease for 2.5 <
In| < 4.5. The QCD background shows the opposite trend: a slight decrease between
0 < |n| < 2.5 in the inclusive selection, and an approximately flat behaviour in
the same range for the VBF Z-enhanced selection, with a more pronounced fall-
off beyond |n| ~ 2.5 in both cases. These features arise from the kinematic cuts,
particularly the |[An;;| > 1.5 requirement, preferentially select events where the two
jets arise from forward-backward VBF topology. In this process, each proton emits
a W™ boson, which then fuse to produce the Z° boson at central rapidities, while

Chapter 2 40



CHAPTER 2. THEORY AND PHENOMENOLOGY OF Z BOSON
PRODUCTION

.Z) 1 ErrTT T TT L T TT ‘ T TT ‘ T TT ‘ T TT ‘ T ﬂ FrooT L T TT L ‘ T TT ‘ L ‘ T TT ‘ TT 177149
= E 3 =1 L 4
g E —— QCD bckg CR —+— QCD bekg
® —+— EW Zj 1 Pt e —+— EW Zjj 3
1071 = —— VBFZ = F —+— VBFZ 3
1072 ¢ — 1073 -
1073 = = [ 7
F 3 074 5 E
1074 E — E |
:\ ! ‘ [ ‘ [ ‘ [ ‘ L ‘ [ ‘ L ‘ LT L L ‘ [ ‘ L ‘ [ ‘ [ ‘ [ ‘ [ ‘ ! \7
l L ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T \7 3 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ L \7
1.4 1.4
13 E E 13 & E
1.2 = — 1.2 & —
g e e 8 e oA
iz 1 PHTTITITITITS
0.8 & = 0.8 _t
0.7 E- E 0.7 _:
8% T Ll ‘ L1l Ll ‘ L1l L1l ‘ L1l ‘ L1l ‘ Ll T 8? 3 L1 ‘ Ll L1l ‘ Ll L1l ‘ Ll ‘ L1l ‘ L1 \T
o 50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400
prup (GeV) Prup (GeV)
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region (right) normalised to the cross section.

the initial-state jets recoil to forward and backward regions of the detector.
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Figure 2.5: Leading jet |n| distribution for the inclusive selection (left) and VBF Z-
enhanced region (right) normalised to the cross section.

The leading (Fig. 2.7) and subleading (Fig. 2.8) jet transverse momentum distribu-
tions exhibit a similar falling behaviour for all processes and selections. The primary
difference is the location of the peak: in the VBF Z-enhanced selection it occurs at
pr =~ 80 GeV for the QCD background and at p;y ~ 130 GeV for the EW Zjj and
VBF Z signals, whereas in the inclusive selection all processes peak at pr &~ 50 GeV,
reflecting the looser transverse momentum requirements. This shift arises because
the VBF Z-enhanced region selects a phase space dominated by the VBF-like topol-
ogy of the EW Zjj process, where W=+ bosons radiated from the incoming protons
fuse to produce the Z°, which, through kinematic requirements favouring large dijet
mass and rapidity separation, naturally selects harder jets with higher pp.

From the distributions included in this section, one of the most relevant ones is the
n3 defined as 73 = y;o — y’OTﬂ/ﬂ (Fig. 2.9), which measures the rapidity position of
the third jet relative to the centre of the VBF tagging-jet system. This observable
clearly shows its discrimination capacity between a VBF Z enriched topology and
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a DY dominant one when a VBF Z-enhanced kinematic selection is applied [6].
Fig. 2.9 presents how in the VBF Z process, the emission of an extra jet inside the
gap is colour-suppressed leading to the characteristic gap around 73 = 0. In contrast
with the EW Zjj curve, where a slight less pronounced suppression is observed due
to the leading contribution from the VBF Z. Finally, the curve corresponding to
the QCD background, shows an higher number of events around 73 = 0 due to the
colour exchange and consequently larger central radiation.
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Chapter 3

Electroweak corrections

Modern experimental facilities such as the LHC have reached unprecedented preci-
sion in their measurements. For several processes, the experimental uncertainties
are now comparable to, or even smaller than, the theoretical ones [72]. This progress
demands improved theoretical predictions to ensure a consistent interpretation of
the data. Two fundamental ingredients in this context are the partonic cross section
and the PDFs, introduced in Eq. 1.33 of Section 1.2.1.

As discussed in Section 1.2.2, PDFs are determined by fitting an initial distribution
at a reference scale py and evolving it perturbatively to a higher scale u, while
partonic cross sections are themselves perturbative quantities. The accuracy of both
components can be systematically enhanced by including higher-order perturbative
corrections. Although such expansions are predominantly expressed in terms of
the strong coupling «,, electroweak effects become increasingly significant at high
energies [73|. In particular, the electroweak production of the Z boson, especially via
vector boson fusion (VBF), is highly sensitive to electroweak corrections, as explored
throughout this work.

Corrections are classified as virtual or real. Virtual corrections arise from loop
diagrams involving virtual particles, while real corrections correspond to the emis-
sion of additional real particles in the final state. These corrections apply to both
massless and massive particle production processes. For massless particles, correc-
tions introduce infrared or mass singularities, which cancel against those from real
corrections; for massive particles, the mass acts as a regulator, preventing such sin-
gularities. In Abelian theories like QED, the Bloch-Nordsieck (BN) theorem |[74]
governs the cancellation of divergences, whereas in non-Abelian theories such as
QCD, the Kinoshita-Lee-Nauenberg (KLN) theorem [75] is employed.

This chapter presents the nature of virtual and real corrections in Sections 3.1 and
3.2, then Section 3.3 explores the contribution from EW bosons in parton, photon
and heavy boson densities and the appropriate treatment of heavy boson masses.
Section 3.4 validates heavy boson densities through DIS HERA data. Finally Sec-
tion 3.5 discusses the application of heavy boson TMDs to VBF Z production.

As presented in Section 2.1.2, the EW Zjj process, when simulated in a non-
restrictive way, apart from VBF production, it includes Z°-boson bremsstrahlung
and multi-peripheral topologies. Therefore, since the VBF Z is the focus of the
phenomenology studies presented in this thesis, the analytical form of the EW cor-
rections will be explained with respect to its Feynman diagram.
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3.1 Virtual corrections

Virtual electroweak (EW) corrections modify both the total VBF Z cross section
and the shapes of key differential observables, such as pr;, pr;;, m;;, and angular
correlations between the Z boson and the tagging jets, Ad, ;. [76, 77]. In the
kinematic regime relevant for VBF (large space-like momentum transfers along the ¢-
channel lines and large invariant masses), the dominant effect is a negative correction
of several percent, increasingly driven at high scales by Sudakov double logarithms
of the form 1n2(]\?[—2>, with V = W, Z, which grow with the typical hard scale @) in
the event [78|. T hgse logarithms originate from virtual soft-collinear W, Z exchange
and are particularly relevant in the high-m,; and high-p; tails used to enhance the
VBF-like topology over backgrounds.

The discussion below is structured according to the three categories of one-loop
electroweak corrections contributing to the VBF Z amplitude: self-energy insertions
on internal gauge-boson propagators and external fermion legs, vertex corrections
to the ggWW and WW Z interactions, and box diagrams linking the two quark lines,
as stated in Ref. [79]. To facilitate the analysis of these contributions, the VBF Z
process (see Fig. 3.1) is decomposed into its basic vertex components.

q q

Figure 3.1: VBF Z Feynman diagram.

General expressions and renormalisation prescriptions follow the conventions of Den-
ner and collaborators |76, 80, 81].

3.1.1 Gauge-boson and fermion self-energies

Significant electroweak corrections originate from self-energy insertions on space-like
W= and Z° bosons exchanged in the t-channel. Following W. Hollik’s lectures on
Electroweak Theory [82], the W= and Z° boson self-energies can be expressed in

terms of scalar functions ©""7, as given in Eq. (43) of [82]:

S’ =g, 8" 4 (3.1)

In the 't Hooft-Feynman gauge (£ = 1), this modifies the propagator to

_ig,uu
2 2 W,Z, 2
¢ — Myz+3X77(q)

: (3-2)

as shown in Eq. (45) of [82]. The one-loop self-energy corrections for gauge bosons
and fermions are discussed in detail in Appendix B of Denner’s review on electroweak
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corrections [76]. Expressed in terms of Passarino-Veltman functions [83], these self-
energies exhibit logarithmic asymptotic behaviour at high energies: for ¢* > Mgv 7,
the W and Z self-energies scale as ln(q2/M3V,Z), while for p* > MVQV,Z,m?, the
fermionic self-energies scale as ln(p2 /Mgv z) for light fermions. Here, ¢ denotes
the momentum transfer of the t-channel W* boson, and p* the momentum of the
external fermion in the loop.

3.1.2 Vertex corrections: ggW and WW Z

wt pz pz
®, %jjﬁ«/vxwzo ,- M
WD, p,

Figure 3.2: Virtual EW corrections to WTW ™2 vertex (left) and q¢'W™* vertex
(right).

The two vertices controlling the VBF Z amplitude are the charged-current ¢;q; W=

vertices on each quark line and the central WTW~Z° triple-gauge vertex (see
Fig. 3.2). The qiquVjE vertex at tree level is given by

1 _
=9 'p where P =- 15 (3.3)

tree \/5 9

Then, a one-loop vertex correction can be introduced, mediated by an internal
vector boson, while a fermion-antifermion pair may appear in loops involving Z° or
~. The corresponding loop amplitude is then given by the standard expression:

2 4
v . d k o p - /k+m L
(k) = g /’Y (ey —eay”) ———L -~

i
1672 ) (2m)* (p, — k) — mfc (3.4)
<p3 o k)Q N m? \% A ]{;2 _ M‘Q/

Then, following Michael Melles’ calculation in Sec. 2-3 of “Electroweak radiative
corrections in high energy processes” [84], the leading high-energy contribution from
soft /collinear regions of this integral yields the universal Sudakov double logarithm
AT  In? Af[—;v.

Similarly, the renormalised WW Z vertex is parametrised as stated in Chapter 2 in

Eq. 2.17 and applying similar techniques, in the high energy regime the correction
is led by double logarithms as well |76, 84].

3.1.3 Box diagrams

Electroweak box diagrams connect the two quark lines through the exchange of two
gauge bosons, comprising charged-current (WW), neutral-current (ZZ2, vZ, vv),
and mixed (W Z, W+) topologies [80, 85| (see Fig. 3.3). As demonstrated by Darvishi
and Masouminia [85], and in accordance with the explicit treatment of electroweak
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a Zy q
Z
q Zly q

Figure 3.3: Virtual EW box correction to the VBF Z process from Ref. [85].

radiative corrections by Denner in [86] and Hollik in [87], these diagrams are ul-
traviolet finite and require no independent renormalisation counterterms. In the
high-energy regime s, |t| > My, the weak-box contributions display leading double-
logarithmic Sudakov behaviour:

e 12< ”'), (3.5)

1<J W

where s;; are Mandelstam invariants built from pairs of external legs and C;; depend
on the electroweak charges of the quarks [80, 81, 88|.

Numerically, box corrections to the inclusive VBF' Z cross section are typically at the
few-percent level, but they can become non-negligible in specific kinematic regions,
for instance, at large dijet invariant masses or in distributions sensitive to azimuthal
correlations between the tagging jets and the Z boson-motivating their inclusion in
precision predictions [77, 85.

3.2 Real corrections

The VBF Z process at LO is: ¢;(p1) + ¢2(p2) — q3(p3) + qu(ps) + Z(pz) where the
real EW corrections correspond to the emission of an extra boson q,qy — ¢3q4Z +

X, X=~W2Z.

3.2.1 Real photon emission

In vector boson fusion (VBF) production of a Z boson, real photon emission from
charged external quark legs can be approximated in the soft photon limit as a
factorized correction to the leading-order amplitude, as derived in Ref. [89]:

i€
M~ My - GZQiZﬁ, (3.6)

i

where the sum runs over charged external quark momenta p; with electric charges
Q,, € is the photon polarization vector, k is the photon momentum, and e is the
electromagnetic coupling. The central Z boson, being neutral, does not contribute
to photon emission.

The squared amplitude, including interference among photon emissions from differ-

ent legs, reads
Pi " D;

M, * = [Myol*e ZZQ &
J

(3.7)
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Integrating over the soft photon phase space below the energy cut-off AE yields
the soft correction to the cross section:

dgfgzﬁ'y = dULO . 5soft7 5s0ft = Cem Z QzQ]/ dgk 3 Pi pj . (38)
’ T E,<AE 2E,(27) (pi - k)(p; - k)

Real photon emissions become finite when combined with virtual photon correc-

tions, as the virtual photon loops cancel the infrared divergences from real emission
in agreement with the Bloch-Nordsieck and KLN theorems, as shown in Refs. |76,
90].
In VBF Z production, real photon emission constitutes a small but non-negligible
QED radiative correction, typically modifying the leading-order cross section by
about 1-2%, analogous to parallel studies of the VBF Higgs process with similar
phase space selections [91]. This effect arises primarily from photon radiation off the
charged tagging quark legs and is essential for infrared-safe, precise predictions. Ac-
counting for these corrections significantly improves the theoretical accuracy of VBF
7 processes, which serve as important benchmarks for electroweak measurements at
hadron colliders.

3.2.2 Real Z° and W= boson emissions

In pure electroweak VBF Z production, additional real Z or W* emission can
occur while preserving the characteristic ¢-channel W*-boson fusion topology and
tagging-jet kinematics. Such contributions arise from radiation off the external
quark legs or the exchanged vector bosons in the VBF diagrams. Owing to the
large weak-boson masses, these real-emission processes are suppressed by both the
coupling strength and the available phase space relative to the Born-level q¢ — qqZ
process, constituting a small higher-order electroweak correction. Although typically
much smaller than real-photon emission, they remain relevant for precision studies
of electroweak radiative effects 76, 78].

For real W™ emission, the charged-current nature of the interaction allows quark-
flavour transitions, leading to distinct flavour structures and kinematic distributions
compared with neutral-current radiation. The overall impact on the inclusive VBF
Z cross section is numerically small but becomes significant in precision electroweak
analyses and in kinematic regions where charged-current effects are enhanced [76,
78].

In summary, in VBF Z production, EW corrections at next-to-leading order arise
from several sources. Virtual W and Z self-energy corrections modify the t-channel
propagators, reducing the cross section by a few percent, especially at high energies
due to Sudakov logarithms. Vertex corrections at the g¢'Z and ¢¢'W interactions
similarly decrease the rate, and become more relevant in events with high momen-
tum transfer. Box diagrams introduce interference effects between quark lines, con-
tributing negatively but at the sub-percent level, while fermion self-energies ensure
proper renormalisation with negligible numerical impact. Real photon emission par-
tially compensates the virtual photon loops in the soft limit, mostly affecting soft
and collinear radiation and contributing at the percent level. Real W or Z emis-
sions contribute positively but remain small (< 2%) for inclusive cross sections [90],
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though they can be more visible in high-invariant-mass dijet events. Taken together,
the combined effect of virtual and real EW corrections reduces the inclusive VBF Z
cross section by roughly 5-10% at LHC energies, with stronger negative corrections
in high-py or high-dijet-mass regions, demonstrating the need for an appropriate
treatment of these contributions [92].

3.3 Electroweak contribution in particle densities

Complementing the broader studies presented in Chapter 2, Sections 3.1 and 3.2
further illustrate the significance of electroweak corrections in EW Zjj production
processes, particularly within the VBF Z topology. This underlines the broader im-
portance of the electroweak sector, which can also be investigated through the study
of parton densities. Therefore, the current section presents a fully parametrised de-
termination of parton densities from the extended DGLAP equation where both
photon and EW boson terms are included following the work presented in Ref. [93],
in which I am one of the main authors. This is implemented via the PB method due
to its flexibility when implementing physical constraints and its capability to obtain
both collinear and transverse momentum-dependent parton densities. The resulting
densities are available in LHApdf [94] and TMDIib [95, 96| format.

As stated in Section 1.2. the DGLAP evolution equation describes the parton prob-
ability density as previously shown in Eq. 1.41. This can be re-expressed in terms
of momentum-weighted PDFs, with partons carrying a momentum fraction x at an
energy scale u as

Mzﬁfa )z, 1%) Z/ z e 2)) 1, (3/}) ' (3.9)

dln 12

Following the notation from [31], the splitting function P, (=, ozeff(,uz)) can be
re-expressed so that non-branching probabilities and branching probabilities are
disentangled, according to the PB method, as explained in Chapter 1. In addition,
one of the main strengths of this method is its capability to obtain the transverse
momenta of the emitted particles once the evolution scale is matched to a physical
scale, which in the current derivation, is the rescaled transverse momentum from
angular ordering.

Since quarks can radiate not only gluons, but photons and heavy bosons as well,
the coupling ag present in the PB PDF derivation, is now substituted by the a.y,
as outlined in Eq. 3.9, which will adopt different values according to the particles
related to it.

In the case of QCD partons, a,.s; = ag, recovering the original scenario from Sec-
tion 1.2.2 as a result.

In the case of the photon, studies deriving their collinear densities are vastly present
in the literature [97-105|. In order to achieve a comprehensive description, both
the intrinsic and dynamical components of the evolution must be taken into ac-
count. This consideration becomes particularly relevant for studies at low x?, where
the intrinsic contribution dominates, as discussed in [99, 102, 105|. The intrin-
sic component is modelled via different methods: (i) through one-photon emission
off valence quarks in the leading-logarithmic approximation [102], (ii) by means of
a two-parameter ansatz motivated by valence quark radiation as implemented in
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CT14 NLO [99], or (iii) from an input distribution derived from the master expres-
sion based on deep inelastic scattering (DIS) data and elastic proton measurements,
commonly known as the “LUXqed formulation” [105]. Nevertheless, the current
study focusses on the high energy regime while keeping consistency between the
photon and the heavy boson treatment, and therefore the intrinsic component of
the photon is neglected. The effective coupling for the photon is a.rf = ey,

In the case of heavy bosons, effective heavy boson densities were initially explored
in Refs. [106-109]. Here the Z° and W™ bosons are initially considered as partons
inside the proton, leading to the so-called “Effective W= /Z° Approximation (EWA)”,
and the inclusion of a transverse momentum dependence was exposed in Ref. [110].
Additionally, treating heavy bosons similarly to gluons or massless photons in the
high energy regime, has been experimentally supported by measurements performed
at the LHC |26, 111].

The effective coupling for the heavy bosons can be extracted from ¢,;q; cross section
in terms of the Weinberg angle, 6, the vector and axial couplings of the Z° boson to

the fermions, V; and A; and the CKM matrix element, V, , as:

7y = —a (VP + A% (3.10)
4sin” Ocos” 0
em!Vagl”
Wy = SemlVadl (3.11)
4sin” 0

In addition, in the massless limit at LO, the splitting functions for EW topologies
are the same as the ones from QQCD partons up to the coupling and different colour
factors. For simplicity, an average over all the polarised states is considered and
any longitudinal contribution is neglected in this stage. In this section, the term
“particle densities” is used in place of parton densities to emphasize the inclusion of
photon and heavy boson contributions.

3.3.1 QCD densities

The particle densities at the initial energy scale p, are determined from a fit to
deep inelastic scattering (DIS) data from HERA [112], following the methodology
described in [113]. The fit is performed using UPDFEVOLV [114] within the XFITTER
framework [115], where the different parton flavours are parametrised as

xg(x) = Ag:CBg(l - 33)09 - Algq:Bg(l - :13)09,
zuy(2) = Ay, 77 (1= 2) 7 (1+ B, o),
wdy(x) = Ag 2% (1 — 2)%, (3.12)
2U(z) = AgzP0 (1 — 2)“0 (1 + Dgzx),
zD(x) = Apz®P(1 — 2)°P

To extend this approach beyond the QCD framework, a new fit is carried out to
simultaneously include contributions from quarks, gluons, photons, and heavy elec-
troweak bosons, which is further described in [93]. This generalisation enables a
unified description of all particle densities within a consistent theoretical setup.
The fit is performed in two regimes, as described in [113]:

e Set 1: employing ag(q), where ¢ denotes the propagating particle virtuality
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e Set 2: employing ag(q), with ¢, = ¢(1 — 2) corresponding to the transverse mo-
mentum of the emitted particle.

Uncertainties are evaluated following the procedure in [113]. Statistical and system-
atic uncertainties are derived using the Pumplin method [116], while model uncer-
tainties are assessed by varying the initial scale, quark masses, and the minimum
value of ¢, in the Set 2 configuration. The resulting fit yields a slightly higher y*
compared to the QCD-only case, reflecting the increased complexity introduced by
the additional particle degrees of freedom.
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Figure 3.4: The collinear density for PB Setl at u = 100 GeV as a function of x for
the up quark (left), down quark (centre) and gluon (right).

The collinear quark and gluon densities obtained from the fit are shown in Fig. 3.4
at u© = 100 GeV. Experimental and model uncertainties are displayed separately
in red and blue, respectively. The uncertainty band is largest at high x, where
the dynamics are dominated by quark contributions and by modelling uncertainties
inherent to the QCD description. These features reflect the theoretical framework
adopted for the evolution of the particle densities.

In this framework, the QCD contribution is included up to next-to-leading order
(NLO), while the QED component is treated at leading order (LO), consistent with
the hierarchy o, ~ o%. This choice ensures that the deep inelastic scattering (DIS)
structure functions remain consistent with standard QCD results. Throughout the
evolution, a fixed value of a,, = 1/137 is used for simplicity. Furthermore, the
intrinsic photon component and the interference between the photon and the Z°
boson are neglected, as discussed previously, yielding a cleaner and theoretically
consistent setup for the particle density evolution.

3.3.2 Photon densities

The collinear density for the photon is shown in Fig. 3.5 at u© = 100 GeV. Here,
the experimental and model uncertainties are shown separately in red and blue
correspondingly, and both the total and inelastic components from the MSHT20
prediction [117] is included for comparison, illustrating that the two calculations
yield very similar results, particularly in the low-x region.
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Figure 3.5: The collinear photon density for PB Setl at u = 100 GeV as a function
of z.

3.3.3 Heavy Boson densities

To obtain physically meaningful heavy boson densities, their masses must be treated
appropriately. Three different approaches are discussed:

e MASSCUTSCHEME=0: All partons are considered massless in the Zero-Mass-Variable-
Flavour-Number-Scheme (ZMVFN), used in QCD. As a result, heavy-flavours only
arise once the energy scale surpasses the mass threshold. Similarly the heavy boson
mass is included as a mass boundary according to the EWA [118]:

Qefp = Qg - O (q2 — M‘%) (3.13)

e MASSCUTSCHEME=1: This approach is inspired by lepton-proton collisions, where the
charged current cross sections lead to a non-zero contribution when ¢* < My,. This
motivates the introduction of a suppression factor related to the boson mass My,

[119]:
9 2
q

- (3.14)
¢’ + My

Aeff = Qleff *

This is the default approach and the one implemented in the new density fits.

e MASSCUTSCHEME=2: This approach is based on angular ordering [120]. Here the
emitted particle mass limits the range of the z-integration by z;; = 1 — My /q,
therefore the boson mass in treated via this limit:

M
Oeff = Qo - © (q2(1 —2)? - M‘Q/) and zy; =1-— TV (3.15)

Figure 3.6 presents the collinear density for the W% boson for different p as a
function of x for the previous MASSCUTSCHEMES. Only MASSCUTSCHEME=1 results into
a non-vanishing density across all y scales, opposite to MASSCUTSCHEME=0 which only
arises when ¢* > M.

Additionally, Fig. 3.7 shows the TMD density for the W™ boson for different ; as
a function of x for the previous MASSCUTSCHEMES. Here the boson density obtained
with MASSCUTSCHEME=1 is physically plausible, in contrast to MASSCUTSCHEME=2,
which displays a sharp limitation in k; around the heavy boson mass. As a result,
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Figure 3.6: The collinear density for the W' boson for PB-NLO-QCD+EW-
2025 Set2 at u = 50,100,500 GeV as a function of x for the different MASS-
CUTSCHEMES.
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Figure 3.7: The TMD density for the W boson for PB-NLO-QCD+EW-2025 Set2
at p = 50,100,500 GeV as a function of x for the different MASSCUTSCHEMES.

the option MASSCUTSCHEME=1 is the only scheme capable of producing densities valid
across the entire p range and is therefore used as the default implementation.

As a result, the collinear density for the heavy bosons with MASSCUTSCHEME=1 is
shown in Fig. 3.8:
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Figure 3.8: The collinear density for PB Setl at u = 100 GeV as a function of x for
the Z° boson (left), W~ boson (centre) and W boson (right).

3.4 Validation

The collinear photon and heavy boson densities are fundamentally connected to
the DIS cross section, as discussed in [98]. In that work, the photon PDF is ob-
tained based on the proton structure functions F; and F),, which are extracted from
measurements in electron—proton scattering experiments. In contrast, the current
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study employs the DIS measurements to validate the previously obtained collinear
densities.

The main objective of this section is to calculate DIS cross sections considering the
HERA experimental framework, incorporating photon and heavy-boson densities.
These calculations are compared with measured cross sections at HERA [112] to
assess how accurately the densities describe the corresponding particle behaviour
and their applicability in experimental conditions.

3.4.1 Photon and Z° boson

The simplest scenario is the photon case, where the differential DIS cross section
can be expressed in terms of the DIS variables: Q* z and y for e'p — "X and
re-written as a function of the photon density, f.:

dJNC _ 47(2 Qem d(zf'y(xminaQQ))
dQ* @ dQ* '
Here, the pure photon exchange is considered and therefore xF5 = 0. Similarly, for

the Z° boson exchange, the DIS cross section can be re-expressed in terms of the
Z° boson density, fy:

(3.16)

doye  T0en  VE+ AL dr f7(2 Q)
dQ? Q* sin® Oy cos® Oy dQ?

(3.17)

Figure 3.9 displays the comparison between the measured neutral current (NC)
cross section with zero polarization from [112] at HERA and the calculation using
the photon and Z° boson densities.

2 2
Ng 10 5 “’%1 0 E
% 1oL = DISep—e X % 1oL = DiSep—eX
S 10k epme S 10E s+ DISe'p—eX
F + DiSep—erX F — PB-NLO-2025-QCD+EW-Set2 y
1 % — PB-NLO-2025-QCD+EW-Set2 y 1 % — PB-NLO-2025-QCD+EW-Set2 Zu e
107" 107
102E 102E
10°F . 107k
10 E - 10°E :
F M F L]
10° 10°g
10 10°k
4;\27 i L I\Z7 i |
1.5 1.5
1 : 1
0.5 5
10° 10* 10° 10° 10* 10°
Q? (GeV?) Q? (GeV?)

Figure 3.9: The measured DIS NC cross section [112] compared to the calculation
using the collinear photon density (left) and the sum of the photon and the Z % boson
contributions (right).

At low @Q?, where photon exchange provides the dominant contribution, the agree-
ment between the measurements and the predicted parton densities is excellent. At
higher Q?, however, the contribution from Z°-boson exchange becomes increasingly

Chapter 3 54



CHAPTER 3. ELECTROWEAK CORRECTIONS

significant, leading to a deterioration in the agreement. This deviation arises from
the omission of the interference term between photon and Z%-boson exchange.

3.4.2 W boson

In contrast to the photon and Z° boson cases, when comparing the charged-current
(CC) deep inelastic scattering (DIS) cross section to the W* densities, the formula-
tions derived in Section 3.3.3 are not applicable. This inadequacy arises from their
lack of an inclusive summation over all initial-state weak isospin charges, in con-
trast to quark states. Consequently, all helicity configurations must be explicitly
accounted for, as discussed in Ref. [118]|. Under these conditions, the CC DIS cross
section for ep — v X can be expressed in terms of the helicity-aware W™ density,

DIS
fw+ :
dQ>  Q° sin’(fy) dQ? '
And similarly for the helicity-aware W~ density, I?/I_S :
dUOC o 7T2aem 1 dmfll/?/l§($min7 Q2) (3 19)

dQ> @ sin’(fy) dQ?
Figure 3.10 shows the comparison between the measured charged-current (CC)
cross section from Ref. [112] at HERA and the calculation using the W* boson

densities. Overall, a good level of agreement is observed across the entire Q? range,
with deviations below 20% for the W~ boson predictions.
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Figure 3.10: The measured DIS CC cross section [112] compared to the calculation
using the collinear W= boson contributions.

In both the neutral and charged current regimes, the measured DIS cross sections
at HERA show consistency with the predictions based on the newly derived bo-
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FUSION PRODUCTION OF Z BOSON

son densities, demonstrating the robustness of the extended DGLAP framework in
determining particle, and specifically heavy boson, densities.

These results pave the way for detailed investigations of heavy boson dynamics at
high energies and motivate further exploration in future collider programs.

3.5 Application of heavy boson TMDs to Vector
Boson Fusion production of Z boson

This section examines the Vector Boson Fusion (VBF) process through the sub-
process WTW ™~ — Z, comparing dedicated VBF matrix-element calculations with
predictions based on heavy-boson TMDs to assess their consistency and the con-
straints imposed by the mass schemes discussed in Section 3.3.3. Furthermore, the
inclusion of heavy bosons in parton shower simulations is discussed (paper in prepa-
ration).

A wide range of future collider proposals aim to significantly increase the centre-of-
mass energies achievable in the coming decades. In this regime, heavy bosons may
act as initial-state particles, rendering the previously derived heavy-boson densities
crucial. At such high energies, heavy bosons can interact among themselves or with
QCD partons, and, following the factorization theorems introduced in Section 1.2.1,
these interactions can be described in terms of a heavy-boson density and a hard
scattering process.

An illustrative example to test heavy-boson densities is the production of a Z° boson
via the triple-gauge vertex, where two W* bosons fuse to produce a Z°. This process
is particularly relevant as it probes the transverse momentum distribution of heavy
bosons within the proton, as schematically depicted in Fig. 3.11. In the two partonic

.

\_/
>z W VA
- )__
w 7

Figure 3.11: Diagrams representing Z° boson production induced by QCD (left) and
induced by W* boson densities (right).

B

subprocesses shown in Fig. 3.11, the Z° boson is produced on-shell due to a hadronic
collision. Considering them as 2 — 1 processes, in the ¢g — Z° process, the partonic
cross section reads:

2
A - T Olem
gqtjﬂZ

REyEsr——r (T — 2T, 5in’0y,)” + T32:| 5(5—my) for q7 — Z°, (3.20)
w w

In the WTW~ — Z° process, applying the collinear and high-energy limit, only
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transverse W polarizations contribute, therefore summing over all of them, the par-
tonic spin-summed cross section becomes:

Gty = 8T Qo cOt” Oy 8(5 — m3) for WW ™~ — Z°, (3.21)

where T3 = +1/2 and T, = @ (the electric charge). These cross sections are
implemented as hard kernels and interfaced with transverse-momentum-dependent
(TMD) densities within the framework of CASCADE [30], encompassing both QCD
partons and heavy bosons, to obtain the corresponding hadronic cross sections and,
consequently, physically meaningful observables.
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Figure 3.12: Normalized transverse momentum (left) and rapidity distribution
(right) of Z bosons using the TMD densities previously obtained.

Figure 3.12 presents the normalized transverse-momentum and rapidity distributions
of Z bosons obtained using the TMD densities shown in Fig. 3.7. The ¢ — Z° pro-
cess is depicted in red, while the WTW ™~ — Z° production is shown in blue. These
distributions are particularly informative, as the Z-boson transverse momentum di-
rectly probes the quark TMD densities in the ¢ — Z° channel and the W densities
in the WTW~ — Z° case. This is evidenced by the distinct shapes of the two pro-
duction modes in the Z boson transverse momentum, reflecting the treatment of the
W# boson mass and the evolution of the corresponding densities. In contrast, the
Z boson rapidity distributions exhibit strong similarity, indicating that comparable
momentum fractions are probed in both cases, primarily determined by the Z-boson
mass.

Additionally, a complete calculation of the ¢q§ — WTW ™ — Zgg process has been
performed using MadGraph_aMC@NLO [121]| and Pythia [69]. Jets are reconstructed
with the anti-k; algorithm with R = 0.4, excluding parton-shower, hadronisation,
and primordial-k effects, and are analysed using a Rivet |71] routine. This complete
calculation is compared with the approach previously described for the W W~ —
Z° production, employing the MASSCUTSCHEME=1 configuration.

Figure 3.13 reveals a notable discrepancy, particularly in the jet py distribution, be-
tween the result obtained with MASSCUTSCHEME=1 (blue) and the full matrix-element
calculation performed with MadGraph_aMC@NLO + Pythia (red). This distinction is
essential, as the jets originate from the TMD parton shower implemented in CASCADE,
as described in [30]. The fluctuations at low Z-boson p; instead reflect the limited
statistical precision in that region.

This discrepancy is indeed expected, since it confirms it is not applicable introducing
a suppression factor based on the evolution scale ¢ in the WTW~ — Z° process,
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Figure 3.13: Z-boson pp distribution (left) and jet pp distribution (right) with
MASSCUTSCHEME=1 compared to the prediction from MadGraph_aMC@NLO + Pythia.
The band corresponds to the variation obtained by changing the factorization scale
by a factor of four.

where the physically relevant scale is the jet transverse momentum p;, which di-
rectly enters the t-channel propagator of the VBF matrix element. As discussed in
Eq. 2.16 in Chapter 2, in a VBF process, the matrix element contains propagators
like —— for each W™ boson, which is related for small ¢, (Mandelstam variable)

i W
to - giving a factor —4——»— at the squared matrix element level for each of
pr+Myy (p7+Mw)

the propagators.

In order to improve the description of the W¥-boson behaviour, a modified
MASSCUTSCHEME where the suppression depends explicitly on the transverse momen-
tum is implemented. This leads to a significant improvement in the description,
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Figure 3.14: Z-boson p distribution (left) and jet p; distribution (right) with a new
MASSCUTSCHEME compared to the prediction from MadGraph_aMCONLO + Pythia.
The band corresponds to the variation obtained by changing the factorization scale
by a factor of four.
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particularly in the jet py distribution, where the expected decrease now appears at
low pr, and the Z-boson pr peak exhibits a slight shift, as shown in Fig. 3.14. This
4

new scheme introduces the t* propagator (p%f#f both in the TMD density and in
T w

the initial state parton shower.

Although this approach represents a substantial improvement, it remains an effective
approximation. Consequently, kp-dependent VBF matrix elements are explicitly
required to accurately describe the t-channel W propagator, in contrast to the DIS
charged-current cross sections discussed in Section 3.4, where the W boson did not
play such a critical role.

These studies represent a paradigm shift in the treatment of parton densities, re-
defining them as particle densities through the inclusion of heavy bosons in the
evolution. This framework provides the theoretical basis for exploring processes
involving heavy bosons at future colliders, as exemplified by the discussion on elec-
troweak TMDs and VBF Z production. It also lays the groundwork for developing
fully kr-dependent VBF Z matrix elements, enabling a more consistent and com-
prehensive description of electroweak-initiated processes in the high-energy regime.
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Chapter 4

The LHC and the CMS Experiment

The proton—proton collision data used in this measurement were collected at the
Large Hadron Collider (LHC) at the Conseil Européen pour la Recherche Nucléaire
(CERN) in Switzerland. The dataset corresponds to the complete Run 2 period,
recorded by the Compact Muon Solenoid (CMS) experiment between 2016 and 2018.
This chapter introduces the experimental setup. Section 4.1 provides an overview
of the LHC, where protons are accelerated and brought to collide at dedicated in-
teraction points (IPs). One of these IPs houses the CMS detector, a multipurpose
apparatus described in Section 4.2. The CMS coordinate system is defined in Section
4.2.1, followed by a detailed description of the detector subsystems in Sections 4.2.2
to 4.2.5. Section 4.3 presents the reconstruction of physics objects. Section 4.3.1
describes the detector simulation framework, while Section 4.3.2 address the trigger
and data acquisition systems.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular hadron collider with a circumference
of 27 km, located at CERN on the border between Switzerland and France. It
is designed to deliver proton—proton collisions at center-of-mass energies of up to
Vs = 13 TeV in Run 2, as well as heavy-ion collisions corresponding to about 5 TeV
per nucleon [122|. In this thesis, the focus is on proton-proton collisions.

To achieve such high energies, protons are accelerated in stages through a sequence
of accelerators, with the LHC constituting the final element of this injection chain,
illustrated in Figure 4.1. The process begins at the linear accelerator Linac4, where
negative hydrogen ions (H ) are extracted from a source and accelerated to 160 MeV
by means of radiofrequency (RF) cavities [123|. These ions are then stripped of their
electrons, leaving protons that are subsequently injected into the Proton Synchrotron
(PS), which accelerates them to 26 GeV. The protons are then transferred to the
Super Proton Synchrotron (SPS), where their energy is increased to 450 GeV. At this
stage, they are injected into the LHC, with beams circulating in opposite directions
and further accelerated to collision energies of 13 TeV during Run 2.

The LHC proton beams consisted of up to 2556 bunches in Run 2, each containing
approximately 1.15 x 10" protons. The bunch structure is directly related to the
machine’s luminosity, which quantifies the collision rate of the accelerator. Lumi-
nosity is defined as the number of interactions per unit time per unit cross section.
For a given physics process, the event production rate % is proportional to the
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Figure 4.1: CERN accelerator complex, from Ref [124].

process cross section o and the instantaneous luminosity £(¢) of the collider

N,
dt

where the cross section depends on the physics process and can be calculated by
applying the quantum field theory rules. Additionally, in order to measure it exper-
imentally, it is needed to know the number of events /N and the integrated luminosity
L = [ Ldt (see Fig. 4.2). The instantaneous luminosity can be known from the ex-
perimental collider parameters. As a result, for an accelerator with two beams with
N; and N, number of protons in each, distributed in the transverse direction to the
beam according to the 2D functions p;(z,y) and p,y(z,y) and a revolution frequency
v, the instantaneous luminosity of a single interacting bunch pair can be expressed
as

=o-L(t), (4.1)

N, N
Ly, =vN,N, // pr(@,y)pa(a, y)dady = v— f; , (4.2)

where A.s; is the effective overlap area between the two beams. Assuming that
both beams can be described by independent distributions in z and y, the previous
expression can be rewritten as

B T e
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where the > is the effective width and ) is the effective height of the beam
overlapping region. Finally, if the two beams are considered ideal, they can be
considered to have equal Gaussian proton distributions, which would simplify the
above expression even further as

NN,

Ly~v-
dro,0

, (1.4)
y

where o, and o, are the root mean squared (RMS) widths of the Gaussian beams
in z and y. Nevertheless, real colliders are far from perfect and as a consequence
both beam distributions in the x and y directions are correlated, the beam profiles

are not strictly Gaussian.
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Figure 4.2: The delivered luminosity by the LHC in different years and different
centre of mass energies from Ref. [125].

In addition to the previous considerations, the LHC is not a perfect circumference,
since it is built by eight straight 545 m-long sections, named “insertions” connected
by 2.45 km-long curved arcs called “sectors”. This leads to the definition of an octant
as the region which starts from the middle of an arc and ends in the middle of the
following arc and thus spans a full insertion, as shown in figure 4.3. Each insertion
consists of a long straight section plus two (one at each end) transition regions,
called “dispersion suppressors”.

The exact configuration of the straight sections of the LHC depends on their desig-
nated function, such as hosting beam collisions at interaction points (IPs), injection,
beam dumping, or beam cleaning. In contrast, the arc sections follow a regular lat-
tice structure composed of 23 arc cells per sector, each 106.9 m long and arranged
in a FODO structure, consisting of main dipole magnets, quadrupole magnets, and
additional higher-order multipole magnets, as illustrated in Figure 4.4.

Each sector contains 154 dipole magnets, amounting to a total of 1232 in total.
These dipoles operate at the nominal magnetic field of 8.33 T, bending the proton
beams along their circular trajectories. Beam focusing is achieved via quadrupole
magnets, which act in pairs to maintain the tight bunch structure necessary to
maximize the collision rate. The first magnet focuses the beam in the horizontal
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Figure 4.3: LHC layout, from Ref [122].

plane, while the second ensures focusing in the vertical plane. In total, the LHC
employs 858 quadrupole magnets. Additional higher-order multipole magnets are
also used to further stabilize the beams, enhance focusing, and compensate for non-
linear effects such as long-range electromagnetic interactions between bunches and
other beam dynamics perturbations.

quadrupole dipole decapole quadrupole large sextupole quadrupole
magnet magnets magnets magnet magnets magnet

small sextupole
corrector magnets

|4 = gl
LHC Cell - Length about 110 m (schematic layout)

Figure 4.4: FODO structure: F focusses vertically and defocusses horizontally, D
focusses horizontally and defocusses vertically and O is a space or deflection magnet,
from Ref [126].

To accelerate the proton from 450 GeV up 13 TeV, 8 superconducting RF per beam
are included in the insertions of the machine. These RF operate at a frequency of
400.8 MHz, which corresponds to the spacing between the bunches in the beam and
their temperature is 4.5 K. There are four interactions points at the LHC where
the beams collide, at a rate of every 25 ns, which is approximately 40 million colli-
sions per second. As previously mentioned, each interaction point houses a different
experiment: CMS, LHCb, ATLAS and ALICE. Both ATLAS (A Toroidal LHC Ap-
paratuS) [127] and CMS are general purpose detectors, whereas ALICE (A Large
Ion Collider Experiment) and LHCb (Large Hadron Collider beauty) have more spe-
cific goals. ALICE [128] is optimised to study the matter state in the early universe
by colliding heavy ions, such as lead, which generate quark-gluon plasma. And the
LHCD [129] studies the matter-antimatter asymmetry via bottom quarks.
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4.2 The Compact Muon Solenoid

The CMS detector is a general-purpose experiment situated approximately 100 m
underground at LHC interaction point 5 (IP5). It is designed to detect and precisely
measure charged particles by employing an onion-like layered structure surround-
ing the interaction point [130]. From the innermost to the outermost layers, CMS
comprises a silicon tracker to record charged particle trajectories, an electromagnetic
calorimeter (ECAL) and a hadronic calorimeter (HCAL) to measure energy deposits
from electrons or photons and hadrons respectively, and a system of muon chambers
for muon tracking. A superconducting solenoid magnet generating a 3.8 T mag-
netic field is located between the HCAL and the muon chambers, bending charged
particle paths. The outermost component is the iron return yoke, which confines
the magnetic field and absorbs particles except for muons and neutrinos. The CMS
detector measures 21.6 m in length, 14.6 m in diameter, and weighs approximately
14,500 tonnes.

4.2.1 The CMS coordinate system

In order to detect particles and properly measure their properties, a coordinate
system of the detector is defined. As shown in Figure 4.5, the z axis corresponds to
the direction along the beams. The x and y axes form the transverse plane to the
beam direction. The x axis points to the centre of the LHC ring and the y axis is
the vertical component. The polar coordinate system is composed by the 6 and ¢
angles and the radius, r, in the zy plane. The ¢ angle measures the angle in the xy
plane and 6 in the zx plane.
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Figure 4.5: Schematic overview of the CMS detector: the left panels display the
experiment’s coordinate system, while the right illustrates the layered detector sub-
systems and typical trajectories and signatures of different particle species. from

Ref. [131].

Due to the nature of proton-proton collisions, the energy of the constituents of
the protons varies in each collision, therefore the measured observables need to be
Lorentz invariant with respect the beam direction or z axis. For this, the transverse
momentum of a particle is defined as
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pr=\/Dz + 1 (4.5)

where p, and p, are the momentum in the x and y axes. The pr sum of all the
particles, both those interacting and non-interacting, should be equal to zero since
the beams do not travel in the transverse plane. Additionally, another observable
which is invariant under a boost in the z axis is the difference in rapidity between
two particles Ay, where the rapidity is expressed as

E+p,
E— Y22
This quantity can be interpreted as “how centrally a particle is produced”. For
massless particles or at high energy, the mass of the particle can be neglected,
therefore, £ ~ |p] and the rapidity converges to the pseudorapidity:

1
y=3 In (4.6)

0
n = —Intan 3 (4.7)

4.2.2 The solenoid magnet

The solenoid magnet is one of the key elements of the CMS detector, since the
magnetic field surrounding the CMS IP is used to measure both the electric charge
and momenta of charged particles. These particles are bent due to a magnetic field as
a consequence of the Lorentz force Fj; = q(UX B ). As aresult, their curvature radius
indicates the magnitude of their p;. This solenoid magnet has a length of 12.5 m, a
diameter of 6.3 m and weights 12000 tonnes, becoming the largest superconducting
solenoid ever built. It is composed of four layers of niobium-titanium alloy, which
are cooled by a cryostat system operating with liquid helium at 4.7 K, and provides
a magnetic field of 3.8 T. It contains a steel return yoke in order to contain and
return the magnetic field flux. This yoke is composed by five barrel wheels and six
endcap disks, weighing in total 10000 tonnes. In addition to returning the magnetic
field, the yoke behaves like a filter, allowing only weakly interacting particles to
pass through. It also provides the structure for the muon detectors, opposite to
the interior part of the solenoid, which confines both the tracker and calorimeter
systems.

4.2.3 The tracker system

The tracker is the innermost detector of CMS. It records the charged particles path
through the measurement of their curvature radius, since it is immersed in the
magnetic field of the solenoid. As a result, from the curvature of the trajectories we
can infer the momentum and charge of charged particles crossing the tracker system.
The tracker is key for the efficient and precise primary (point of a pp interaction) and
secondary (displaced vertex located outside the beam profile) vertex reconstruction
in the collisions given its fine granularity. Due to its vicinity to the IP, the tracker
withstands a very intense particle flux, consequently, its demands on granularity,
recovery time and radiation hardness lead to the choice of silicon as its primary
material. It consists on an innermost pixel detector and an outermost silicon strip
detector as shown in Figure 4.6, where the pixel is the central area and the silicon
strip is the rest.
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Figure 4.6: Cross section of the CMS tracking system in the zy plane from Ref.
[130].

Pixel Tracker

The pixel detector is the inner part of the tracker and provides precise measurements
of charged particle trajectories and collision vertices. When it was built (Phase-0),
it consisted of three cylindrical barrel layers (BPIX) at radii of 4.4 ¢cm, 7.3 cm and
10.2 ¢m, which cover the —270 mm to 270 mm region of the beam axis around the
interaction point, and two forward/backward endcap disks (FPIX) at longitudinal
positions of z = £34.5 cm and z = +46.5 cm and in a radius from 6 to 15 cm.
Then, in 2016/2017 (Phase-1), it was upgraded to four barrel layers at radii of 2.9
cm, 6.8 cm, 10.9 cm and 16.0 cm and three endcap disks at z = +29.1 cm, z = +39.6
cm and z = +51.6 cm to provide hit coverage up to an absolute value of n = 2.5,
improve pattern recognition and track reconstruction, and add redundancy to cope
with hit losses [132] as seen in Figure 4.7.
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Figure 4.7: Layout of the CMS Phase-1 pixel detector compared to the original
detector layout, in longitudinal view from Ref. [132].

The total silicon area of the CMS Phase-1 pixel detector is 1.9 m?, while the total
silicon area of the original pixel detector was 1.1 m?. The current pixel detector
consists on 1856 segmented silicon sensor modules, where 1184 modules are used
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in the barrel layers and 672 modules in the forward disks (FPIX). Each module
consists of a sensor with 160 x 416 pixels with a standard size of 100 x 150 pm?
and 285 pm thick. These pixels are connected to 16 readout chips (ROCs). In total
there are 124 million readout channels which are responsible for transmitting the
pulse height information produced by each hit recorded by the pixels. Finally, the
resolution is measured separately for the two directions along the pixels, r¢ and
z in the BPIX detector and r and ¢ in the FPIX detector. The measured value
depends on the track angle and on the radial position of the layer, leading to a
resolution of 9.5 pum in the r¢ direction and 22.2 ym in the z direction.

Strip Tracker

The Silicon Strip Tracker (SST) is the outer part of the tracker and is designed to
further measure the momenta of the charged particles and to provide information
for particle identification. It is divided in four parts: the inner barrel (TIB), the
inner disk (TID), the outer barrel (TOB) and the outer end-caps (TEC), as seen in
Figure 4.6. The TIB and TID are composed by four concentric layers and 3 disks
on each side. The TOB and TEC consist of six concentric layers and nine disks
on each side. It covers a total active area of about 200 m* and around 15 million
silicon strips, each of them being 10 cm long and with a thickness of 320 um. These
strips are read out by electronics located at the end of each module, and the data
are sent to the CMS data acquisition system for processing and analysis. Overall,
the strip detector offers a 20-50 pm resolution in r¢ and 500 pum in z, therefore their
resolution is lower than the pixel sensors, but they cover a larger area, playing a
complementary role.

4.2.4 The calorimeters

The calorimeters are sub-detectors whose main goal is to measure the energy of the
particles involved in the collision. They are located inside the magnet structure

and consist of an electromagnetic calorimeter (ECAL) and a hadronic calorimeter
(HCAL).

Electromagnetic calorimeter

The aim of the electromagnetic calorimeter (ECAL) is to measure the energy of
electrons and photons. It played a crucial role in the study of electroweak symmetry
breaking and therefore, the discovery of the Higgs Boson through its decays to two
photons or two Z bosons. This was achieved due to the ECAL excellent energy
resolution. The ECAL is composed by a barrel structure (EB) and two endcaps
(EC), all of them made of over eighty thousand lead tungstate (PbWO,) crystals in
total, weighting 93 tonnes as a whole.

The choice of (PbWO,) was made based on its radiation hardness, its short radiation
length (X, = 0.89 cm) and its small Moliére radius of 2.19 cm. This radius reduces
the effect of additional contributions from non-primary interactions to the energy
measurement by reducing the area over which the energy is summed. As a result,
80% of all the light is emitted within the 25 ns between two collisions, consolidating
(PbWO,) as a fast scintillator.

The EB structure is divided in 36 supermodules, each with 1700 crystals. It covers
the pseudorapidity range || < 1.48. The front face of the crystals is at a radius
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of 1.29 m and each crystal has a square cross-section of ~ 21.8 x 21.8 mm® and a
length of 230 mm. The crystal cross-section reaches An x A¢ = 0.0175 x 0.0175.
The EE structure is composed by 4 “Dee” structures, each with 5382 crystals. It
covers the pseudorapidity range 1.48< |n| < 3. Each crystal has a square cross-
section of ~ 24.7 x 24.7 mm® and a length of 220 mm. The crystal cross-section
ranges from An x A¢ = 0.0175 x 0.0175 to An x A¢ = 0.05 x 0.05, as a result,
the EE spatial resolution is too low. In order to fix this, in front of the EE, the
preshower (ES) detector is placed, shown in dark pink in Figure 4.8. It contains
lead converters followed by detector planes of silicon strips with a pitch of < 2 mm.
The ES prevents low momentum photon pairs which are the decay products of pions
from being detected as single photons.

wzre~

Endcap “Dees” with
“supercrystals”
(5x5 crystals each)

Figure 4.8: Schematic overview of the Electromagnetic Calorimeter (ECAL) of CMS
from Ref. [133].

The energy resolution of the ECAL is given by:

2
o 2.8% ( 12% >2 )
- = —— | + (== +(0.3% 4.8
E («/E/GeV) E/GeV 03%) )
Where the first term models the statistical fluctuations in the shower production,

the second term models the noise in electronics, and the last term accounts for the
energy leakage.

Hadron calorimeter

The hadronic calorimeter (HCAL) measures the energy of hadrons using a sampling
design of alternating dense absorber layers (brass or steel) and scintillators that emit
light when traversed by particles. Its thick, hermetic structure captures extensive
hadronic showers, which are larger and more penetrating than electromagnetic show-
ers, ensuring accurate energy measurement crucial for jets and missing transverse
energy reconstruction. The HCAL complements the tracker by measuring charged
hadrons’ energy and provides the only sensitivity to neutral hadrons.

The HCAL is located outside the ECAL and consists of four main parts: the hadron
endcaps (HE), hadron barrel (HB), which is radially restricted due to the limited
space between the ECAL and the magnet coil, an outer hadron calorimeter (HO) or
“tail catcher” outside the solenoid complementing the HB, and the forward hadron
calorimeters placed in the forward direction (|n| < 3) at 11.2 m from the interaction
point, as sketched in Figure 4.9.

Chapter 4 68



CHAPTER 4. THE LHC AND THE CMS EXPERIMENT

00 01 02 03 04 05 06 07 08 09 1.0 1 1.2 1.3
' I} B , , . . . P i

Figure 4.9: Schematic overview of the Hadronic Calorimeter (HCAL) of CMS from
Ref. [130].

The HB is a sampling calorimeter covering the pseudorapidity range |n| < 1.3. It
consists of 36 identical azimuthal wedges which form the two half-barrels (HB+ and
HB-). It is constituted by plates of active material interlayed by an absorber. The
HB and HE baseline active material is Kuraray SCSN81 plastic scintillator, due
to its long-term stability and moderate radiation hardness, while the HB absorber
consists of several steel and brass plates with varying thickness.

The HE consists of inner and an outer endcaps. The inner ones cover the pseudo-
rapidity range 1.3 < |n| < 3 (13.2 % of the solid angle), where about 34 % of the
particles in the final state are produced. The HE absorber is C26000 cartridge brass
based on its capacity to contain hadronic showers, good mechanical properties and
reasonable cost.

The HO is placed outside of the solenoidal magnet to ensure an adequate sampling
depth for |n| < 1.3, It employs the solenoid coil as an additional absorber, and it is
used to identify late starting showers and to measure the shower energy deposited
after HB. It is composed of scintillators interleaved with the steel absorber plates
of the magnet return yoke seen in Figure 4.10. This configuration extends the total
depth of the calorimeter system to a minimum of 11.8 X\ except at the barrel-endcap
boundary region.

Layer 1 - % % Layer 1 S

Magnet iron—> Ring 0 Ring 1 Ring 2 Magret Iron\%

Layer 0 e / — -
Layer 0 % .

Figure 4.10: Schematic overview of the HO from Ref. [130].

Finally, the HF is located at the very forward region of the CMS detector. The
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outer HF covers the pseudorapidity range 2.9 < |n| < 4.5, while the inner HF covers
4.5 < |n| < 5. The HF measures the energy of hadrons produced at very small
angles with respect the beam axis, hence, it is exposed to extremely high particle
fluxes. Therefore, it requires an active material with a high radiation hardness. As a
result, the HF is composed of steel absorber plates and quartz fibres (fused-silica core
and polymer hard-cladding) placed behind plates of steel and borated polyethylene
neutron shielding.

4.2.5 The muon chambers

The detection of muons with high precision and robustness was a core design priority
for CMS, as implied by its name. Muons are present in many SM processes, but one
of the main incentives was the predicted decay of the Standard Model Higgs boson
into ZZ, which in turn decay into 4 muons. Additionally, the relatively long lifetime
of muons (2.2 us) allows them to traverse all layers of the CMS detector, losing only
a small fraction of their energy, which motivates the placement of the muon system
in the outermost region.

The muon chambers are the outermost subdetectors of CMS, located outside of
the solenoidal magnet. The muon system has 3 functions: muon identification,
momentum measurement, and triggering. It is composed of three types of detectors:
drift tubes (DTs) in the central region |n| < 1.2, cathode strip chambers (CSCs)
in the forward region 0.9 < |n| < 2.4, and resistive plate chambers (RPCs) in the
region |n| > 1.9 supporting the two previous detectors as seen in Figure 4.11.
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Figure 4.11: Quadrant of the Muon system, drift tubes (DT, cathode strip chambers
(CSC) and resistive plate chambers (RPC). Image adapted from Ref. [134].

The DTs are located in the barrel region of CMS. These act as tracking detectors for
the muon system due to the low expected rate and the relatively low strength of the

Chapter 4 70



CHAPTER 4. THE LHC AND THE CMS EXPERIMENT

local magnetic field in this area. There are 4 stations forming concentric cylinders
around the beamline: the 3 inner cylinders have 60 drift chambers each and the
outer cylinder has 70, leading to a total of 250 chambers in concentric cylinders
around the beam line. These contain thin aluminium tubes filled with a gas mixture
of argon (85%) and carbon dioxide (15%), with a central tungsten wire running
through the centre of each tube.

The CSCs are placed in the endcap region, where the muon flux is higher and thus,
the magnetic flux is stronger and non-uniform. As a result, a higher time and space
resolution is needed. To achieve it, the muon system contains 468 CSCs, where
each consists on 6 anode wire planes interleaved among 7 cathode strip panels, all
contained within gas-tight chambers. Thus, the resulting signals from the anode
wires and cathode strips are combined to construct 3D measurements of the muon
positions.

Lastly, the RPCs play a complimentary role, which provide a large time resolution
for muons passing through the detector both in the barrel and in the endcaps. They
consist of two parallel plates made of a high-resistivity material, with a thin layer
of gas in between. The RPCs can measure the time of an ionizing event with a
resolution much shorter than the 25 ns interval between consecutive LHC bunch
crossings (BX). Consequently, they can unambiguously identify the correct BX to
which a muon track belongs, even in the presence of substantial background activity.

The working principle of the previous gas detectors is ionisation. Thus, when a
muon passes through either a DT, CSC or RPC, it ionises the gas, creating a trail
of electrons that drift towards the wire. Then, the resulting electrical signal is read
out by electronics at the ends of the tube, determining the position of the muon and
additionally, its momentum due the curvature of its trajectory.

4.3 Data reconstruction at CMS

In this section we discuss how data are recorded and particles are reconstructed from
the information collected by the CMS detector.

4.3.1 Detector simulation

To compare the measured and simulated data, simulating the detector response is
needed. At the CMS experiment, this is accomplished through the GEANT4 pack-
age [135], which simulates the geometry and the interactions of the particles with
the different materials of the detector. The particles emerging from the MC simula-
tion, called “generator-level” or “particle-level” particles, are propagated through the
simulation, so GEANT4 will simulate the tracks and energy deposits that such final
state will leave in the detector. This simulation is tuned to real collision data, to
ensure its accuracy. Then, “detector-level” particles are obtained, which corresponds
to the particle level final state that has undergone the simulation of the CMS detec-
tor. These two levels are crucial in the measurement for a first comparison between
measured data and simulation and the latter correction to particle level.
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4.3.2 Trigger system and data recording

The LHC produces a bunch crossing every 25 ns, leading to an amount of data too
large to be stored. Thereby, a trigger system is needed to select which collisions
have valuable data worth storing. This trigger system has two tiers: a Level 1 (L1)
trigger and a High Level Trigger (HLT).

The L1 trigger uses custom hardware processors to select up to 100 kHz of the most
interesting events with a latency of 4 us [136]. The L1 trigger uses information of the
muon system and both calorimeters to reconstruct leptons and jets. Additionally, it
also computes the missing transverse energy. The selection is performed using a list
of algorithms (known as “seeds”), which check events against predetermined criteria
(known as “menu”). Any event that satisfies the conditions of at least one seed in the
menu is accepted for further processing in the trigger chain into the HLT workflow.
The HLT hardware consists of a single processor farm composed of commodity com-
puters, the event filter farm (EVF). These filter the events by implementing a version
of the full event reconstruction software optimised for fast processing, reducing the
event rate to approximately 1 kHz before data storage. This corresponds to a data
stream of 90 ms per event or 1Gb/s which is permanently stored for later offline
reconstruction.

Once finalised the triggering stage, accepted events are stored locally on disk and
transferred to the CMS Tier-0 computing centre for offline processing, reconstruc-
tion as primary physics objects and permanent storage. Additionally, the data are
classified in different streams or primary datasets according to the HL'T decisions and
stored in tape as well. These datasets are distributed to the Tier-1 centres, which
are large centres in CMS collaborating countries, where data is further calibrated
and filtered into files suitable for physics analyses, Analysis Object Data or AOD
and their derivatives: miniAOD and nanoAOD. These files along with the MC sam-
ples are further distributed to Tier-2 centres, smaller institutions that enable their
access through a grid system [137].

Chapter 4 72



Chapter 5

Event and object reconstruction at
the CMS Experiment

The current chapter explores in depth the physics object treatment and event sim-
ulation at the CMS Experiment. Section 5.1 focuses on leptonic reconstruction,
Section 5.2 describes jet reconstruction, introducing the definition of jets and the
algorithms employed for their clustering and identification. This section also de-
tails the jet calibration procedure, with particular emphasis on the derivation of jet
energy correction factors, in which I was directly involved during Run 3, achieved
through the computation of relative corrections as a function of pseudorapidity, 7.
Section 5.3 introduces several Monte Carlo event generators one of the main tools
to simulate physical processes at the LHC, Section 5.4 explains the numerical treat-
ment of PDF sets and finally Section 5.5 provides an overview of the main corrections
applied in physics analyses.

5.1 Leptonic reconstruction

For each event, objects such as electrons, muons etc are identified and reconstructed
to determine the interesting events for data analysis. This is performed based on the
energy deposits in the different detector layers. In general, the Particle-Flow (PF)
algorithm [138] collects the information of the different sub-detectors and combines
them into PF candidates, which are the reconstructed objects: photons, muons,
electrons and hadrons.

The tracks of charged particles are reconstructed based on the information from the
silicon tracker. Since the tracker is immersed in the magnetic field, the trajectories
of charged particles are bent, therefore both their charge and momentum can be
inferred from their trajectories. This information is complemented by the observa-
tion from the muon chambers and ECAL crystal clusters for muons and electrons
respectively.

In the case of muons, these are classified into “global muons” or “tracker muons”.
“Global muons” arise from a combined fit based on information from both DTs
and CSCs, resulting into “standalone muons”, which match tracks from the tracker.
This approach infers the muon hit position and timing first, then it includes the
information from the magnetic field and energy loss and finally obtains the muon p,
with a high resolution. Whereas, “tracker muons” are reconstructed inversely. First,
the tracks from the inner tracker with p, over a specific threshold are selected, and
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then, they are matched to hits in the muon chamber.

In the case of electrons, they produce hits in both the tracker and the ECAL, while
photons deposit energy mainly in the ECAL and may produce tracks only if they
convert into electron-positron pairs in the tracker. Neutral hadrons do not leave
tracker signals and are measured primarily in the hadron calorimeter. Electrons
emit bremsstrahlung photons in the tracker, which cause their ECAL showers to
spread more compared to photons’ typically more compact showers. The ECAL
reconstructs energy by grouping high-energy crystals into seed clusters, then ex-
panding these into superclusters (SC). Electron candidates are formed by matching
SCs with tracks using the Gaussian Sum Filter algorithm [139, 140]. Photons are
identified from SCs and further analysed to distinguish them from neutral hadrons
and conversions. This combination of tracker and calorimeter information enables
precise electron and photon reconstruction.

The tracks of charged particles are extrapolated to crossing points or vertices, which
are defined as the exact locations where protons have collided. The sum of the
transverse momentum of the tracks defines the energy of the vertex, and thus, the
vertex with the largest energy deposit is considered the proton-proton collision point
on the beam axis and referred to as primary vertex (PV). Other vertices in the event
are then considered as coming from pileup collisions.

Finally, the hadron reconstruction is performed with the remaining tracks. A
charged hadron is reconstructed when a cluster in the HCAL has a matching track
in the tracker and a neutral hadron where there is none.

5.2 Jet reconstruction

When quarks and gluons are created in a partonic interaction, they emit further
quarks and gluons in a narrow, concentrated stream. This stream eventually trans-
forms into hadrons through a process called hadronisation. The original parton that
initiates this sequence is known as the parent parton, and the resulting collimated
stream of hadrons is referred to as a jet. When studying hadrons in general, and jets
in particular, two main key points arise: multi proton-proton interaction treatment
and jet reconstruction.

At the LHC, multiple proton—proton interactions typically occur within a single
bunch crossing. Consequently, the detector records not only the products of the pri-
mary hard scatter but also contributions from additional interactions, collectively
referred to as pileup (PU) [141]. Pileup significantly complicates event reconstruc-
tion and measurement, acting as a background that must be mitigated to ensure
accurate analyses of the primary collision. During Run 2 (2016-2018), CMS oper-
ated with an average of roughly 30-35 additional interactions per bunch crossing,
with even higher instantaneous values in the most challenging periods. Run 3, on-
going since 2022 and planned until July 2026, has experienced average pileup levels
of roughly 50-60 interactions per crossing [125] (see Fig. 5.1).

To reduce pileup contamination in jets, the Charged Hadron Subtraction (CHS)
technique is employed to remove charged particles not associated with the primary
vertex [142|. In practice, tracks identified as originating from pileup vertices are
excluded from jet clustering and from the computation of event observables, which
already suppresses a large fraction of the pileup contribution carried by charged
hadrons. The remaining neutral component, which cannot be directly associated
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Figure 5.1: The recorded luminosity by the CMS experiment against the mean
number of interactions per bunch crossing from Ref. [125].

to vertices, is then corrected statistically, for example using area-based corrections,
but residual fluctuations still degrade jet energy and missing transverse momentum
resolutions. This approach was the standard choice for Run 2 analyses.

For Run 3, however, the Pileup Per Particle Identification (PUPPI) algorithm [143]
was recommended due to its superior performance in conditions with higher pileup
densities. PUPPI assigns a weight to each reconstructed particle based on local
shape and compatibility with the primary vertex, effectively down-weighting parti-
cles likely to originate from pileup, including neutrals. This per-particle weighting
significantly reduces the rate of pure pileup jets and improves jet and missing trans-
verse momentum resolutions in high-pileup environments, making it better suited
for the conditions of Run 3 and the forthcoming HL-LHC.

In order to reconstruct jets, several jet algorithms are considered based on the re-
quirement of infrared and collinear safety, which ensures their robustness. Some of
them are:

e The Cambridge-Aachen (CA) algorithm: it uses angular separation and partial
clustering, therefore it clearly favours the clustering of close-by particles, being
advantageous for jet substructure studies [144]. Nevertheless, it makes difficult
to connect the jet to the parent parton and it is prone to accept PU events.
This algorithm considers the distance between the particle ¢ and j as d,;, and
the distance between the particle ¢ and the beam axis, as d,;z according to:

A

Ry
dij = R L with AR, =/A¢;; + Anl; where dip=1, (5.1)

where R is jet radius parameter.

e The kp algorithm: it clusters particles by their relative transverse momentum,
kr, prioritizing soft radiation [145] and consequently rendering it vulnerable
to accept PU events as well. In this case, d;; and d; are stated as:

i (8 2,) 2B i ARy = AT £ A where dp =
dij—mln (kT,ﬁkT,j)T wit Rz]— ¢2]+ 771] where diB_kT,i

(5.2)
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e The anti-k; algorithm: it is based on the inverse relative transverse momentum
of particles, 1/ks, which causes the algorithm to cluster hard particles first and
subsequently merge softer particles around these. This approach preserves the
jet boundaries and represents a significant improvement over traditional cone
algorithms. In this scenario, d;; and d; are stated as:

1 1 \ AR, AR, 1
dii = min | — —— Y ith —Y — /A®% + Ar2 wh din = ——
i = min <k2 , k%j> 7 wi I ¢i; + An;;  where d;p k:%z ,

T,

(5.3)
the anti-k; algorithm clusters two particles together when d;; < d; to form
a particle k. Then, similarly, all particles with d;;, < d;p are used to recon-
struct the jet till d;;, > d;p, when the jet is defined and the reconstruction
of additional jets starts. As a consequence, this algorithm favours the clus-
tering of large transverse momentum particles and maintains the jet shape
unaltered with respect to soft radiation. This results in the signature of the
reconstructed jets being closer to the energy and transverse momentum of their
corresponding parent, and thence, being suitable for theoretical comparisons.

The anti-kp algorithm stands out in CMS due to its infrared and collinear safety and
its ability to reduce pileup and underlying event contamination, limit spatial overlap
in high-multiplicity events, and maintain calibration linearity over a wide pp range.
This stability simplifies jet identification, calibration, and reduces fluctuations in jet
energy measurements, making anti-k; the preferred choice for CMS and ATLAS jet
reconstruction in the complex LHC environment [146-148|.

Jets are reconstructed using the anti-k; algorithm [146], where all particles recon-
structed by the PF algorithm are used for clustering. As previously explained, this
algorithm assumes that particles arising from the radiation of the same parent par-
ton are close to each other. This feature is reinforced by selecting a jet radius of 0.4
in the n— ¢ plane, which is optimal for precise, stable, and efficient jet reconstruction
in complex conditions such as the LHC, since it includes most of the partonic jet
while properly resolving jets coming from different partons.

Although jets could in principle be clustered with a large radius (e.g. R = 1) followed
by subclustering to recover smaller scales, this leads to significant pileup contami-
nation, degraded energy resolution, and differs from direct small-R reconstruction.
For inclusive CMS jet analyses, an empirically optimised radius R = 0.4 (“AK4"),
balances capturing the bulk of parton shower energy and minimizing sensitivity to
soft radiation. The high granularity of the CMS detector and its particle-flow recon-
struction enable AK4 jets to achieve good energy resolution while mitigating soft
radiation effects. Larger radii (e.g. R = 0.8, “AKS8") are reserved for boosted ob-
ject reconstruction, whereas R = 0.4 remains the default for inclusive jets, missing
transverse momentum, and b-tagging.

5.2.1 Jet Energy Corrections (JEC)

The reconstructed jets arise from particles measured by the various sub-detectors
of the CMS experiment. This makes them dependent on the technical features of
each detector, leading to discrepancies between the measured jet energy and its real
value. As a result, the measured jet energy is calibrated to its actual value through
the jet energy corrections [149].
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Jet energy corrections are derived through a factorisation scheme in the CMS ex-
periment [150]. This streamlines the process allowing for the implementation of a
correction factor for each source, as shown in Figure 5.2. These corrections, C;pc
are applied to the reconstructed jet momentum p,,,, to restore its true value p;,.,.

Ptrue = CvJEC X Praw - (54)

In this section, [X] denotes the bins of a given observable X, (X) the average of the
observable X and (X) the dependence of a function on the observable X. The first

MC Calibrated
Jets

Applied to simulation ——

Figure 5.2: Iustration of JEC derivation from Ref. [151]

correction to be derived is the pileup offset, also known as L1Offset. This correction
is needed due to the contribution from multiple proton-proton interactions within
a bunch or consecutive bunches, which affects the measured jet momentum. Even
though, most of the pileup contribution has been removed by the CHS or PUPPI
algorithms, it only affects the tracker covered region, and it does not remove neutral
pileup contributions.

In order to estimate the pileup offset energy, two simulation samples are needed,
where the events in both arise from the same origin but only one sample includes
the pileup events. Therefore, this correction is obtained in two steps. First, the offset
of the transverse momentum of the jet at particle level <pT7part7offset> is computed
as a function of the energy density p in 7 — ¢ grids, the pseudorapidity, and the
reconstructed jet momentum as

<pT,pa'rt,offset> (<p> ) [77] 7pT,raw) = <p7]§'f,?'fg - pIVK;Z}zUPU> [lua nva,part] . (55)

Where p is a simulation parameter known as the number of pileup interactions in
a bunch crossing. Obtaining this correction in following this approach enforces the
selection of reconstructed jets with a matching jet at particle level, which are defined
as those jet with AR(jpares Jreco) < R/2 where jq,; and j,.., are the jets at particle
level and detector level. Finally, the correction factor is extrapolated to p, 7, pr raw
and A, where A is the area of the jet:
CLloffset(p7n7pT7 A) =1- IM : (56)
pT,raw
Then, the simulated response corrections are derived. The response of the detector
simulation is given by

Apr)

CResponse(<pT> 777) = pT,part7 77] ) (57)

T,raw

where pr = Cpioffset X PTraw and then, pp is further rectified as Cregponse X pr. This
procedure results into fully calibrated jets in the simulation samples. In contrast
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to the real detector, whose response degrades over time due to aging and radiation
damage, the simulated samples do not account for such time dependence, as the
detector response in GEANT4 is not time-sensitive. In order to account for this,
residual corrections are derived for data using both simulated and measured data.
The residual corrections to the jet energy scale are derived employing the tag-and-
probe technique. In this framework, the probe jet denotes the jet under investigation,
for which the response is to be measured, while the tag jet (or reference object) is a
well-calibrated jet used as a standard of comparison.

Jet response is assessed using two principal methods: the transverse momentum
balance (pp-balance) and the Missing transverse Momentum Projection Fraction
(MPF) technique, defined respectively as

R;Jeth -balance _ pT,probe’ R;\é[tPF — 14+ pT,miss2 pT,probe. (58)
D1 tag PT tag

Here priae and prone Tepresent the transverse momenta of the tag and probe jets,
respectively, and pr ;s is the missing transverse momentum, defined as the negative
vector sum of the transverse momenta of all reconstructed final-state particles in the
event. The pp-balance method exclusively utilizes the momenta of the tag and probe
jets, whereas the MPF method incorporates information from the entire event.
Both approaches are susceptible to contributions from additional radiation, which
can distort the measured jet response. To mitigate this effect, a topology-dependent
parameter « is introduced, which quantifies the relative level of extra radiation in
the event. The intrinsic jet response is subsequently extracted by extrapolating the
measured response to the limit o — 0, corresponding to the absence of additional
radiation.

e n-dependent corrections

These corrections are also known as Level 2 Residuals or L2Res. In order
to obtain them, dijet events are selected due to their large cross sections in
hadronic collisions, which allows for the measurement of the jet response as a
function of n and py. The two leading jets constitute the reference and probe
objects, where at least one of them must have || < 1.3 to be considered in
the event. The jet with |n| < 1.3 will be defined as the reference object and
the other as the probe. When the two jets have |n| < 1.3 the reference and
probe objects are randomly assigned. In this topology, « is defined as

o= pT,37‘djet (59)

)
pT,ave

where prs,4i¢+ 1s the most energetic jet that does not originate from the event
topology and pr 4. = 3(P1.tag + P probe)- This average in py arises as a conse-
quence of a sub-optimal resolution in the reference jet transverse momentum
due to migration bias. As a result, the jet response for this topology is defined

as
—balance 1 A robe ~ a
R?gt bal I ) () where A = PTprobe — PTtag (5.10)
1-— <A> 2pT,ave
1 B Miss (=
R%th _ +(B) where B — pr (pT,tag/pT,tag) ’ (5.11)
1— <B> 2pT,cwe
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Figure 5.3: L2 Residual corrections for Full Run 2 from Ref. [152].

which converge to the expressions 5.8 when o« — 0. As a result, the correction
. Simulation Data
faCtOI' 1S CLQR@S = Rjet /Rjet .

Figure 5.3 shows the residual jet response corrections, normalized to the bar-
rel response, as a function of jet || for the full Run 2 dataset, taken from
Ref. [152].
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Figure 5.4: L2 Residual corrections for Run 3 (2022: Era E and 2023: Era D) from

Ref. |

153).

The corresponding Run 3 corrections for the 2022 and 2023 data-taking pe-
riods, in which I was directly involved, are presented in Figures 5.4 and 5.5.
Figure 5.4 illustrates the corrections for Eras E (2022) and D (2023) at rep-
resentative jet transverse momenta of 60, 120, 240, and 480 GeV, while Fig-
ure 5.5 summarizes the results for 60 and 480 GeV across 2022 and most of
2023. These figures illustrates the year-to-year variations in the corrections,
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Figure 5.5: L2 Residual corrections for Run 3 (2022 and 2023) from Ref. [153].

which arise from changes in detector performance and operating conditions.
Notably, one observes that the correction factor increases to values up to 1.15
in the EC-HF transition region, corresponding to |n| € [2.5, 3], reflecting the
reduced detector response in this part of the calorimeter coverage.

e pr-dependent corrections

These corrections are also known as Level 3 Residuals or L3Res. In order to
obtain them, events with different topologies covering the p; range between
30 GeV and 1 TeV are needed. In the low-p; regime, Z+1 jet events are
utilized, as the leptonic decay channels of the Z boson provide a highly precise
experimental signature, therefore the Z boson becomes the tag object. In
the central-py region, both Z+1 jet and y+1 jet events are used to achieve
higher statistics. Finally, in the high-p; region, these topologies do not provide
enough statistics and multijet events are needed instead. For these corrections,
« is defined as

o = PTict (5.12)

Pr,z/
As a result, the correction factor is defined in terms of the probe jet pr as
Clapes = R;ﬁzmulatwn / R;-’gata, where i refers to a different event topology.

Finally, all the 6’23 Res are fitted, resulting in an absolute correction Csp.s-

Finally, the Jet Energy Corrections can be summarised as

Simulati
CJEZ’U P = CLloffset X CResponse (513)
Dat
OJEGC? - CLloffset X CResponse X CL2Res X CL3R€S (514)

5.2.2 Jet Energy Resolution (JER)

After applying jet energy corrections, the jet energy resolution (JER) in simulation
is typically better than in data due to idealized detector modelling and incomplete
simulation of effects such as pileup. To account for this, the simulated jet energies
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are smeared post-correction by applying scale factors derived from the data, ensuring
that the simulation reproduces the broader resolution observed in data according
to Eq. 5.15. The jet resolution in simulation is estimated from the width, o;gg,
of a Gaussian fit to the ratio of reconstructed to particle-level jet response across
different PU scenarios:

A= Prreco = PTpart 7 (515)
pT,part

where pr,.eq, and pr . are the transverse momenta of the jet at reconstruction and
particle level respectively. Hence, the py,..., and pr ., are related as

Prreco = pT,part(l + A) (516)

Then, the smearing is applied on the simulation through the following correction

Pryreco = pT,part<1 + AD(JLta/Sim X A) ) (517>

and the matching criteria between a reconstructed jet and a particle-level jet is

defined as

R
AR < %, ‘A' < BUJER (518)

where R,,,,. is the jet radius parameter of the reconstruction algorithm, which is 0.4
for AK4PFCHS jets, which are the particle flow reconstructed jets with R = 0.4 and
CHS substraction for PU. However, due to inefficiencies in the detector response,
not all reconstructed jets can be unambiguously matched to particle-level jets. Con-
sequently, the Jet Energy Resolution (JER) is adjusted using two complementary
methods to account for these discrepancies.

If there is a matching jet at particle level, the scaling method is applied. The
four-momentum of the jet is smeared with a factor

CJER =1+ AData/,S'im X A (519)

On the opposite, if no matching jet at particle level is found, the stochastic method
is implemented:

Cypr =1+ N(0, UJER)\/max(AData/Sim —1,0) (5.20)

where N (0,0 ;5r) is a random number drawn from a Gaussian of width o ;55 and
negative values of C; 5 are set to zero to prevent unphysical (negative) jet pp [154].

5.2.3 B-tagged jets

The identification of jets originating from bottom quarks, or b-tagging, is a core
technique in high-energy physics, essential for isolating rare processes and suppress-
ing background in precision measurements [155]. At the Large Hadron Collider,
where light-flavour and gluon jets from QCD processes prevail, discriminating heavy-
flavour jets provides crucial access to top-quark and Higgs-boson decays as well as
searches for new particles coupling preferentially to third-generation quarks. The
performance of b-tagging algorithms, in terms of efficiency and purity, directly de-
termines the sensitivity of numerous SM and BSM analyses.
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The b-jet tagging relies on the distinctive properties of b-hadrons produced in b-
quark fragmentation. Their relatively long lifetime (~ 1.5 ps) corresponds to a flight
distance of a few millimeters for boosted hadrons, resulting in displaced secondary
vertices and tracks with large impact parameters relative to the primary vertex.
Additional discriminants include the large b-hadron mass (~ 5.2 GeV/c?) leading
to harder fragmentation and higher decay multiplicity, as well as the 25 % branching
ratio of semi-leptonic decays producing soft leptons, particularly muons [155]. In
simulation, the CMS experiment classifies jets by hadron flavour as follows: flavour
5 (b-jets containing B-hadrons), flavour 4 (c-jets with C-hadrons only), and flavour
0 (light-flavour jets from u,d,s quarks or gluons) [156].

Contemporary b-tagging algorithms, exemplified by the state-of-the-art DeepJet ap-
proach [156], employ deep neural networks, combining convolutional and recurrent
layers to process low-level jet constituents (charged/neutral particle four-momenta,
track parameters, secondary vertices), surpassing legacy multivariate methods by
eliminating manual feature engineering and enhancing discrimination between b-, c-
and light-flavour jets. These algorithms output a continuous discriminant ranking
jet flavour likelihoods, from which fixed working points (WPs) are defined at stan-
dardized efficiencies (e.g., 70% on simulated ¢ samples) to balance signal selection
against mistag rates for c- and light-flavour jets, facilitating consistent cross-analysis
application and systematic uncertainty evaluation [157].

5.3 Monte Carlo event generators

The simulation of proton-proton collisions can be conceptually separated into two
main stages: the generation of the hard process and the subsequent parton shower-
ing. In the study of processes such as electroweak Zjj production, the hard scat-
tering is first generated based on the corresponding matrix elements for electroweak
Z-boson production in association with two jets. This generation can be performed
following two main approaches: the Vector Boson Fusion (VBF) approximation or
a non-restrictive approximation.

In the VBF approximation, the generation is limited to the t-channel colour-singlet
exchange in order to prevent overlap with other topologies, such as diboson produc-
tion. In contrast, a non-restrictive approximation includes all Feynman diagrams
consistent with the desired final state. Consequently, in addition to genuine VBF
contributions, it also accounts for Z°-boson bremsstrahlung processes and multi-
peripheral [T17jj production. For the present analysis, the non-restrictive approx-
imation is adopted, since CMS does not provide a dedicated, centrally produced
VBF Z-only Monte Carlo sample for any Run 2 data-taking period.

Once the hard process is generated at the parton level, the simulation of the parton
shower is performed to model QCD radiation emitted from the initial- and final-
state partons. Subsequently, hadronisation is simulated to convert partons into
stable hadrons, together with the modelling of the underlying event.

In this context, a tune is a specific set of phenomenological parameter values, gov-
erning parton showers, multiple parton interactions, hadronisation, and colour re-
connection, among others, that has been optimized to reproduce a broad set of
experimental measurements based on collider data, ensuring simulated events real-
istically describe observed final state [158].
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MC event generators employed in the current measurement

e Madgraph is a versatile Monte Carlo event generator at LO or “tree-level”
matrix element. MadGraph5_aMC@NLO [68| extends it at NLO and interfaces
the hard process with parton shower and hadronisation tools.

e Pythia8 is a general-purpose Monte Carlo event generator able to model
hard processes, parton showers, hadronisation and multiparton interactions.
Additionally, external events at higher orders can be fed to Pythia8 as well.
The parton shower is ordered in decreasing transverse momentum from the
hard scattering scale down to a non-perturbative scale, the hadronisation is
modelled with the Lund string model and the multiparton interactions are
described as presented in [159].

e Powheg (Positive Weight Hardest Emission Generator) is a method
and a Monte Carlo event generator implemented via the POWHEG BOX
framework [70]. It generates the hard process at NLO improving its accuracy
and reliability. Then, its output relies on parton shower generators such as
Pythia8, to complete the full shower evolution.

5.4 Numerical Treatment of PDF Sets

Parton Distribution Functions (PDFs) are provided as numerical grids that parame-
terise the non-perturbative parton densities f,(z, QQ) in a proton as functions of the
momentum fraction z and energy scale Q. These grids are generated from global
fits to experimental data using Monte Carlo replicas or Hessian eigenvector sets,
enabling quantitative uncertainty propagation in high energy physics analyses. For
the NNPDF31_nnlo sets specifically, uncertainties are quantified through 100 eigen-
vector pairs derived via the Hessian representation of an underlying Monte Carlo
ensemble [160].

PDF sets like NNPDF31 nnlo are distributed as discrete grids in z and Q?, typically
spanning 107° < z < 1 and Q* from 0.9 to 10° GeV?, with interpolation (e.g.,
via neural networks) for intermediate points. Each set consists of a central (best-
fit) PDF plus uncertainty variants: NNPDF uses 1000+ replicas for Monte Carlo
sampling of the probability distribution, but the Hessian method approximates this
with 100 orthogonal eigenvector sets for efficient error propagation. The Hessian
eigenvectors A £V (z,Q°) capture deviations from the central £ (z,Q?), obtained
by diagonalizing the covariance matrix of replica fluctuations [161].

5.5 Corrections for particle physics analyses

Correlating the events simulated by the Monte Carlo (MC) generators to the data
recorded by the CMS detector is not trivial since many factors need to be taken
into consideration. Some of them are the detector limitations and malfunctions, the
amount of simulated events as well as the accuracy of the simulation in reproducing
the underlying physics processes among other attributes. Because of these, discrep-
ancies between the simulation and data may persist, thereby, the current section
discusses the corrections needed in order to mitigate that.
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To ensure that kinematic distributions, object reconstruction efficiencies, and event
yields in simulation reflect the conditions present in data, targeted corrections are
applied. Some of these corrections address differences in normalization (such as scal-
ing event yields using measured cross sections), while others mitigate the impact of
additional proton-proton interactions, timing-related trigger inefficiencies, detector
hardware failures, or biases in momentum resolution. Still others correct for com-
plex flavor tagging efficiency mismatches or remove problematic detector regions
from analysis via veto maps.

Each of these procedures is either centrally developed and validated by CMS working
groups or adapted from well established community methods. In the following sub-
sections, these corrections are introduced in turn, beginning from global event-level
adjustments and moving towards object-specific calibrations and regional exclusions.

Cross-section scale factor

In high-energy physics analyses, simulated samples must be normalized to the inte-
grated luminosity of the corresponding data set to ensure that the expected event
yields are comparable. This scaling accounts for differences between the generated
Monte Carlo statistics and the amount of data collected. The cross-section weight
for each simulated event i in a sample containing N events is defined as

"LU;XS _ Eaprocesswi : (521)
DN Wi

where £ is the integrated luminosity of the data, 0,,,css 1S the cross section of the
simulated process and w; is the event weight. The latter equals 1 at leading order LO
but can differ from 1 at NLO due to event reweighting introduced by higher-order
corrections.|162].

Multiple proton-proton interactions (pileup or PU)

As discussed previously, the presence of PU introduces additional energy deposits
in the detector that can adversely affect the reconstruction of physics objects. The
number of PU interactions is given by the following expression:

N o 'Cinsto-inelastic
PU —

e (5:22)

where L;,.; is the instantaneous luminosity of a given bunch, 0;,.4sc 1S the cross
section of inelastic processes and f; g is the orbit frequency of the LHC. In sim-
ulated samples, the distribution of PU interactions may differ from that observed
in data. To account for this, a pileup weight (PU weight) is applied to each sim-
ulated event. This weight adjusts the simulated PU distribution to match the one
measured in data, ensuring consistent conditions between data and simulation.
Independently of PU weighting, PU mitigation techniques are applied at the object
reconstruction level to reduce the impact of additional interactions. In the CMS
collaboration, several such methods have been developed. In this analysis, jets
are reconstructed using the charged-hadron subtraction (CHS) algorithm, which
removes charged particles associated with pileup vertices from the jet clustering.
Additionally, a requirement on the pileup jet identification (PU jet ID) discriminant
is applied to reject jets originating primarily from pileup interactions [142].
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Level 1 prefiring issue

During the 2016 and 2017 data-taking periods, the gradual timing shift of ECAL was
not properly propagated to L1 trigger primitives (TP). That led to an important
fraction of photons, muons, electrons and jets in the high pseudorapidity region
wrongly associated to the previous bunch crossing. Since this effect is not reproduced
by the simulation, it is corrected by implementing centrally-provided weights which
compute the probability for an event not to prefire. As a result, the final event
weight is obtained as the product of the non prefiring probability of all objects
(offline photons, muons, electrons and jets) [163]:

w=1- Pprefim'ng = H (1 - 6?'?6]%7‘2“9) (523)

i=jets,photons,muons,electrons

Muon momentum calibration (Rochester correction)

The reconstruction of the momentum of muons in hadron collider experiments is
biased. This is due to detector misalignments, the reconstruction software, and un-
certainties in the magnetic field. Initially, simulated events have no bias but this
can be included later during the reconstruction of the event. This bias depends on
the charge of the muon and the 1 and ¢ coordinates of the muon track. Thus, the
muon momentum is calibrated in both data and simulation to remove the discrep-
ancies between both. These correction factors are centrally provided by the CMS
Collaboration and were initially derived at the University of Rochester, hence their
name. The current measurement uses the roccor.Run2.v5 package [164].

HEM15/16 region issue

The HEM15/16 issue refers to the failure of the power supply in two sectors of the
Hadron Calorimeter Endcap (HE), specifically HEM15 and HEM16, approximately
halfway through the data acquisition process. These modules correspond to the
region of —3.0 < n < —1.3, —1.57 < ¢ < —0.87, which resulted in the loss of readout
from the corresponding Detector Fiducial (DF) regions, covering a 40° segment of
the HE™ side, which corresponds to approximately 3 % of the total HCAL coverage
[165]. As a consequence, there was a loss of HCAL information from this sector
related to lepton, photon, and jet reconstruction in that region; therefore, this region
is excluded in the current measurement for 2018 in both data and simulated events.

B-tagging scale factor

In general, Monte Carlo simulations introduce modelling discrepancies with collision
data in tracking, calorimetry, and vertex reconstruction, leading to differences in
measured b-tagging efficiencies and misidentification rates for b-, ¢-, and light-flavour
jets, which vary with jet kinematics (pr, ) and working point. Dedicated calibration
measurements derive scale factors, ratios of data-to-simulation tagging efficiencies
(or mistag rates) parametrized by jet flavour, pseudorapidity and pz, applied to
the simulation to correct for the difference. The current measurement uses the
centrally-produced b-tagging scale factors derived from the DeepJet algorithm with
fixed working points (WPs). For b-tagged (hadron flavour 5) and c-tagged (flavour
4) jets, scale factors are derived exclusively from QCD-enriched samples, referred
to as “mujets”; since they require a soft muon (pp > 3,GeV) within the jet to
ensure high heavy-flavour purity via semileptonic decays. In contrast, light-flavour
jets (hadron flavour 0) employ inclusive scale factors derived from standard QCD
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multijet samples without a muon requirement, utilising data-driven techniques such
as negative tagging, where track impact parameter significances are sign-inverted
to directly measure mistag rates from the symmetric prompt-track distribution in
data. This distinction accounts for the differing statistical control and background
compositions in each flavour category [166].

Jet veto maps

Some regions of the calorimeters are observed to produce anomalously high or low
jet rates due to radiation damage in addition to inefficiencies in some regions of the
tracking system. This leads to unreliable jet reconstruction, which can be accounted
for through the implementation of jet veto maps [167]. These are boolean n— ¢ grids
covering the whole detector phase space derived by the Jets and Missing Transverse
Energy (“JetMET”) group, so that if a jet falls in a False evaluated cell, it is removed
from the event. The current measurement only implements them for 2018 since the
effect of jet veto maps in 2017 and 2016 was negligible.
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Chapter 6

Measurement of Electroweak Z
Boson With 2 Jets

At the Large Hadron Collider, events containing a Z boson and at least two jets
(Zjj) are produced predominantly via initial-state QCD radiation from the incoming
partons in the Drell-Yan process (QCD Zjj). Contrary, electroweak production of
the Z boson remains a much more infrequent process, since it is suppressed by a
much smaller electroweak coupling and phase-space constraints.

During Run 1, the ATLAS experiment measured the fiducial and differential cross
sections of the EW Zjj process in several kinematic regions, using an integrated
luminosity of 20.3 fb~" of proton-proton collision data collected at /s = 8 TeV [63].
In parallel, the CMS experiment measured the fiducial cross section of the EW Zjj
process and investigated the hadronic activity in the rapidity interval between the
tagging jets for events with m,; > 120 GeV, using a data sample corresponding to
5 fb™" of proton-proton collisions at /5 = 7 TeV [62].

In Run 2 at /s = 13 TeV, ATLAS performed measurements with dijet invariant
mass requirements of m;; > 250 GeV and m;; > 1 TeV using 3.2 fb~" of data [168],
and later reported differential cross sections for m;; > 1 TeV with the full 139 fh!
dataset [169]. At the same centre-of-mass energy, CMS measured the fiducial cross
section for mj; > 200 GeV with 35.9 fb™' [64]. The present analysis therefore
constitutes the first fiducial measurement of the EW Zjj process at CMS using
138 fb™* of 13 TeV data and the first differential measurement of this process with
respect the Z-boson p; in the CMS experiment.

This thesis uses an integrated luminosity of 59.83 fb~! of proton—proton collision
data at /s = 13 TeV, collected by the CMS experiment in 2018, for the inclusive
Zjj measurement. The electroweak Zjj measurement, which represents the main
result of this work, employs the full Run 2 dataset corresponding to an integrated
luminosity of 138 th™! at Vs = 13 TeV, encompassing the 2016, 2017, and 2018
data-taking periods. Both analyses combine the Z — ete™ and Z — ptpu~ decay
channels.

Section 6.1 define the signal and background processes and their corresponding data
and simulation samples. Section 6.2 explains the selected phase space and observ-
ables, and the measurement at detector level is shown in Section 6.3. Then, the
Machine Learning (ML) strategy implemented to enhance the signal process is ex-
plained in Section 6.4. The unfolding procedure is explained in Section 6.5 and
finally uncertainties are discussed in Section 6.6.
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6.1 Event topologies

In a high-energy physics analysis, a precise characterization of event topologies along
with precise identification of signal and background processes is essential for an ac-
curate measurement and interpretation. This section introduces a comprehensive
description of the signal and background, followed by the signal topology character-
isation at particle level and an overview of the data and simulated samples employed.
This foundational framework establishes the basis for event selection and further in-
terpretation efforts, explained in subsequent sections in the current chapter.

6.1.1 Signal and background definitions

The signal, EW Zjj, is defined as the t-channel exchange of a weak vector bo-
son, which includes Z-boson production via vector boson fusion (VBF), Z-boson
bremsstrahlung and multi-peripheral production, as shown in Figure 6.1 and previ-
ously explained in Chapter 2.

q q q woyen q q
A
W poye whet Z wye”
A
w- +
utet w q Z ptet
q q q q q q

Figure 6.1: Representative leading-order Feynman diagrams for EW Zjj production
at the LHC: vector boson fusion (left), Z-boson bremsstrahlung (centre) and multi-
peripheral production (right), from Ref. [63] at O(agy).

In particular, the VBF Z process is of great interest since it acts as a “standard
candle” for other VBF processes at the LHC such as the production of Higgs bosons
[170-173]. The VBF Z process is also crucial for the search for weakly interacting
particles beyond the Standard Model [174-177] or for studying the sensitivity to
anomalous WW Z triple gauge couplings [5, 178-181].

Background processes produce the same final state as the process under study and
they are classified in three main categories:

e Drell-Yan process (DY) (¢§ — Z° — ¢0): Tt constitutes the largest background
in the current measurement (see Fig.6.2).

e Top-antitop processes: they include top-antitop pair production where both W
bosons decay leptonically into two leptons and two neutrinos in the final state
(tf — 202v) and top-antitop pair production where the W* boson decay semilep-
tonically (tf — ¢v4q) into one charged lepton, one neutrino, manifested as miss-
ing transverse energy, and four quarks: two b quarks and two light quarks. These
two top-antitop processes constitute the second largest background in the current
measurement (see Figs. 6.3 and 6.4).

e Single top: they include single top quark production through 3 different modes:
in association with a W*/~ boson with all inclusive decay modes for the top quark
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Figure 6.2: Representative leading-order Feynman diagrams for Drell-Yan produc-
tion in association with dijets, from Ref. [62] at O(aZagy).

Figure 6.3: Representative leading-order Feynman diagrams for ¢t — 2¢2v obtained
with MadGraph5 at O(aZaby).

Figure 6.4: Representative leading-order Feynman diagrams for t£ — fv4q obtained
with MadGraph5 at O(aZamy).
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in the 5-flavour scheme, via t-channel in the 4-flavour scheme and via s-channel
in the 4-flavour scheme as well. The difference between these flavour schemes
is based on whether the b-quark is considered or not in the initial state (see
Figs. 6.5 and 6.6).

Figure 6.5: Representative leading-order diagrams for single top quark production
with a W/~ boson with all inclusive decay modes in the 5 flavour scheme obtained
with MadGraph5 at O(a,agy ).

Figure 6.6: Representative leading-order diagrams for single top quark production
via t-channel and s-channel in the 4-flavour scheme obtained with MadGraphb at

O(asa%W)'

e Vector Boson: they include WV~ Wt =2% and 2°2° production. Overall,
these processes constitute the smallest background contributions (see Fig. 6.7).

Background processes are modelled individually, with dedicated simulated samples
used to characterise each contribution, as detailed in the following subsection. Build-
ing on the inclusive Z selection criteria described in Chapter 2, an additional set of
kinematic cuts is applied to enhance the electroweak Zjj signal while suppressing
the Drell-Yan background. However, as illustrated at particle level in Figure 6.8,
it is challenging to isolate the signal from the background processes, and therefore
a machine learning (ML) method is implemented to improve the signal vs. back-
ground ratio. Given the substantial contributions from Drell-Yan and top-antitop
production, a dedicated control region for each of them is defined to both determine
their normalisation and shape directly from the data and to further constrain their
impact in the extraction of the electroweak measurement. This approach is also
motivated by discrepancies in the CMS Collaboration regarding theoretical cross
section values.
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Figure 6.7: Representative leading-order diagrams for W W~ and wH=z° pro-
duction obtained with MadGraph5 at O(agy ).
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Figure 6.8: pp, and pr,, at particle level, where the contribution in red “QCD bckg”
corresponds to the Drell-Yan process and the EW Zjj corresponds to the signal
process (normalised to the cross section).

The EW Zjj, VBF Z and DY samples used for the particle-level distributions shown
in this thesis have been generated according to the footnote.'

6.1.2 Physical event samples

As previously mentioned, background processes are modelled individually using ded-
icated simulated samples for each contribution, as detailed in the following subsec-
tion. Accordingly, this section describes the data and simulated samples employed
in the present measurement.

'Both the EW Zjj signal and the QCD background (DY) shown in distributions at parti-
cle level in this thesis have been simulated using the datacards available in the CMS Monte
Carlo Management (McM) repository [182] corresponding to the dataset names: EWK_LLJJ_-
MLL-50_MJJ-120_TuneCP5_13TeV-madgraph-pythia8_dipole and DYJetsToLL_M-50_TuneCP5_-
13TeV-amcatnloFXFX-pythia8 correspondingly, referred to as EWK_LLJJ_MLL and DYJetsToLL re-
spectively in the current chapter, and the VBF Z process has been simulated as described in
Chapter 2.
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6.1.2.1 Data samples

Events in the dataset are selected by requiring them to satisty a set of high-level trig-
ger (HLT) (see Section 4.3.2) conditions designed to ensure the presence of charged
leptons. Since the current measurement is performed by combining Z — e*e™ and
Z — p '~ decay channels, SingleMuon and SingleElectron or EGamma datasets
are needed, as shown in Tables C.1 and C.2 in the Appendix.

As described in Chapter 2, the EW Zjj process is characterised by two leptons in
the final state, but single-lepton triggers are particularly effective due to their rela-
tively higher transverse momentum thresholds and their high efficiency in recording
events with energetic, isolated leptons. This choice not only ensures good signal
purity but also contributes to a significant reduction of background contamination.
Furthermore, the performance of single-lepton triggers has proven to report a highly
similar event rate across a wide range of pileup conditions and in different pseudora-
pidity ranges, owing to the different upgrades in the Level-1 (L1) trigger system (see
Section 4.3.2) and the High-Level Trigger algorithms. Such stability is especially im-
portant when combining datasets collected in different LHC running periods. The
efficiency of the CMS L1 and HLT triggers has been extensively studied using clean
control samples enriched in Z — pup decays, providing robust and well-understood
efficiency measurements. These properties make single-lepton triggers particularly
advantageous for electroweak analyses involving final states with leptons and jets.
This choice aligns with CMS Trigger system performance and selection documented
in CMS trigger publications and performance notes [183].

6.1.2.2 Simulation samples

Simulation samples are employed to model the underlying physics processes, evaluate
efficiencies and background contributions, estimate systematic uncertainties, and
correct the data for detector effects.

In this analysis, event samples are produced using different MC generators tailored
to the specific physics process and the desired level of theoretical accuracy.
Electroweak processes such as EW Zjj are not generally available in a standardised
way from NLO simulation with MadGraph5_aMC@NLO. This is due to the computa-
tional cost and technical complexity associated with simulating electroweak Z pro-
duction, particularly when compared to the inclusive (EW-+QCD) case. Moreover,
including NLO QCD corrections would mix the signal with the much larger QCD
background, making it difficult to isolate and measure the pure EW contribution.
Including NLO EW corrections would manifest as a slightly reduced theoretical
uncertainty rather than a significant change in event kinematics. Consequently,
in the VBF-enriched phase space, LO accuracy remains sufficient for the current
measurement. Additionally, at the time of the Run 2 simulation campaign, no ded-
icated validation or tuning existed for NLO electroweak processes, leading to the a
priori decision to simulate the Zjj electroweak process at leading order [68] with
MadGraphb_aMCONLO.

For processes with complex multi-leg final states, such as Drell-Yan production
and single-top production via the s-channel, event generation is performed with
MadGraph5_aMC@ONLO [68] due to its great flexibility. The matching to the Pythia8
parton shower is achieved through the FXFX matching procedure [184], a standard-
ized framework designed to avoid double counting in events with complex final states.
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For top-antitop and single-top production channels (excluding the s-channel), events
are generated with POWHEG [70]. This choice reflects POWHEG's ability to generate the
hardest radiation first, yielding a more accurate description of radiation patterns and
jet kinematics characteristic of these processes. Furthermore, its treatment of the
interplay between initial- and final-state radiation through the Sudakov form factor
provides a consistent framework for modelling interference and resonance effects.
In the single-top t-channel, generated in the four-flavour scheme, MadSpin [185] is
employed to preserve spin correlations in decays. The resulting events are then inter-
faced with Pythia8 [186] for parton showering, hadronisation, and underlying-event
modelling, using the CP5 tune optimized and validated by the CMS Collabora-
tion [158].

For single-top s-channel production, the choice of MadGraph5_aMC@NLO over POWHEG
is primarily motivated by the more transparent implementation of the four-flavour
scheme (4f), enabling precise treatment of heavy-flavour dynamics and better control
of decay channels, rather than by the matching procedure itself.

Other processes, such as diboson production, are simulated directly with Pythia8,
which provides sufficient leading-order precision for these channels. All simulated
samples employ the NNPDF3.1 parton distribution functions [187|, provided at
NNLO in QCD.

The event generator and PDF configurations used follow the central CMS prescrip-
tions. Tables D.1,D.2, D.3, and D.4 summarize the simulated samples corresponding
to the 2018, 2017, and 2016 datasets. The 2016 data are further divided into pre-
VEP and post-VFEP periods to account for a hardware modification in the CMS
pixel detector, where the Vertex Finding Processor (VEP) pre-amplifier bias voltage
was adjusted to enhance silicon strip tracker hit efficiency. Accordingly, four tables
are presented to represent these distinct data-taking periods.

6.2 Phase space and observable selection

The electroweak production of a Z boson with two jets (EW Zjj) in a VBF-like
topology displays characteristic kinematic and topological features. In this process,
a t-channel exchange of electroweak bosons between incoming quarks produces two
jets, referred to as “tagging jets”. These jets are typically very energetic, widely
separated in rapidity, and located in the forward and backward regions of the detec-
tor, with little hadronic activity in between. The Z boson decay products, forming

Figure 6.9: EW Zjj topology in the CMS detector: 3D view (left), transverse view
(right) from [188].

a dilepton system, are generally found within the rapidity interval defined by the
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tagging jets, as shown in Fig. 6.9.

In the current and following sections, observables denoted as X;; and X, correspond
to quantities defined with respect to the leading lepton and leading jet, respectively.
Similarly, X;; and X, refer to the corresponding quantities for the subleading lepton
and subleading jet. Observables labelled X and X;; represent quantities defined
for the dilepton and dijet systems, respectively, which will be formally introduced
in the next subsection.

6.2.1 FEvent selection

Following the previously discussed kinematic characteristics of the electroweak Zj7
process, event selection is performed by applying a set of criteria. The baseline
selection comprises requirements derived from the physical features of the studied
topology, denoted as A. Physics-based criteria. Additional conditions accounting for
detector response and performance are then applied, referred to as B. Detector-based
criteria.

A. Physics-based criteria

Events are selected after applying a set of preselection criteria summarised in Ta-
ble 6.1.

Channel o ee

Leptons In| < 2.4 In| <2.1
P1i0,1 > 40, 20 GeV

7 peak exactly 2 with opposite sign

’MZ — Mll| < 15 GeV
min(n;) < g < maz(n;)
Ad,; < 2.8

Jets at least 2

Prjoa > 50,50 GeV

m;; > 200 GeV

In| < 4.7

[Any;| > 1.5

Table 6.1: Summary of event preselection criteria for the muon and electron channels

In a vector boson fusion (VBF) Z-enriched topology, several categories of jets can
be present:

e Tagging jets: the two hardest jets originating from the ¢-channel quark ex-
change. The jets with the highest and second-highest transverse momentum
(pr) are referred to as the leading and subleading jets, respectively, and to-
gether they form the dijet system. They are typically highly energetic, widely
separated in rapidity, and located in the forward and backward regions of the
detector, with limited hadronic activity between them

e Soft gluon jets: jets arising from Initial or Final State Radiation (ISR or
FSR), usually characterized by low transverse momentum (py < 30 GeV) and
predominantly central pseudorapidity
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e Extra quark or gluon jets: jets originating from higher-order QCD radia-
tion, which can have moderate to high p; depending on the event topology

e Pileup jets: low-py jets uncorrelated with the hard scattering process, pro-
duced by additional proton—proton interactions within the same bunch crossing

To ensure the presence of the tagging jets while efficiently suppressing soft gluon ac-
tivity, at least two jets with pp ;o1 > 50 GeV are required. Furthermore, a minimum
pseudorapidity separation between the leading and subleading jets, |An;;[ > 1.5,
significantly reduces the QCD-induced background, which generally produces more
central jets rather than the characteristic back-to-back configuration of the EW Zjj
system. A conservative dijet invariant mass threshold of m;; > 200 GeV is chosen
to suppress QCD contributions while retaining sufficient event statistics.

For the reconstruction of the Z° boson, exactly two oppositely charged leptons are
required. The leading lepton must satisfy pr, > 40 GeV and the subleading lepton
pra > 20 GeV, ensuring the suppression of non-prompt lepton contributions. The
dilepton pair must be consistent with the Z° boson mass, fulfilling the condition
|M, — My| < 15 GeV. In addition, leptons are required to be spatially correlated,
with an azimuthal separation A®,, < 2.8, and located within the pseudorapidity
interval defined by the tagging jets, min(n;) < 1, < max(n;), consistent with the
VBF-like topology.

B. Detector-based criteria

Vertex Reconstruction and Pileup Mitigation

Reconstructed primary vertices are required to lie within 24 c¢cm of the nominal
detector center along the beam axis (z-direction) and within 2 cm of the beamspot
position in the transverse plane. Vertices outside these bounds typically correspond
to background events or poorly reconstructed interactions. Furthermore, the vertex
fit is required to have more than four degrees of freedom to guarantee that a sufficient
number of tracks contribute to the vertex reconstruction, ensuring an acceptable
reconstruction quality [189].

Leptons

The lepton p threshold fulfils the requirements to activate the adequate triggers,
which are the HLTIsoMu24 trigger for 2018 and 2016 and HLTIsoMu27 for 2017
in the muon channel and HLT_Ele32_WPTight_Gsf trigger for 2018 and 2016 and
HLT_Ele35_WPTight_Gsf for 2017 in the electron channel.

Leptons are subject to standardised quality, positioning and isolation requirements,
which ensures an optimal selection for physics analyses.

e Quality: muons need to pass the mediumId requirement, which is a set of
criteria on variables such as track fitting, track hits, matches to calorimeter
deposits, and isolation criteria. It is used to differentiate prompt muons from
background muons originating from heavy flavour decays or misidentifications
[190]. Likewise, electrons need to pass the tightId requirement [191]

e Positioning: muons need to keep a distance of d,, < 0.5cm and d, < 1.0cm
relative to the primary vertex in the xy-plane and z-coordinates respectively.
Electrons are required to satisfy d, < 0.1,cm and d,, < 0.05,cm if their
In] <1.479 and d, < 0.2cm and d,, < 0.1cm otherwise [192]

Chapter 6 95



6.2. PHASE SPACE AND OBSERVABLE SELECTION

e Isolation: In the muon channel, it is defined by requiring that the scalar sum

of transverse momenta within a cone of radius R = \/(An)2 +(Ag)* < 04

is below 25% of the muons’ pp, suppressing non-prompt backgrounds while
preserving prompt muons [193|. Similarly, in the electron channel, it is defined
by requiring that the scalar sum of transverse momenta within a cone of radius
R < 0.3 is below 15% of the electrons’ py [194].

Jets
Jets are subject to standardized quality requirements, isolation criteria, tagging
procedures, dedicated event filtering, and data—MC efficiency mapping:

e Quality: Analogous to the lepton selection, jets must satisfy the tightId
condition, ensuring genuine multi-particle contributions and suppressing noise-
induced artifacts [195]

e Isolation: Jets within AR < 0.4 of any preselected electron or muon are
removed to avoid double counting of energy deposits

e Tagging: To enhance purity of the tagging jets from ¢-channel quark exchange
in the EW Zjj topology, a b-tag veto is imposed. This analysis employs the
medium working point (WP) of the DeeplJet algorithm, corresponding to a
~ 1% misidentification rate for light-flavour jets [196]

e Filtering: Standard MET filters aare applied to remove events with anoma-
lous missing transverse energy arising from detector noise, reconstruction er-
rors, or beam-related backgrounds. These filters target events with poorly re-
constructed interaction points, unusual calorimeter signals, misreconstructed
muons, and known calibration issues in the electromagnetic calorimeter [197]

e Mapping: Jet veto efficiency maps are used to correct for residual data—MC
discrepancies relevant to 2018 data, while effects in 2016 and 2017 are negli-
gible. These corrections mitigate biases arising from jet resolution in analyses
that are explicitly conditioned on the presence of reconstructed jets [167]

Furthermore, jets reconstructed in the regions —3.2 < n < —1.3 and —1.57 <
¢ < —0.87 are excluded to address the non-functional HEM-15 and HEM-16 HCAL

sectors during the 2018 data-taking period [198].

6.2.2 Observables

The present chapter details the measurement of both inclusive and differential cross
sections as functions of the dilepton transverse momentum, pi. Alongside this pri-
mary observable, a suite of complementary variables is selected to maximize analysis
sensitivity. The selection of these observables is motivated by their capacity to differ-
entiate signal from background processes, which is reflected in distinct distribution
shapes observed for signal and background contributions. Consequently, the chosen
variables are those demonstrating strong discriminating power, minimal mutual cor-
relations, and robust agreement between data and simulation at the detector level.
As a result, the following observables are employed in the Boosted Decision Tree
(BDT) training.
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e m;;: The dijet invariant mass (Fig. 6.10) is computed from the two highest-p;
jets (tagging jets) and is a key variable for identifying events with a large mass
separation between the jets. In VBF Z production, a high m;; is a signature of
the typical topology where the two jets are produced at large rapidity intervals,
reflecting the underlying electroweak process and helping to suppress the DY

background

e pr;: The transverse momentum of the subleading jet (Fig. 6.11) provides
insight into the jet kinematics characteristic of VBF Z production. In genuine
VBF events, both tagging jets typically arise from hard parton scattering
via colour-singlet exchange, resulting in a balanced and relatively hard jet
pair even for the subleading jet. In contrast, DY Zjj events often feature
softer secondary jets produced through QCD radiation. As a result, a harder
prj, spectrum is indicative of the VBF topology and serves as an effective

discriminant against the DY background

o Ad, i The angular opening in the azimuthal plane between the 7 boson
(reconstructed from the dilepton system) and the dijet system (Fig. 6.12) helps
identify events with high transverse momentum balance, typical for back-to-

back topologies such as the VBF Z production

o Ad,,: The azimuthal separation between the Z boson and the leading jet
(Fig. 6.13) is sensitive to the distinct topology of VBF Z production. In genuine
VBF events, the Z boson is typically produced centrally and decorrelated in
azimuth from the tagging jets. DY processes, by contrast, often feature jets
radiated close in azimuth to the Z boson. This variable therefore enhances the

ability to isolate the VBF-like topology

e n;,: The pseudorapidity of the leading lepton (Fig. 6.14) probes the central pro-
duction of the Z boson decay products in VBF events. Since the colour-singlet
exchange characteristic of VBF tends to yield centrally produced leptons be-
tween the two forward-tagging jets, while DY Zjj events can produce leptons
more broadly in rapidity, this observable helps capture that spatial pattern

e Ay The pseudorapidity difference between the two leading leptons (Fig. 6.15)
reflects the angular spread of the dilepton system arising from the Z decay. In
VBF Z events, the leptons are typically emitted closer in pseudorapidity, con-
sistent with a central, colour-singlet—mediated production, whereas DY events
show a more uniform distribution. This variable thus contributes to distin-
guishing the more collimated dilepton topology expected in VBF production

e |An;;|: The absolute pseudorapidity separation between the two leading jets
(Fig. 6.16) is one of the hallmark signatures of the VBF process. The two VBF
tagging jets are usually produced widely separated in rapidity and located at
large |n|, a contrast to DY Zjj events, which tend to exhibit more central and
less separated jets. Large values of |An;;| therefore strongly favour the VBF

topology and provide a key handle to enhance signal purity

e 2" Zeppenfeld variable (Fig. 6.17), defined as:
ooV
Ay
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where Ay;; is the rapidty separation between the leading and subleading jets
and y" is:
Yo — W1

2 )
where y;; is the Z (dilepton) rapidity, y, is the leading jet rapidity and y; is
the subleading jet rapidity.

Z/* =Y —

The Zeppenfeld variable is a widely used observable for distinguishing vector
boson fusion (VBF) Z production from Drell-Yan (DY) Z+jets backgrounds,
as it quantifies the relative centrality of the electroweak boson with respect to
the dijet system. In VBF topologies, the two jets originate from a ¢-channel
electroweak exchange and therefore tend to populate the forward regions of the
detector, producing a large Ay,;, while the Z boson is preferentially emitted
centrally between them. This yields small values of y* and a z* distribution
strongly peaked around zero. Conversely, in DY Z+jets events, the jets arise
predominantly from QCD radiation and exhibit no particular correlation with
the Z boson rapidity, leading to a much broader z* spectrum. The variable z*
therefore provides an effective means of enhancing the purity of VBF-enriched
event selections by exploiting the characteristic spatial configuration of elec-
troweak production.

These distributions are normalized to the expected event yields, computed
from theoretical cross sections and integrated luminosity per year, and cor-
rected for all weights and detector-level scale factors (as described in Detector-
based criteria in Section 6.2.1). The signal process is labelled as EWK 7 —
070, while the background processes are:

— VV: diboson processes (WTW ™=, W*Z° and 2°Z°)

— Single top: single top production in association with a W= boson in the
5-flavour scheme, including all inclusive decay modes of the top quark,
single top production via the t-channel and s-channel in the 4-flavour
scheme

— TT: top-antitop processes involving tt — 202v and tt — (v4q
— DY Z — ("¢ : Drell-Yan process

Figures 6.10-6.17 reveal two main differences between the pp and ee channels. The
data—simulation agreement is systematically slightly better in the pp channel, con-
sistent with observations across Run 2. This trend reflects the greater sensitivity
of the ee channel to ECAL-related effects, as electron reconstruction and isolation
depend on superclusters and bremsstrahlung photon recovery, both of which are sus-
ceptible to distortions from central hadronic activity that are difficult to reproduce
in simulation. Although such activity is limited in the signal topology, it remains
significant for dominant backgrounds such as Drell-Yan, which, together with tf
processes, generates a higher rate of fake and non-prompt electrons than muons,
amplifying residual mis-modelling effects in the ee channel. Additionally, in 2018
the Data/MC ratios are negative in the pp channel but positive in the ee channel,
while in 2017, 2016preVEFP, and 2016post VFP both channels show ratios near unity
or negative. The 2018 deviation originates from reduced ee statistics due to the
HEM15/16 region, as discussed in Section 5.4.

Results from the other data-taking eras are provided in the Appendix B.
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6.3 Measurement at detector level

This section presents the measurement of the dilepton transverse momentum, p%, in
both channels for the 2018 data-taking period, depicted in Fig. 6.18. The distribu-
tions are shown at detector level after applying the kinematic selection criteria listed
in Table 6.1 and the detector-based criteria presented afterwards. The comparison
between data and simulation demonstrates satisfactory agreement. Results from the
other data-taking eras are provided in the Appendix A.

In Fig. 6.18, the upper panels include the simulation samples stacked after applying
all detector-level corrections, with the total simulation uncertainty shown as a gray
dashed band.

As mentioned in Section 6.2.2, the signal process is labelled as EWK Z — ¢/,
while the background processes are:

e VV: diboson processes (WTW~, W*Z°, and 2°2°)

e Single top: single top production in association with a W= boson in the 5-
flavour scheme, including all inclusive decay modes of the top quark, single
top production via the t-channel and s-channel in the 4-flavour scheme

e TT: top-antitop processes involving tf — 2¢2v and tt — fvdq

e DY Z — (¢~ : Drell-Yan process

The lower panel shows the data-to-simulation ratio, where the solid band corre-
sponds to the systematic uncertainty, defined as measurement biases originating
from imperfections in the detector, theoretical modelling, or analysis techniques,
rather than from random statistical fluctuations. The gray dashed band to the
statistical uncertainty, and the coloured dashed band to the total uncertainty, fur-
ther details regarding the uncertainties can be found in Section 6.6. Additionally,
Fig. 6.19 presents the same distribution illustrating the uncertainty main compo-
nent. The lower panels include the contribution from Jet Energy Corrections in the
uncertainty bands, which remain the dominant source of uncertainty throughout the
measurement due to its final state, where the dijet system is highly sensitive to the
jet resolution.

6.4 Signal purity optimization with Machine Learn-
ing

Due to the limited event statistics and the reduced cross section of the electroweak
Zjj signal relative to the dominant Drell-Yan background, it is essential to employ
strategies that enhance the separation between the two processes. In modern high-
energy physics analyses, this task is often addressed through multivariate techniques,
which provide powerful tools for exploiting correlations among kinematic variables
and thereby improving measurement sensitivity [199]. In particular, Boosted De-
cision Trees (BDTs) have proven especially effective: they capture non-linear de-
pendencies, remain robust against irrelevant inputs, and perform reliably even with
modest Monte Carlo statistics [200]. Compared to earlier neural network approaches,

Chapter 6 103



6.4. SIGNAL PURITY OPTIMIZATION WITH MACHINE LEARNING

CMS Private work 59.83 fbo~!, 2018 (13 TeV) CMS Private work 59.83 fbo~", 2018 (13 TeV)
N T ! o T T T T - E\}VKZ—W‘L' ] T T . T T T T - E\NKZae“e'
, N w i wb L e L o i
. Single top 1 F R = Single top
. SO - T F - T ]
E IS DYZop'p ] I »rom DYZ-e'e |
4 Data 1 r ¢ Data 1

i

s
ez

Events

V.

Syst. Uncertainty
Stat. Uncertainty B
Syst.+Stat. Uncertainties_]

(@]
g F » B
8 1of e R R AR A
s F ° ' E
(=)

Syst. Uncertainty
14 Stat. Uncertainty
12 Syst.+Stat. Uncertainties
1

Data/MC

06 4 06 -
Bl b b by b b b i 1 Bl b b b b b b by 104
0 50 100 150 200 250 300 350 300 0 50 100 150 200 250 300 350 a0

P M [GeV] p$e [GeV]

Figure 6.18: Comparison of the dilepton transverse momentum (pﬁf) between data
and simulation for the 2018 data-taking period. These distributions are normalized
to the expected event yields, computed from theoretical cross sections and integrated
luminosity per year, and corrected for all weights and detector-level scale factors (as
described in Detector-based criteria in Section 6.2.1).

CMS Private work 59.83 fb!, 2018 (13 TeV) CMS Private work - 59.83 fb~!, 2018 (13 TeV)
- T T e
T T T T T J T - EWKZ oy ] oL = EWKZ oo |
. v w 1 ! Foos L2 w 3
== Single top 1 E . B Single top
i - T B . - TT 1
s N OYZopy [ o DYZoee
o + Data 1 — 4 Daa
- ] 107 -
2] Lace o E o E
< c
sl r— e S B
> > 22
w w

.

1.6 Y F
Syst. Uncertainty = E
JEC Uncertainty E E
O .7 stat uncertainy i E Q.. - E
% Syst.+Stat, Uncertainties E = F
1 i | 1.0
s 3 S 0 B 5 : 5 v % F
8 0sf— ¢ - (O OB JEC Uncertainty i
osl E 08l F Stat. Uncertainty E
1 F Syst.+Stat. Uncertainties E
[ T IR ISP I ISP T BT I I el Ll T b b b b 1
o 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
'y are-
pi ¥ [GeV] pT e [GeV]

Figure 6.19: Comparison of the dilepton transverse momentum (pgf) between data
and simulation for the 2018 data-taking period with explicit Jet Energy Correction
uncertainties in the ratio plot, for the 2018 data taking period. These distributions
are normalized to the expected event yields, computed from theoretical cross sections
and integrated luminosity per year, and corrected for all weights and detector-level
scale factors (as described in Detector-based criteria in Section 6.2.1).

Chapter 6 104



CHAPTER 6. MEASUREMENT OF ELECTROWEAK Z BOSON WITH 2
JETS

BDTs require less extensive tuning, exhibit more stable behaviour, and offer trans-
parent measures of variable importance, making them well suited for collaborative
analyses within CMS [201]. The following section provides a detailed description of
the Boosted Decision Tree algorithm applied in this measurement.

In this analysis, the only signal of interest is electroweak Zjj production. For the
unfolded measurement, this signal is later divided into bins of the dilepton trans-
verse momentum, p?. These bins represent the same underlying physics process, the
EW Zjj, and differ only by kinematics, meaning the p% bin. Training a multiclass
classifier to separate individual signal bins from background would therefore not in-
crease discrimination power. Instead, the classification task is formulated as a binary
problem: signal versus background, ensuring that the model focuses solely on distin-
guishing the process of interest from competing processes. After classification, the
signal events are assigned to p% bins using the relevant kinematic observable, so that
the classifier output remains unbiased while preserving the differential information
required for the measurement.

Since the Drell-Yan process is the dominant background, whereas top quark pair,
single top, and diboson contributions are comparatively small, all backgrounds are
combined into a single class for training and evaluation. To retain sensitivity to
individual components, a secondary label is propagated through the machine learn-
ing workflow, allowing the backgrounds to be later separated into Drell-Yan, top
quark pair, and an “others” category (single top and diboson), without influencing
the BDT training.

6.4.1 Mathematical Foundations of Boosted Decision Trees

A Boosted Decision Tree (BDT) is an ensemble-based machine learning algorithm
in which multiple weak decision trees are combined into a single, powerful classifier
through an iterative boosting procedure. Each decision tree partitions the mul-
tidimensional feature space into regions that predominantly correspond to either
signal or background events, thereby producing a piecewise-constant approximation
to the underlying class probability distribution. Individually, such trees possess
limited discriminative power; however, by successively training each tree to correct
the misclassifications of the preceding ensemble, the boosting algorithm constructs
an additive model that progressively reduces the classification error. Additionally,
the adaptive nature of boosting ensures that events with ambiguous classification
receive increased attention during training, leading to improved overall sensitivity
even when limited by modest Monte Carlo statistics.

This subsection formalizes the mathematical framework underlying the BDT
method. In order to statistically separate signal-like from background-like events
in collider data, a probabilistic binary classifier based on logistic regression and gra-
dient boosting is implemented. This classifier estimates the probability that an event
with features x belongs to the signal or background class. The method follows the
formalism introduced by J. H. Friedman in the 1999 lectures on gradient boosting
machines [202].

The binary target variable is denoted as y € {—1, +1}, corresponding to background
and signal classes, respectively. The classifier output F'(x) is related to the likelihood
ratio of the classes, forming the basis of the model.
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L(y, F) = log (1 + e_2yF> , (6.1)

defines the logistic loss function. Minimizing this loss corresponds to maximizing the

likelihood that the predicted score F'(x) correctly classifies each event. Physically,

this encourages large positive values of F'(x) for signal (y = +1) and large negative

values for background (y = —1) events, enhancing signal-background discrimination.

The score F'(x) can be interpreted as half the log-odds of the event belonging to the
1

signal class:
Pr(y =1
F(x) = log{ Hy [ x) ] :

2 Pr(y = —1]|x) (62)

This relates the model output directly to a likelihood ratio, which is a powerful
statistical discriminator in hypothesis testing for signal presence.

At each boosting iteration m, the model is updated by fitting a base learner to the
negative gradient of the loss, known as the pseudo-response:

- - [P E)] Y
Z OF (X)) Jpop, x) 14 eWmal

which indicates the direction and magnitude of corrections needed to reduce model
error locally. From a physical viewpoint, g, down-weights well-classified events and
emphasizes poorly classified ones, guiding learning towards challenging regions of
phase space.

The step size p,, for applying the new tree model h(x;a,,) is determined by mini-
mizing the total loss over all training events:

(6.3)

N
P = AIE minz log <1 + e*Qyi(Fm—l(xi)“h(x“am))) ) (6.4)
A
This ensures the update optimally improves the classifier’s likelihood-based objec-
tive.

When regression trees are used as base learners, parameter updates are refined per
terminal node R;,,. The optimal leaf value ;,, is given by

Yjm = argmin Z log (1 + e_2yi(Fm*1(xi)+7)> . (6.5)
v
X €ER;pm,
Since this problem has no closed-form solution, a single Newton-Raphson iteration
provides an efficient approximation:
’y _ inER‘jnz gl
S e T 2 T
This step can be interpreted as locally adjusting predictions by accounting for cur-
vature of the loss, enhancing the convergence speed and stability.
Together, these steps form the gradient boosting classification framework based on
maximizing the logistic likelihood. The eXtreme Gradient Boosting (XGBoost) al-
gorithm [203, 204] builds upon this by incorporating both first- and second-order
derivatives of the loss for efficient optimization and adds regularization on tree com-
plexity to mitigate overfitting, leading to robust and powerful classification models
in the context of high-energy physics analyses. Furthermore, it is the most reliable
and offers a higher number of features in comparison with other major tree boosting
systems, as shown in Table 1 in [203].

(6.6)
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6.4.2 BDT training procedure

The BDT is trained using half of the simulated samples, with the observables de-
scribed in Section 6.2.2 as inputs. The remaining half is used for testing. Both
the training and testing are performed independently for each analysis channel and
data-taking year. As previously mentioned, these observables are minimally corre-
lated with the dilepton transverse momentum, avoiding the accidental inclusion of
biases during the unfolding procedure, as shown in Fig. 6.20.
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Figure 6.20: BDT inputs correlation matrices for the pu channel (left) and ee channel
(right), 2018.

The training process is implemented with distinct stages for nominal event values
and for each up/down variation of the JEC (see Chapter 5). This separation is nec-
essary because JEC variations modify the shape of input observables in a nontrivial
way, making a BDT trained only on nominal data inaccurate when applied to these
shifted samples. Treating JEC variations as generic systematic uncertainties with-
out retraining can thus yield unphysical classifier responses. By training individual
BDTs for each JEC variation per channel and year, the classifiers capture the spe-
cific kinematic changes induced by these variations, ensuring physically meaningful
and statistically consistent outputs during signal extraction.

Once trained, the BDT’s performance is evaluated using the Area Under the Curve
(AUC) of the Receiver Operating Characteristic (ROC), which from a physics per-
spective quantifies the classifier’s ability to distinguish signal and background pro-
cesses over all possible selection thresholds. The ROC curve plots the true positive
rate, the signal efficiency, against the false positive rate, or background contamina-
tion, summarizing how well the BDT exploits differences in event kinematics and
topology. This curve specifically measures the probability that a randomly chosen
EW Zjj signal event receives a higher classifier score than a background event, di-
rectly reflecting the model’s sensitivity to the underlying physical features that sepa-
rate these production mechanisms. Monitoring the ROC curve during BDT training
provides insight into how effectively the model captures physics-driven event fea-
tures without overfitting statistical fluctuations. As shown in Figure 6.21, the BDT
demonstrates robust performance in both channels, achieving an Area Under the
Curve of the ROC curve over 80% and an accuracy around 75%. This indicates the
classifier’s strong ability to generalize the underlying physical differences between
signal and background events.
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Figure 6.21: AUC values for training in the pu channel (left) and ee channel (right),
2018.

6.4.3 BDT evaluation procedure

In the machine learning framework, the likelihood gradient boosting algorithm com-
monly uses the target variable defined as y € {0, 1}, contrasting with the statistical
convention y € {—1,1}. This convention facilitates the use of the logistic func-
tion, allowing the model output f(x) to be mapped directly to a probability via
Pr(y = 1|x) = o(f(x)) = ﬁ, which provides a straightforward probabilistic

1+
interpretation of the BDT response. Figure 6.22 shows the Boosted Decision Tree
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Figure 6.22: BDT prediction score distributions for the ppu channel (left) and ee
channel (right) in 2018. The EW Zj;j signal is shown as a line histogram, while
background contributions are stacked by process categories.

(BDT) prediction scores evaluated on simulated samples for both channels in 2018.
The EW Zjj signal is represented by a line histogram overlaid on stacked background
categories: Drell-Yan (DY), top-antitop (TT), and “others” (single top and diboson).
The BDT effectively assigns higher scores to signal events, demonstrating good sep-
aration. However, applying a stringent threshold (e.g., BDT .. > 0.9) to extract a
pure signal sample is impractical due to the resulting low statistics. Consequently, no
BDT cut is applied in the analysis to maintain sufficient event counts. In the BDT
output distributions, the electron channel exhibits a more peaked signal-versus-
background separation compared to the muon channel, despite separate training
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for each. This feature arises primarily from the distinct high-level trigger selec-
tions across data-taking years: for 2018 and 2016, HLT_Ele32_WPTight_Gsf and
HLT_IsoMu24 are used, while for 2017, HLT_Ele35_WPTight_Gsf and HLT_IsoMu27
are employed. The electron triggers impose higher p thresholds (32-35 GeV) and
stringent identification criteria, preselecting a cleaner, harder lepton sample with
reduced background contamination and enhanced kinematic separation already at
the trigger level. Conversely, the muon triggers employ lower thresholds (24-27 GeV)
and isolation-based selection, retaining a broader phase space with greater signal-
background overlap in key input variables such as lepton pr, 1, and event shapes.
Although data-MC agreement is marginally better at detector level in the muon
channel, as shown in Fig. 6.18, likely reflecting superior muon reconstruction effi-
ciencies and fewer fakes, the trigger-induced sculpting dominates the observed BDT
shape difference.

In HEP analyses, the BDT output, which typically ranges between 0 and 1, is often
transformed using functions based on the inverse hyperbolic tangent function [205],
such as Eq. 6.7,

5 (6.7)

which maps the BDT score onto a wider range, in this case (0.55,00). This trans-
formation spreads the BDT response, making it more Gaussian-like and thus more
suitable for statistical modelling such as likelihood fits. It also improves numerical
stability, particularly near the boundaries, and enhances sensitivity to regions where
the discrimination between the signal and the background is higher. Physically, this
facilitates a more precise and continuous discriminant variable, enabling improved
separation of signal and background events according to their underlying kinematic
and topological properties. Figure 6.23 shows the transformed BDT prediction for

tBDT = atanh (BDTH> ,
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Figure 6.23: tBDT evaluation output for pp channel (left) and ee channel (right),
2018. They are normalized to the expected event yields, computed from theoretical
cross sections and integrated luminosity per year, and corrected for all weights and
detector-level scale factors (as described in Detector-based criteria in Section 6.2.1).

both channels for 2018, where both signal and background processes are represented
as stacked histograms with the same labelling as Figure 6.22.

Testing the AUC during BDT evaluation confirms that the classifier reliably gen-
eralizes the physics-driven features learned during training, ensuring robust signal-
background discrimination critical for precise measurements. The similarity between
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AUC values obtained in training and testing across channels and years, as illustrated
in Figures 6.21 and 6.24 for 2018, demonstrates an absence of overfitting, meaning
the BDT successfully avoids being biased by the training data, which would be the
case if its performance captures noise or patterns only present in the training stage.
This consistency validates the stability and physical interpretability of the BDT
outputs throughout the analysis.
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Figure 6.24: AUC values for testing in the pyu channnel (left) and ee channel (right),
2018.

The relevance of the observables used in the BDT training is evaluated through the
frequency with which a variable is selected to split a tree node, which is referred to
as F-score.
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Figure 6.25: F-scores for pp channel (left) and ee channel (right), 2018.

For the present measurement, the A®, ;. observable exhibits the strongest discrim-
inating power in both channels, as shown in Figure 6.25, a trend consistently ob-
served throughout all Run 2 data-taking periods. This outcome further supports the
choice of A®, ;; as the key observable for defining control regions in the maximum
likelihood fit unfolding procedure.
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6.5 Unfolding

After applying the defined kinematic selections, a statistical analysis is performed
using the RooStats framework, implemented within the Higgs Combination Tool
(Combine [206]), to extract both inclusive and differential cross sections.

For the extraction of the EW Zjj differential cross-section, the Combine framework
provides a distinct advantage over TUnfold [207] and RooFit-based [208] unfold-
ing approaches. Its fully likelihood-driven statistical model allows the simultaneous
treatment of signal and background processes, while consistently incorporating sys-
tematic uncertainties as nuisance parameters that can be constrained directly by
the data. This capability is particularly essential for the EW Zjj process, where
the signal yield is small and both backgrounds and detector effects are complex,
necessitating precise handling of correlations and uncertainty propagation as will be
detailed in the following subsections.

This section introduces the relevant statistical concepts, Section 6.5.1 focuses on
signal extraction and Section 6.5.2 introduces the likelihood-based unfolding.

6.5.1 Signal extraction

To determine the inclusive cross section of the electroweak Zjj process, Combine
maximizes the likelihood function by simultaneously finding the values of the model
parameters, including the signal strength parameter (the parameter of interest or
POI) and uncertainties (nuisance parameters) that maximize the overall likelihood.
This maximization procedure yields the best-fit estimates of these parameters that
make the observed data most probable under the statistical model.

Background yields are either treated as fixed contributions, as is the case for Single
Top and diboson (VV) backgrounds, or they are constrained and adjusted via addi-
tional nuisance parameters derived from dedicated control regions, as implemented
for the Drell-Yan and tt backgrounds. This approach ensures a coherent, data-
driven determination of the signal rate while consistently incorporating systematic
uncertainties.

During the fit, the signal strength parameter r is treated as the POI and acts as
a multiplicative scaling factor on the predicted signal yield within the statistical
model, thereby quantifying deviations of the observed rate from the nominal the-
oretical prediction. Consequently, this fitted parameter can be identified with the
conventional signal strength definition, p, expressed as the ratio of the measured
cross section to its Standard Model (SM) expectation:

p= TEWAED (69
o(EW Zjj)

The maximum-likelihood fit to the data is performed across N bins of the dilepton

transverse momentum, py. In each bin i, the probability of observing n, events in

data, given an expected yield \;(u) (neglecting systematic uncertainties for illustra-

tion), follows a Poisson distribution:

/\i(ﬂ)ei)\i(“)
Pi(nlp) = ——~— (6.9)
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where the number of expected events \;(u) is given by:

Nk

Ailp) = p- s + Z b - (6.10)
J

In this expression, s; denotes the number of expected signal events, while b; ; rep-
resents the contribution from the jth background source. The likelihood, which
quantifies the probability of observing the data for a given value of u, is constructed
as the product of 6.10 over all N bins of the distributions.

)\ *)\( )
Ailpe 7 (6.11)

’:12

L(n|p) =
i=1

Here, the vector n = (ng,...,ny) represents the observed number of events per
bin. When systematic uncertainties are taken into account, they are incorporated
through a set of nuisance parameters, ®, whose values are constrained by the data,
as discussed in Ref. [209]. In this case, the expected yield )\; becomes a function of
both p and O, i.e. \;(i, ®), and the likelihood function is extended to include the
prior knowledge of the nuisance parameters.

N _)\Z(M7G))
)\i y ®)e
£in|p @) =[] MO
i=1 v

S FICHE (6.12)

m=1

The second product runs over the M nuisance parameters, with f(0,,) denoting the
pdf of the m™ parameter. Most are implemented as Gaussian constraints, such that

1
f(@m) — €7§(®m7®0m)2/(A®m)2 , (613)

where ©,, denotes the prior uncertainty of the nuisance parameter, and 0, its
nominal value. For parameters with large uncertainties or those restricted to positive
values, the Gaussian constraint is replaced by a log-normal distribution.

p-value and significance

The p-value p(ggs|H) [206] is the probability of obtaining a result at least as ex-
treme as the observed measurement, assuming hypothesis 4. For a background-only
hypothesis H,, this probability is

o0

Po = f(qo|Ho) dqo (6.14)

Gobs
where f(qq|Ho) is the probability density of the test statistic under #H,. Standard
rejection thresholds in HEP are 1.4 x 107® (30') and 2.9 x 107" (50), with the signif-
icance calculated as Z = ® (1 —p,), where ® ' is the Gaussian inverse cumulative
distribution. For signal exclusion, the criterion p, < 0.05 corresponds to 1.640 [206].

6.5.2 Likelihood-based unfolding

As introduced in Section 6.5.1, the unfolding procedure is based on a maximum
likelihood approach. For a measurement with N generator-level bins, equation 6.8
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can thus be generalized as:

o1 (6.15)

=
Il

where o™ denotes the expected Standard Model cross section in each generator-level
bin at particle level, as defined later in this section.

The negative log-likelihood is minimized to extract the best estimates of all y;, simul-
taneously, with bin-to-bin migrations caused by detector smearing or reconstruction
inefficiencies leading to events generated in bin k being reconstructed in bin j # k,
naturally taken into account.

This procedure is implemented in practice by defining distinct regions and data-
taking periods using templates constructed separately for the 2016 pre-VFP, 2016
post-VFEFP, 2017, and 2018 datasets. For each period, both signal and background
processes are modelled under nominal selections as well as all relevant systematic
variations. The signal component includes N independent entries corresponding to
the generator-level bins of the measured observable, the dilepton transverse momen-
tum. This setup enables a simultaneous extraction of the signal yield across all years
and regions without introducing additional constraints. As a result, the unfolded
differential cross section of the dilepton transverse momentum is obtained in a con-
sistent manner, with systematic uncertainties properly propagated throughout all
datasets.

Signal region

The signal region is defined by selections designed to enrich events from the process
of interest, in this case VBF Z production. Specifically, the signal region requires
|An;;| > 1.5 to select events with jets widely separated in pseudorapidity, 0 b-
tagged jets to suppress top-quark backgrounds, and |M, — M| < 15 GeV to select
dilepton pairs consistent with the Z boson mass. These criteria maximize the purity
of the VBF Z sample while minimizing contamination from QCD and top-quark
backgrounds

Control region

Control regions are constructed to estimate and constrain the normalization of major
backgrounds, specifically Drell-Yan and tt, using dedicated selections summarised
in Table 6.2. The Drell-Yan control region uses |An;;| < 1.5 and 0 b-tagged jets,
ensuring a sample enriched in Drell-Yan events while maintaining kinematic simi-
larity to the signal region. The ¢t control region requires |An;;| > 1.5, at least one
b-tagged jet with medium working point, and |M, — M| > 15 GeV, selecting events
consistent with top-quark pair production.

A shared normalization parameter p,;- (implemented as a rateParam in the Com-
bine datacard) is introduced separately for each major background process (Drell-
Yan and ¢f). This parameter modifies the background component b; ; within \;(u, ©)
from Eq. (6.10), scaling the nominal Monte Carlo predictions N3 and N5 con-
sistently across the signal region (SR) and its corresponding control region (CR).
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Specifically, for these backgrounds the expected yield contribution becomes:

SR SR CR CR
bMC,i = Wprc - INMceyis bMC,i = Upc - NMC,i ) (6-16)

where NJERC/,SR are the a priori Monte Carlo event yields in bin . Data observed in
the control region constrains the best-fit value i, (typically fiye =~ 1.0) through
the simultaneous likelihood fit of Eq. (6.10), thereby transferring the data-driven
normalization to the signal region prediction.

Signal region DY control region tt control region
| An[ > 1.5 | An| < 1.5 |An;| > 1.5
0 b-tag jets 0 b-tag jets At least 1 b-tagged jet

with medium WP
‘MZ—M”’<15 GeV ‘MZ—M”’<15 Gev ‘MZ—M”‘>15 Gev

Table 6.2: Signal region and control region definitions at detector level

Particle level definition

Particle level corresponds to the stage in a simulation where all final-state particles
are considered after the completion of parton showering, hadronisation, and the
decays of short-lived particles, but prior to detector simulation. At this level, all
stable or long-lived particles are included, while unstable particles are replaced by
their respective decay products.

Particle-level definitions enable direct, model-independent comparisons between
unfolded experimental measurements and theoretical predictions or particle-level
Monte Carlo simulations.

6.6 Uncertainties

This section discusses the experimental uncertainties of the measurement and the
theoretical uncertainties of the predictions.

During the various periods of Run 2 data-taking, the detector conditions evolved,
requiring many corrections to be determined independently for each era. Conse-
quently, certain systematic uncertainties must be treated as uncorrelated between
different data-taking years.

6.6.1 Experimental uncertainties

The following sources of experimental uncertainty are considered:

e Electron efficiencies: Electron identification, reconstruction, and trigger
requirements reduce the overall signal efficiency and introduce systematic un-
certainties. The identification and reconstruction uncertainties are evaluated
centrally [210], with the former contributing about 10% in the tBDT distribu-
tion and the latter remaining below 0.5%.

Trigger scale factors and uncertainties are derived within each analysis and
subsequently centrally validated [211]. For the present measurement, we adopt
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the trigger scale factors and uncertainties established in this previous analy-
sis [212], which employ identical offline selection and ID criteria. This pro-
cedure results in a trigger uncertainty of roughly 5% in the tBDT observ-
able, consistent with efficiencies obtained in comparable studies. Identification
and isolation uncertainties are treated as correlated across data-taking years,
while trigger uncertainties are considered uncorrelated between 2016, 2017,

and 2018.

e Muon efficiencies: Muon identification, isolation, tracking and trigger imple-
mentation reduce signal efficiency and thus introduce systematic uncertainties,
which are evaluated centrally [213|. Each of these sources is split into statisti-
cal and systematic components: The statistical components are uncorrelated
across 2018, 2017, and 2016, while the systematic ones are correlated across
years, except for the trigger, which is uncorrelated. In the tBDT observable,
these uncertainties amount to approximately 0.5 % each mainly in the low p?

region.

Muon momenta are corrected using the Rochester calibration, with associ-
ated uncertainties below 1%. Their impact on this measurement is therefore
negligible, and no systematic uncertainty from the muon momentum scale is

assigned.

e Jet Energy Scale: As discussed in Section 5.2, jet energy scale corrections
are derived in a sequential manner. This procedure naturally introduces mul-
tiple sources of systematic uncertainty, which must be retained to preserve
the full statistical information of the corrections [214|. Following the official
recommendations the present analysis employs the standard reduced set of 11
uncertainty sources [215]. These sources are defined to be mutually uncorre-

lated. These sources are:

— Correlated across years: Absolute, BBEC1, EC2, FlavorQCD, HF, Rela-

tiveBal.

— Year-specific: Absolute{2018,2017,2016}, BBEC1{2018,2017,2016},
EC2{2018,2017,2016}, HF{2018,2017,2016},
RelativeSample{2018,2017,2016}.

Due to its shape-nature, source-by-source JES-aware training was required to
implement in the BDT to properly account for the JES uncertainty behaviour.
In some cases, both the “Up” and “Down” variations were observed to be either
higher or lower than the nominal value, which is commonly referred to as “one-
sided behaviour”. This has previously been observed in other CMS analyses,
and in the current measurement, it was observed both at detector and tBDT
level, therefore, after inspecting them, JES uncertainties were symmetrised
keeping the original Up variation and re-defining the “Down” variation as the
“Up” variation with opposite sign. Due to the non-uniform JES behaviour ob-
served in the tBDT observable, a smoothing technique was implemented based
on 3-bin interpolation. In the current measurement this uncertainty represents
the largest contribution to the total uncertainty, amounting to approximately

50% in the high tBDT region for some background processes.
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e Jet Energy Resolution: The jet energy resolution uncertainty is evaluated
by varying the JER smearing scale factors by one standard deviation and re-
computing the jet four-momentum. This variation accounts for effects such
as initial and final tate radiation modeling, differences between Monte Carlo
(MC) tunes, and non-Gaussian resolution tails. The scale factors and uncer-
tainties are centrally provided [216], and are treated as uncorrelated between
the 2018, 2017, 2016 preVFP, and 2016 postVFP datasets. This uncertainty
significantly affects the measurement, contributing about 15% across most pro-
cesses in the tBDT distribution, and reaching up to 40% in certain migration
effects and low-statistics backgrounds.

e B-tagging: The uncertainty associated with the b-tagging scale factors in-
cludes contributions from several sources: the statistical precision of the cal-
ibration, the choice of method, modelling-related effects (such as generator,
parton shower, fragmentation, and heavy-flavour composition among others),
detector-related effects, and the extrapolation to high jet transverse momen-
tum. These contributions are combined into an overall uncertainty assigned to
each b-tagging working point, which depends on the strictness of the identifi-
cation criteria. The corresponding variations of the scale factors for bottom,
charm, and light-flavour jets are provided centrally [196]. This uncertainty
is divided into correlated and uncorrelated components across 2018, 2017,
2016preVEFP, and 2016post VFP. The effect of this uncertainty is negligible in
both the signal and DY control region since no b-tagged jets are being ac-
cepted in their kinematic regions, opposite to the ¢t control region, where this
uncertainty amounts to 20% in the low A¢y;; range (see distribution c) in
Figure 7.6.

e Luminosity: The total simulated yield is scaled to the integrated luminosity
of the recorded data, which also enters directly in the cross-section determi-
nation. The associated luminosity uncertainties are provided centrally by the
Lumi POG and are decomposed into three components [217]:

— Year-specific: 2.5% (2018), 2.3% (2017), 1.2% (2016).
— Correlated between 2017 and 2018: 1.6%.
— Correlated across the full Run 2: 1.6%.

e L1 pre-firing: In 2017 and 2016, the gradual timing shift of the ECAL
was not correctly propagated to the Level-1 trigger primitives. As a result,
uncertainties due to ECAL prefiring are included and treated as uncorrelated
across these years. The contribution from muon prefiring is negligible and
therefore not considered [163]. The effect of this uncertainty is generally small,
becoming relevant only in the low—pg region, where it amounts to about 3% in
the electron channel.

e Pileup (PU): The pileup profile is primarily affected by the uncertainty in the
total inelastic proton-proton cross section (Eq. 5.22). Profiles corresponding to
upward and downward variations of the cross section are derived and used to
obtain the respective variations in the pileup reweighting. The resulting shifts
are applied to evaluate the associated systematic uncertainty. This uncertainty
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are treated as uncorrelated across the 2018 [218], 2017 [219], and 2016 [220]
datasets. The effect of this uncertainty is generally small, becoming relevant
only in the low—p% region, where it amounts to about 4%.

e MC statistics: Statistical uncertainties from the finite size of the MC samples

are included for all signal and background processes and are evaluated bin by
bin.

6.6.2 Theoretical uncertainties

The following sources of theoretical uncertainty are considered in the analysis:

e Cross-section values: EW Zjj (5%), DY (5%), tt (7%), single top (4.4%),
and diboson (0.25%) [221]. Single top and diboson uncertainties are grouped
in the likelihood fit and treated as correlated across years, while the DY and ¢t
uncertainties are constrained through their respective control regions. For the
EW Zjj and DY processes, a conservative 5% uncertainty is applied in place
of the nominal 0.28% and 0.27% given by the XSecAnalyzer tool respectively,
in order to prevent overconstraining the signal in the relevant phase space.
These uncertainties are derived mainly from the simulated sample statistical
uncertainty provided by the MC generator.

e Factorization and renormalization scales at matrix-element level:
The factorisation scale, pup, separates soft from hard contributions: processes
below pp are absorbed into the PDFs, while those above are treated pertur-
batively in the hard scattering. In this way, up acts as an infrared cut-off,
removing divergences from the hard-function calculation. This uncertainty is
evaluated by fixing up and varying pup by a factor of 2 for the “Up” variation
and 0.5 for the “Down” variation.

The renormalisation scale, g, enters the hard-function calculation to absorb
ultraviolet divergences from virtual corrections at large momenta. While phys-
ical cross sections should be independent of the arbitrary choices of pup and pp,
the truncation of the perturbative ag expansion leaves a residual dependence
on these scales. This uncertainty is evaluated by fixing up and varying up by
a factor of 2 for the “Up” variation and 0.5 for the “Down” variation.

Unlike the conventional approach that combines 7- or 9-point scale variations
into an envelope, the CMS analysis strategy treats the factorization and renor-
malization scale variations as independent nuisance parameters, meaning inde-
pendent uncertainties. This methodology enables a more transparent template
fit and treats the scale-related uncertainties as uncorrelated sources, thereby
improving the consistency of the systematic uncertainty treatment across dif-
ferent data-taking periods and processes.

These uncertainties are treated as uncorrelated across processes and correlated
across years and are lower than 4%.

e Parton showering model: Uncertainties from parton showering are mod-
elled with two nuisance parameters: initial-state radiation (ISR), describing
radiation before the hard scattering, and final-state radiation (FSR) (see Sec-
tion 1.2), describing radiation after the interaction [48]. They are derived by
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varying the renormalization scale for QCD emissions in ISR and FSR, effec-
tively varying the value of ag, in the case of ISR it is varied by a factor of 2
and in the case of the FSR it is varied by a factor of 0.5, both implemented in
Pythia8. These are provided centrally in simulation samples, and are treated
as uncorrelated between ISR and FSR, uncorrelated across processes and cor-
related across years. Similarly to the Factorization and renormalization scales
uncertainties, no 7- or 9-point variation is implemented, therefore these uncer-
tainties are treated as 2 separate nuisance parameters instead and amount to
1% approximately.

e PDF and ag: PDF uncertainties are evaluated using the Hessian method
[222] applied to the 100 eigenvectors of the NNPDF31_nnlo sets. These vari-
ations are treated as uncorrelated between processes but correlated across
data-taking years.

For the strong coupling, ag, “Up” and “Down” event-weight variations are
applied and assumed to be correlated both across processes and years [223].

These uncertainties are below 8%.

In this analysis, acceptance-related uncertainties, including those from theoretical
modelling of signal and background processes, are included in the systematic uncer-
tainty. In contrast, the overall cross-section uncertainty from higher-order correc-
tions or scale variations is excluded, as it reflects theoretical rather than experimental
effects. This separation ensures a clear distinction between the measurement and
its theoretical interpretation, enabling consistent comparison with different models.

In the statistical combination of the dielectron and dimuon channels, the correlation
model for systematic uncertainties is implemented within the Combine framework
as previously explained in Sections 6.5.1 and 6.5.2. The nuisance parameters associ-
ated with lepton-related uncertainties, including identification, reconstruction, and
trigger efficiencies, are defined independently for each channel to account for their
uncorrelated nature. Similarly, year-specific nuisance parameters, such as pileup
and MC statistical uncertainties, are defined independently for each year as well.
Conversely, all remaining sources of systematic uncertainty common across years
and channels are represented by common nuisance parameters shared between the
two channels and between all the data taking eras. This configuration ensures that
Combine correctly propagates correlated effects in the simultaneous likelihood fit
while maintaining independent treatment of channel-specific uncertainties.

A comprehensive overview of the uncertainty treatment is provided in Table 6.3. In
this table, the notation is defined as follows: C:Y+P denotes uncertainties correlated
across both years and processes; C:Y indicates uncertainties correlated across years
but uncorrelated across processes and C:P refers to uncertainties correlated across
processes but uncorrelated across years.
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Uncertainty Type | Correlation
PDF Shape CY
Qg Shape C:Y+P
LE Shape CY
LR Shape CY
isr Shape CY
fsr Shape CY
Cross-section normalization Rate CY
Luminosity{ Year} Rate C:p
Luminosity{2018, 2017} Rate C:Y+P
Luminosity{Full Run 2} Rate C:Y+P
PU Shape C:P
L1 pre-firing Shape C:P
Muon ID, ISO, Reco: Stat Shape C:P
Muon ID, ISO, Reco: Syst Shape C:Y+P
Muon trigger Shape C:P
Electron ID, Reco Shape C:Y+P
Electron trigger Shape C:P
B-tagging{ Year} Shape C:p
B-tagging-light{ Year} Shape C:p
B-tagging Shape C:Y+P
B-tagging-light Shape C:Y+P
JES: Absolute, BBEC1, EC2, Shape C:Y+P
FlavorQCD, HF, RelativeBal
JES: Absolute{Year}, BBEC1{Year}, || Shape C:p
EC2{Year}, HF{Year},
RelativeSample{ Year}
JER Shape C:p

Table 6.3: Uncertainties sources, type and correlation across processes and years.
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Results

The current chapter presents both the fiducial and differential cross-section mea-
surements of Z-boson production in association with dijets, encompassing the inclu-
sive (QCD Zjj + EW Zjj) and electroweak (EW Zjj) components as a function of the
dilepton transverse momentum, p4. Section 7.1 details the inclusive Zjj measure-
ment using 59.83 b of 13 TeV proton-proton collision data recorded by the CMS
experiment in 2018, while Section 7.2 presents the exclusive electroweak Zjj measure-
ment, which constitutes the main result of this analysis, using the full Run 2 dataset
corresponding to 138 fb™! at /s = 13 TeV. Both analyses combine the Z — e*e”
and Z — u' 'y~ channels and are performed within a common phase space.

7.1 Inclusive Zjj measurement

The measurement of the EW 777 process is technically challenging due to its dis-
tinctive topology and the overwhelming Drell-Yan background. Therefore, first, a
fiducial cross-section measurement of inclusive Z-boson + 2 jets production (EW
Zjj + QCD Zjj) is first performed within the phase space defined in Section 6.2.1.
For this measurement, due to the lack of statistical constraints, no machine learn-
ing techniques are needed to optimise signal purity. Therefore the cross section
can extracted from any observable, in this case, for simplicity, the p% distribu-
tion is selected, and a maximum likelihood fit to it is performed independently for
each channel and combined thereafter. This result was derived using only the 2018
dataset, corresponding to an integrated luminosity of 59.83 fb™' at a centre-of-mass
energy of 13 TeV. Since statistical precision was not a limiting factor, analysing the
full Run 2 dataset was not required. In addition, this measurement serves mainly to
illustrate the difference in magnitude between the inclusive Zjj and the electroweak
Zjj measurements.

7.1.1 Choice of observable and binning

As previously discussed, the inclusive Z measurement is not performed by binning
the tBDT distribution in p’ intervals. Instead, the p} observable is directly binned
according to the regions: [0, 60,110, 180,00) GeV. These pl;,l~ regions are inherited
from the EW Zjj measurement, where the tBDT distribution is divided into detector-
level p bins defined as [0, 60, 110, 180, 00), chosen to ensure that the significance of
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the electroweak Zjj signal,

o o NEW Zjj
EW Zjj — \/N— )
bckg

exceeds 50 in each bin. Correspondingly, the electroweak Zjj process is categorized
into generator-level P bins using the same boundaries. In the inclusive measure-
ment, both the QCD (DY) and electroweak Zjj processes are classified into these
bins, enabling the unfolding at particle level simultaneously in both. The p' is sepa-
rated in different ranges allowing Combine to better characterise the background and
further constrain the nuisance parameters, especially those whose behaviour modi-
fies the overall distribution shape, deeply differ across p% regions or which greatly
rely on the process statistics, as it is the case for jet energy corrections.

Using the pf observable directly instead of the tBDT distribution is feasible due
to the high-statistics nature of the Drell-Yan process. The p% distribution is first
examined within these regions prior to the maximum likelihood fit (referred to as
the “pre-fit” stage). A minimal re-binning is then applied to ensure that the relative
uncertainty remains below 30% approximately in the pre-fit and to reduce the num-
ber of bins for migrated processes, as shown in Appendix G. After performing the
maximum likelihood fit, the post-fit distributions are examined, confirming a stable
and well-behaved fit performance. This is illustrated in Figures 7.1 and 7.2, which
display the p distributions for the four p} regions in each channel for 2018. The
upper panels show the stacked histograms of the signal and background contribu-
tions. Here, the label Z denotes the combined electroweak and QCD-induced Z+jj
processes, 1T corresponds to the top-antitop production, and others comprise the
single top and diboson production channels. The lower panels present the post-fit
ratio of data to simulation, where the grey band indicates the total uncertainty and
the coloured band represents the statistical component only. These distributions are
normalized to the expected event yields, computed from theoretical cross sections
and integrated luminosity per year, and corrected for all weights and detector-level
scale factors (as described in Detector-based criteria in Section 6.2.1).

7.1.2 Cross section for Inclusive Zjj

This section presents the inclusive cross section corrected to particle level corre-
sponding to the fiducial phase space defined in Section 6.2.1 for the inclusive Z
production.

In the dimuon channel, the signal strength (see Section 6.5) is measured to be:

pt = 1.091 & (£90% (20:008

)syst —0.003 )stat

corresponding to a measured signal cross section:

5 3
po 6 +1.77x10 +6.63%10
o =221 x10" + ; + fb
Zjj 0 —1.64x10° ) (i —6.63x10° ) 4.

In the dielectron channel, the signal strength is measured to be:

Mezejj = 1073 :l: (8:8§é)syst :l: (gzggg)stat
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Figure 7.1: Post-fit p/ observable in different regions for the inclusive Zjj measure-
ment in the pp channel for 2018.
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Figure 7.2: Post-fit p} observable in different regions for the inclusive Zjj measure-
ment in the ee channel for 2018.
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corresponding to a measured signal cross section:

5 4
6 2.04x10 1.31x10
oz =217 x 10" + 2 + e tb
7J 187x10° )i 1.31x10" /g ot

From the combined fit of the two channels, the signal strength is measured to be:

p = 1013 £ (8001, + (0003).00

corresponding to a measured signal cross section:

5 3
1.64x1 4.11x1
ol =2.05 x 10° £ ( o °5> + ( . °3> fb
1.52x10” /gyt 4.11x10° Jgpa¢

The lower combined inclusive signal strength compared to the individual channels
reflects the correlations and stability properties of the joint likelihood fit. In the
combined fit, the higher statistical precision of the pu channel constrains common
nuisance parameters and stabilizes the less well-determined ee channel, thereby re-
ducing fluctuations or upward biases that may occur when fitted independently.
This interplay between channel correlations, parameter pulls, and overall fit stabil-
ity leads to a statistically more robust and unbiased estimate of the signal strength,
which can yield a lower combined value than those obtained from the separate chan-
nels.

Nevertheless, all the measured cross sections are in agreement with the SM prediction

oo (Z77) = s (EW Z5) 405 (QCD Zjj) = 2.02x 106+ (;jjﬁgi) fb modelled

by EWK_LLJJ, which simulates the EW production of the Z° boson where it decays
into a dilepton final state, with a dilepton mass threshold, m; > 50 GeV and a
dijet mass threshold, m;; > 120 GeV, and the DYJetsToLL which simulates the
Drell-Yan production of the Z° boson decaying into a dilepton final state too with
my > 50 GeV. Both processes are simulated with MadGraph5_aMC@NLO [68], with
the EWK_LLJJ sample generated at LO and the DYJetsToLL sample at NLO, both
interfaced to Pythia [69].

Experiment Year Lpb 1] Channel o(Z54) [10° fb]

ATLAS no my; constraint 2016 81 e 1.981 £ 0.007g45¢ & 0.0384ygt £ 0.042),4
CMS no my; constraint 2016 2.3-107° ptpT 1.870 £ 0.0024, 0.0355ys¢ £ 0.051 14
CMS 1o mj; constraint 2017 206 (0 1.952 4 0.004,, % 0018, + 0.045,;
CMS mj; > 200 GeV 2018 59.83-10 ° ¢1¢” 2.05 £ 0:0041 stat 0 1525yt

Table 7.1: Summary of selected measurements of the inclusive pp — Z + X pro-
duction cross section with Z — [*™ at /s = 13 TeV [224-226] with the current
measurement shown in the last row.

Several measurements of the process pp — Z + X with Z — {71~ have been per-
formed at /s = 13 TeV, as summarised in Table 7.1. The CMS and ATLAS inclusive
measurements, based on integrated luminosities of 206 and 81 pb ™', respectively,
serve as illustrative examples of results obtained in similar analyses under different
phase-space definitions. Although these analyses employ different selections and
methodologies, their results together provide valuable context for the present study

and illustrate the diversity of experimental approaches to Zjj measurements at
13 TeV.
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7.1.3 Differential cross section for Inclusive Zjj

This section presents the differential cross sections corrected to the particle level,
corresponding to the fiducial phase space defined in Section 6.2.1 for the inclusive
Z boson production. Fig. 7.3 shows the differential cross section for each channel
separately and Fig. 7.4 for the combination of both. The upper panel illustrates
the differential cross section as a function of four distinct p' intervals. The black
markers represent the measured values, where the vertical error bars indicate the
systematic uncertainties, which also account for the theoretical modelling of the sig-
nal acceptance. The coloured shaded band denotes the total uncertainty, combining
both statistical and systematic components. For comparison, the Standard Model
prediction is shown by the gray markers, obtained from the EWK_LLJJ and DYJet
sToLL simulated samples as described in the previous chapter. The corresponding
theoretical cross-section uncertainty is represented by the gray dashed band. The
lower panel displays the ratio between the measured cross section and the Standard
Model prediction, where the coloured band includes both statistical and systematic
uncertainties, and the gray band represents the statistical component only. Observ-
ing the highly suppressed statistical uncertainty highlights the significant impact
of systematic uncertainties, as well as the dominant contribution from the QCD
process.

CMS Private work 59.83 fb~! (13 TeV) CMS Private work 59.83 fb! (13 TeV)
1e6 1e6
% B ‘ ‘ +#+ Measurement % I ‘ ‘ 1 Measurement |
o o 4 Predicton | o r % Predicton |
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Figure 7.3: Differential cross section for inclusive Zjj with respect the Z-boson p:
wp channel (left), ee channel (right), 2018.

Figs. 7.3 and 7.4 demonstrate good agreement between data and simulation for both
the individual channels and their combination. The agreement is notably better in
the pp channel than in the ee channel due to the higher statistics in the former,
which stabilises the maximum likelihood fit, an important factor given the relatively
small contribution from the EW Zj5 component. This behaviour is particularly
evident in the low-pr 4 region due to how Combine performs multi-signal fits and
the physics nature of the processes involved.

In this analysis, the inclusive measurement is defined by the combined contribution
of the Drell-Yan (DY) and electroweak (EW) processes, which are treated jointly
as signal despite their distinct physical behaviours. This can result in unphysical
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Figure 7.4: Differential cross section for inclusive Zjj with respect the Z-boson pp
in the combined pp and ee channels, 2018.

event migrations between p; bins and between the EW and DY components of the
signal, manifesting as a higher differential cross section in the ee channel relative
to the pp channel, even when the inclusive signal strength is smaller in ee. The fit
stability can be mitigated when both channels and signal components have adequate
statistics and share a correlated, constrained set of nuisance parameters. However,
in regions with limited statistics, small data fluctuations can lead to large deviations
in the smaller signal, as observed in the ee channel.

This interplay is also visible in the discrepancy between data and simulation in Fig-
ure 6.18 for the ee channel in 2018, as well as in the limited EW Zjj statistics within
the first two pi bins (0-60 GeV and 60-110 GeV), shown in Appendix F through
the pr »-binned tBDT distributions. These deviations are therefore expected. When
both channels are combined, the maximum likelihood fit constrains the less stable
ee channel using information from the more precise upu channel, mitigating overes-
timation in the ee component and yielding a robust and well-balanced agreement
between data and theoretical expectation.

7.2 Electroweak Zjj measurement

In this section the inclusive and differential cross sections corrected to particle level
corresponding to the fiducial phase space defined in Section 7.2.1 are presented for
the EW Zjj process, defined as the t-channel exchange of a weak vector boson, in-
cluding Z-boson production via vector boson fusion (VBF), Z-boson bremsstrahlung
and multi-peripheral production.

7.2.1 Choice of observable and binning

The differential cross-section of the EW Zjj process is measured as a function of
the dilepton transverse momentum, plqlw. As outlined in Chapter 2, this observable
is sensitive to QCD dynamics, and experimentally, the dilepton channel provides
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a clean and well-defined signature, making it a robust and precise observable for
phenomenological studies in high-energy physics.

Signal region

As introduced in the previous section, the fitting variable, the tBDT distribution,
is divided into detector-level pi bins defined as [0, 60,110, 180, c0), chosen to ensure
that the significance of the electroweak Z7jj signal,

OEW Zjj — — o0
\V4 Nbckg

where N refers to the number of events, exceeds 50 in each bin. Correspondingly,
the electroweak Z7jj process is also categorized into generator-level P4 bins with the
same boundaries.

The binning of the tBDT distribution is determined so as to optimally retain the
statistical information required for the maximum likelihood fit. This choice serves
to minimize statistical uncertainties while preventing an artificial enhancement of
the JEC uncertainties. The sensitivity of the tBDT observable to JEC variations is
particularly pronounced due to two factors. Firstly, JEC uncertainties are of shape
type, modifying the global form of jet—kinematic distributions rather than entering
as overall weight variations. Secondly, as the majority of the BDT input variables
are functions of jet kinematics, JEC variations propagate non-linearly into the BDT
response. This induces distortions in the BDT output that are more substantial
than those affecting individual detector-level jet observables.

As a result, the following criterion is applied to determine the optimal tBDT binning,
inspired by the concept of the Area Under the Curve (AUC), which is widely used
in machine learning to evaluate model performance and was previously introduced
in Section 6.4.2:

1. The tBDT distributions are examined prior to the application of the maximum-
likelihood fit (referred to as “pre-fit”).

2. To evaluate the efficiency of the tBDT with respect to the EW Zjj process,
the AUC is calculated. From this, the fraction of the AUC where ogyy z; lies
below 40 is extracted:

AUC(UEW Zij < 40')

FEW Zij [%] = x 100. (71)

An extreme value, i.e. Frwyz; — 100%, indicates that the current tBDT
binning is not optimal. Consequently, in practice, whenever Fgyy z; > 90%
and the number of bins exceeds three, the tBDT distribution is reduced to a
single bin. This situation occurs only in very specific and rare cases, which
in this measurement only arises in the ee channel for 2018 in the pZTg—binned
tBDT distribution within 0 GeV < tBDT < 60 GeV.

3. If Fpwz; < 90%, a rebinning with minimal modifications is performed to
ensure that the total uncertainty remains below 60% in the least populated
bin of the given tBDT region (pre-fit), while also achieving a smooth behaviour
of the total uncertainty band. Minimal modifications are defined as:
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e the final number of bins must not be reduced below half the initial number
of bins if the initial count was even, or below (Nj; — 1)/2 if the initial
count was odd, for cases with Fgy 75 < 70%;

e the final number of bins must be at least two when the initial configuration
corresponds to Fryy z;; > 70%.

4. Finally, Fgw 75 is recalculated on the re-binned tBDT distributions to verify
that it remains below 90% in all cases where the number of bins exceeds three.

The complete set of tBDT distributions for both channels, covering all eras together
with their respective binning selection studies, is provided in the Appendix F.

Control regions

As described in Section 6.5.2, control regions are employed to constrain the normal-
ization of the Drell-Yan and ¢t backgrounds during the unfolding procedure. Their
impact is evaluated using the A®, ., observable in each control region, chosen for its
high separation capability due to the different shape behaviour between the EW Zjj
signal and the background processes, as quantified by the F-score in Section 6.4.3.
This observable is not divided in detector-level p bins and it maintains the same
binning in A®, ;; in both channels through all eras:
[0.50,0.84,1.18,1.51,1.85,2.19, 2.53, 2.86, 3.20] (see Figs. 7.5 and 7.6).

These distributions are normalized to the expected event yields, computed from
theoretical cross sections and integrated luminosity per year, and corrected for all
weights and detector-level scale factors (as described in Detector-based criteria in
Section 6.2.1).

7.2.2 Cross section for Electroweak Zjj

This section presents the inclusive cross section corrected to particle level corre-
sponding to the fiducial phase space defined in Section 6.2.1 for the EW Zjj.
In the dimuon channel, the signal strength is measured to be:

o 0.09 0.04
My 75 = 106 % (000), oy & (010100
corresponding to a measured signal cross section:

Oty 75 = 0091 £ (51%), o £ (23)00

In the dielectron channel, the signal strength is measured to be:
0.12 0.05
pEw ziy = 101 % (011) 0 & (008);ga
corresponding to a measured signal cross section:

O—E?VV Zjj — 579.3 £ (gg:%)syst + (gg:g)stat fb

From the combined fit of the two channels, the signal strength is measured to be:

pptee 0.06 0.03
K 7 = 104 £ (006) s £ (008)sgae

corresponding to a measured signal cross section:

putee 35.8 17.3
Ot 75 = 9965 £ (576) 0 £ (173) g
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Figure 7.5: A®, ;; observable for pu channel, 2018. Top row: Drell-Yan CR pre-
and post-fit. Bottom row: t¢t CR pre- and post-fit. Labels are defined as: ewk_0_-
60: EW Zjj signal process for particle level 0 < pp; < 60 GeV bin, ewk_60_110:
EW Zjj signal process for particle level 60 < pry < 110 GeV bin, ewk_110_180:
EW Zjj signal process for particle level 110 < ppy; < 180 GeV bin, ewk_180_inf:
EW Zj7 signal process for particle level 180 < pp; GeV bin, others: single top
and diboson processes (WJ’W_,WiZO,ZOZO), tt: top-antitop processes and dy:
Drell-Yan process.
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Figure 7.6: A®,;; observable for ee channel, 2018. Top row: Drell-Yan CR pre-
and post-fit. Bottom row: tt CR pre- and post-fit. Labels are defined as: ewk_0_-
60: EW Zj7j signal process for particle level 0 < py; < 60 GeV bin, ewk_60_110:
EW Zj7 signal process for particle level 60 < pp; < 110 GeV bin, ewk_110_180:
EW Zjj signal process for particle level 110 < pp; < 180 GeV bin, ewk_180_inf:
EW Zj7 signal process for particle level 180 < pp; GeV bin, others: single top
and diboson processes (W+W_, w*z°, ZOZO), tt: top-antitop processes and dy:

Drell-Yan process.
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As a result, all the measured cross sections are in agreement with the SM prediction
osu(EW Zjj) = 573.0£28.7 fb modelled by EWK_LLJJ. This simulates the EW pro-
duction of the Z° boson decaying into a dilepton final state with my > 50 GeV and
a dijet mass threshold m;; > 120 GeV. The process is generated with MadGraph5_-
aMCONLO [68] at LO and interfaced to Pythia [69].

Furthermore, the current signal strengths are compatible with the ones in the mea-
surement reported by the publication using the 36.3 fb™' of data collected in 2016
by the CMS Collaboration with the same m,; threshold requirement [205]:

P g 20 = 0.97 £ 011y £ 0.04 0

o g 0 =10.96 £ 013 + 0.06,

Mg@ezﬁjCMHm =0.98 £0.10, & 0.044,

syst

A direct extrapolation of the 2016 cross-section uncertainties is not possible due
to differing fiducial phase spaces: the 2016 analysis employed looser jet and lep-
ton selections, lower-threshold leptonic triggers, and less restrictive jet and pileup
identification criteria. While these differences have limited impact on the system-
atic component, they affect the statistical precision. Despite these stricter criteria,
the full Run2 measurement of electroweak Zjj production achieves an improved
precision where the relative uncertainties amount to g;ﬁggg in the combined pp + ee
measurement.

Table 7.2 summarizes the measured and predicted fiducial cross sections for elec-
troweak Zjj production across different centre-of-mass energies and phase-space
definitions.

Experiment Year Measured Cross Section [fb]
CMS 7 TeV, m,; > 120 GeV 2011 154 £ 46y, £ 27g + 24g0a
ATLAS 8 TeV, mj; > 250 GeV 2012 547 £ 15 sgyst 46t = 1. 51umi
ATLAS 8 TeV, m;; > 1 TeV 2012 10.7 £ 1.95 = 096 £ 0.31ms
ATLAS 13 TeV, m;; > 250 GeV 2015 119 £ 20,56 £ 16400 £ 2umi
ATLAS 13 TeV, m;; > 1 TeV 2015 34.2 £ 5.5,55 £ 5-8gtat = 0. Ty
CMS 13 TeV, m;; > 200 GeV 2016 534 % 57,ye1 % 20500t
ATLAS 13 TeV, m;; > 1 TeV (139 b~ ') 2015-2018 37.4 % 5.5, % 3.5
CMS 13 TeV, m;; > 200 GeV 2016-2018 596.5 + (32;2) + (};;g)
syst stat

Table 7.2: Measured and theoretical fiducial cross sections for EW Zjj production
at different energies and phase space regions [62, 168, 169, 205] with the current
measurement, shown in the last row

A compilation of electroweak Zjj cross-section measurements from CMS and AT-
LAS, summarized in Table 7.2, contextualizes the present analysis. Despite vari-
ations in fiducial selections, dijet mass thresholds, and centre-of-mass energies,
these results collectively outline the complementary approaches adopted by both
collaborations. The table is not intended for numerical comparison but to illustrate
the expanding experimental coverage and the methodological refinements achieved
throughout successive LHC runs, demonstrating the increasing precision in studying
electroweak Zjj production across diverse phase-space definitions.
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7.2.3 Differential cross section for Electroweak Zjj

This section presents the signal strength and differential cross section corrected to
the particle level, corresponding to the fiducial phase space defined in Section 6.2.1
for the EW Zjj process. Tables 7.3 and 7.4 summarizes the measured EW Zjj signal
strengths for each individual channel as well as for their combined fit, reported for
both the differential and inclusive measurements.

0 < pry < 60 GeV 60 < pry < 110 GeV
pp channel 1.26 (+0.23/ — 0.20) syst  1.02(40.13/ — 0.13) syst

(4+0.07/ — 0.07) stat (4+0.06/ — 0.06) stat
ee channel 0.99 (4+0.24/ — 0.22) syst 1.00(+0.20/ — 0.18) syst

(+0.10/ — 0.10) stat (+0.09/ — 0.09) stat
both channels 0.93(+0.13/ —0.11) syst 1.12(40.09/ — 0.08) syst

(4+0.05/ — 0.05) stat (4+0.05/ — 0.05) stat

Table 7.3: Observed signal strengths in the low p¥ region (Full Run 2).

110 < ppy < 180 GeV 180 < pry GeV Inclusive
pp channel 1.04 (+0.18/ — 0.17) syst  0.99 (+0.12/ — 0.12) syst  1.06 (+0.09/ — 0.09) syst
(+0.08/ — 0.08) stat (+0.07/ — 0.07) stat (+0.04/ — 0.04) stat
ee channel 1.07 (+0.18/ — 0.17) syst  0.99 (+0.17/ — 0.18) syst  1.01 (+0.12/ — 0.11) syst
(+0.09/ — 0.09) stat (+0.10/ — 0.09) stat (+0.05/ — 0.05) stat
both channels 1.18(+0.10/ — 0.10) syst  0.93 (+0.08/ — 0.08) syst 1.04 (4+0.06/ — 0.06) syst
(+0.06/ — 0.06) stat (+0.06/ — 0.06) stat (+0.03/ — 0.03) stat

Table 7.4: Observed signal strengths in the high p} region and inclusive (Full Run
2).

Figure 7.7 shows the differential cross section for each channel separately and Fig-
ure 7.8 for the combination of both. The upper panel illustrates the differential cross
section as a function of four distinct p4 intervals, the black markers represent the
measured values, where the vertical error bars indicate the systematic uncertain-
ties, which also account for the theoretical modelling of the signal acceptance. The
coloured shaded band denotes the total uncertainty, combining both statistical and
systematic components. For comparison, the Standard Model prediction is shown
by the gray markers, obtained from the EWK_LLJJ simulated sample, previously de-
scribed in Section 7.2.2. The corresponding theoretical cross-section uncertainty is
represented by the gray dashed band. The lower panel displays the ratio between the
measured cross section and the Standard Model prediction, where the coloured band
includes both statistical and systematic uncertainties, and the gray band represents
the statistical component only.

Tables 7.5 and 7.6 summarizes the measured EW Zjj cross sections for each individ-
ual channel as well as for their combined fit, reported for both the differential and
inclusive analyses.

Overall, the differential cross sections presented in Figures 7.7 and 7.8 show good
agreement with the theoretical prediction. However, it is worth noting a deviation
between the observed measurement and the theoretical expectation in the first pl;,l~
bin (0 < pry < 60 GeV) in the pp channel. In this region, the signal strength p
exceeds unity in the pp channel (u = 1.26), while it falls below unity in the ee
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Figure 7.8: Differential cross section of EW Zjj with respect the Z-boson p;: in the
combined pp and ee channels for the Full Run 2.

0 < pry < 60 GeV

60 < pTll < 110 GeV

pp channel

537.9 (+53.5/ — 46.6) syst
(+15.7/ — 15.7) stat fb

179.8 (+23.9/ — 23.5) syst
(+10.8/ — 10.6) stat fb

ee channel

173.1 (+41.9/ — 38.4) syst
(+16.8/ — 16.6) stat fb

172.3 (+34.6/ — 31.7) syst
(+15.2/ — 14.8) stat fb

both channels

172.0 (+21.8/ — 19.6) syst
(4+8.9/ — 8.9) stat tb

196.5 (+16.7/ — 16.3) syst
(49.6/ — 9.4) stat fb

Table 7.5: Observed differential cross sections (fb) for low p/ bins for the Full Run

2.
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110 < ppy < 180 GeV 180 < ppy GeV Inclusive
pp channel  125.0 (+21.9/ — 21.5) syst  87.3 (+10.7/ — 10.5) syst 609.1 (+56.6/ — 54.8) syst
(+9.4/ — 9.4) stat fb (+6.0/ — 5.9) stat fb (+21.3/ — 21.3) stat fb
ee channel 135.9 (4+23.9/ — 22.6) syst 97.0 (+16.5/ — 17.4) syst 579.3 (+67.2/ — 63.1) syst

(+12.5/ — 12.4) stat b (+9.9/ — 8.2) stat b (+29.0/ — 29.0) stat fb
both channels 143.6 (+14.4/ —13.8) syst ~ 84.8 (+7.0/ — 6.7) syst  596.5 (+35.8/ — 34.6) syst
(+8.5/ — 8.5) stat fb (+4.7/ — 4.7) stat fb (+17.3/ — 17.3) stat fb

Table 7.6: Observed differential and inclusive cross sections (fb) for high P for the
Full Run 2.

channel (= 0.99). Consequently, the maximum likelihood fit adjusts the statis-
tical model in opposite directions for the two channels, leading to a slight degree
of tension when both are combined. Such behaviour is common in multi-channel
analyses, where nuisance parameters and statistical fluctuations can affect channels
differently, and variations in detector performance across data-taking periods can
further contribute. In the combined fit, the resulting signal strength is u = 0.930,
which is lower than unity. Although this result might appear counter-intuitive, it
reflects the fact that the maximum likelihood fit operates beyond a simple linear
combination, effectively compensating for potential overestimations of the signal
strength present in individual channel fits, in addition this difference remains fully
covered by the total uncertainty band.

The present analysis provides the first fiducial determination of the electroweak Z7jj
production at CMS using the full Run 2 dataset of 138 fb™* collected at 13 TeV.
It extends beyond the previous result based on 35.9 fb™' and represents the first
differential study of this process with respect the Z-boson p; in the CMS experiment.
A direct extrapolation of the 2016 uncertainties is not possible due to differing
fiducial phase spaces although it is remarkable the higher precision achieved by the
current measurement. These advancements enable the investigation of more selective
kinematic regions, where higher dijet-mass thresholds and forthcoming luminosity
increases will allow for more precise experimental and theoretical exploration of
the VBF Z topology. In the present measurement, this topology, associated with
the triple-gauge vertex diagram shown in Figure 6.1, contributes about 10% of the
total electroweak Z7j7j yield, as illustrated in Figure 2.9. A dedicated experimental
extraction of the VBF Z component would constitute a key step toward validating
the heavy-boson TMDs and further developing theoretical descriptions of heavy-
boson dynamics at future high-energy colliders.
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Chapter 8

Conclusion

This thesis investigates the role of the electroweak sector of the Standard Model
from both theoretical and experimental perspectives. The Drell-Yan process and
electroweak Z°jj production processes are formally studied and compared phe-
nomenologically at particle level. This comparison highlights the several-orders-
of-magnitude dominance of the Drell-Yan topology and underscores the necessity
of defining a VBF Z-enhanced phase space to effectively distinguish between the
two configurations. The impact of electroweak corrections is assessed and serves
to motivate a deeper study of the determination and characteristics of parton dis-
tribution functions. In this context, heavy boson densities are derived from the
extended DGLAP evolution equations and validated using DIS HERA data. Over-
all, the HERA measurements in both NC and CC regimes are reliably reproduced
by the newly derived boson densities, demonstrating the robustness and predictive
strength of the extended DGLAP framework in describing particle, and especially,
heavy-boson interactions.

A particularly suitable process to probe heavy-boson densities is vector boson fusion
(VBF) Z production via the triple-gauge vertex, as it directly tests the transverse
momentum distribution of heavy bosons within the proton. Therefore, a VBF Z
calculation based on heavy-boson densities is compared to a full matrix-element
computation, establishing a solid foundation for future developments in the field.

In heavy-boson densities determination, further refinements are achievable such as
more precise treatment of the photon-Z° interference. Moreover, a consistent inclu-
sion of ¢-channel W* bosons in VBF processes, supported by the derivation of fully
kr-dependent VBF matrix elements, would be essential for an accurate description
of the VBF Z process. Such improvements would enable a robust comparison with
current and forthcoming experimental VBF Z measurements, particularly under the
higher luminosity regimes.

The experimental analysis strategy for the electroweak Z°jj process is then pre-
sented. A phase-space selection is first implemented to suppress background con-
tributions, particularly from Drell-Yan Z° production. A Boosted Decision Tree is
subsequently trained and optimized to enhance signal extraction. The measurement
is determined through a maximum-likelihood fit, beginning with the inclusive Z°j;
cross section using 59.83fb ~' of proton-proton collision data at Vs = 13 TeV
collected by the CMS experiment in 2018, and culminating in the study of the
electroweak Z%jj topology performed with the full Run 2 dataset corresponding to
138 b~ recorded between 2016 and 2018.
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Figure 8.1: Differential cross sections with respect the Z-boson py: inclusive Z°j;
for 1y and ee channels combined for 2018 (left) and EW Z°jj for pu and ee channels
combined for the Full Run 2 (right).

The inclusive Z°jj cross section combining both channels is
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and the electroweak Z°j; cross section combining both channels is
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Both results show excellent agreement with the Standard Model predictions and
with previous measurements, as detailed in Chapter 7.

In particular, the full Run 2 measurement of the electroweak Zjj process presents the
first fiducial measurement of electroweak Zjj production in the CMS experiment
utilizing the complete Run 2 proton-proton collision dataset corresponding to an
integrated luminosity of 138 fb™! at a center-of-mass energy of 13 TeV. It extends
the previous CMS study based on 35.9 fb™' and constitutes the first differential
measurement of this process with respect to the Z-boson pr performed within the
CMS experiment. Due to differences in fiducial definitions, a direct comparison
with the 2016 uncertainties is not feasible. Nevertheless, the total precision in the
current analysis improved to a relative uncertainty of approximately 6%, establishing
Run 2 as a new benchmark for EW Zjj analyses. This paves the way for exploring
more stringent kinematic regions, where a higher dijet-mass threshold combined
with increased luminosity at the High-Luminosity LHC (HL-LHC) will enable both
experimental and theoretical studies of the VBF Z topology with greater accuracy.
Both Run 3 [227] and the forthcoming HL-LHC phase [228] will deliver significantly
larger datasets, enabling more precise measurements and improved stability in the
simultaneous unfolding of the leptonic channels. The increased statistics will par-
ticularly mitigate the impact of shape-driven uncertainties such as those from the
Jet Energy Scale (JES), to which low-statistics samples are highly sensitive.
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The HL-LHC is scheduled to commence after Long Shutdown 3 (2026-2029), dur-
ing which the CMS detector will undergo major Phase-2 upgrades [229]. From
2030 onward [230], it will operate at an instantaneous luminosity of up to £ =
7.5 x 10* em™?s™" in pp collisions at /s = 14 TeV [229]. The Phase-2 upgrade
includes the MIP Timing Detector (MTD), providing ~ 30-35 ps timing resolu-
tion for charged particles, thus associating tracks with the correct vertex within a
~ 190 ps pileup window [231]. This capability will reduce pileup jet rates, especially
in the forward endcap regions crucial for VBF Z tagging, and will enhance signal
extraction in high-pileup conditions.

Complementary timing information from upgraded calorimeters will further improve
object reconstruction in both the pu and ee channels [232, 233|, with the former
benefiting additionally from the upgraded muon spectrometers [234|. The new sil-
icon tracker will provide higher granularity, extended coverage up to |n| = 4, and
improved resolution [235|, substantially advancing forward jet reconstruction and
tracking efficiency in VBF processes.

Furthermore, the High-Granularity Calorimeter (HGCAL) [236] will deliver superior
jet resolution and identification. Its fine segmentation enables enhanced discrimi-
nation between electromagnetic and hadronic shower shapes, improving separation
of quark-initiated jets typical of EW Zjj production from gluon-initiated jets dom-
inating the DY Zjj background.

Collectively, the theoretical developments and the phenomenological and experimen-
tal results presented in this thesis establish a foundation for more precise predictions
and innovative measurement strategies at the HL-LHC opening new frontiers in the
exploration of previously uncharted sectors of particle physics.
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Appendix A

Detector-Level Distributions of
Dilepton Transverse Momentum for

Additional Eras

41.48 fb™', 2017 (13 TeV)
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Figure A.1: pfi,g comparison between data and simulation for the 2017 data taking
period. These distributions are normalized to the expected event yields, computed
from theoretical cross sections and integrated luminosity per year, and corrected for
all weights and detector-level scale factors.
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APPENDIX A. DETECTOR-LEVEL DISTRIBUTIONS OF DILEPTON
TRANSVERSE MOMENTUM FOR ADDITIONAL ERAS

CMS Private work 19.5 fb~', 2016 (13 TeV) CMS Private work 19.5 fb~!, 2016 (13 TeV)
e A WSS e M AR
. - w 1 I uaeedi e o) w ]
ol == Singletop  _| [ * B Single top
E o £ t = 1
P DYZ-p'p I g DYZoe'e
¢ Data ] ok 4 Data a
E oo E Pz
c 10° - c
o F ‘ ] Q 7
o » 0 @

e |

16
E Syst. Uncertainty 1 E Syst. Uncertainty 1
1452 stat. Uncertainty 3 1452 Stat. Uncertainty 3
% 12f  Syst+Stat Uncertainties = (i) 12 Syst+Stat. Uncertainties
1.0f : 7~ 1.0
E E N . . . . /%/% ~ E E AN >
© oof PR E @ oof .
(= ] (el
06 4 06 4
oablo o e b e e 1 10 ool o e b e e L 10
: 0 50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400
'l ee
pt ¥ [GeVv] pTe [GeV]

Figure A.2: p?[? comparison between data and simulation for the 2016preVFP data
taking period. These distributions are normalized to the expected event yields,
computed from theoretical cross sections and integrated luminosity per year, and
corrected for all weights and detector-level scale factors.
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Figure A.3: p comparison between data and simulation for the 2016post VFP data
taking period. These distributions are normalized to the expected event yields,
computed from theoretical cross sections and integrated luminosity per year, and
corrected for all weights and detector-level scale factors.
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Appendix B

Extended Set of Detector-Level

Observables Across Eras

All these distributions are normalized to the expected event yields, computed from
theoretical cross sections and integrated luminosity per year, and corrected for all

weights and detector-level scale factors.
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Figure B.1: Dijet mass distribution at detector level in the pu channel (left) and ee

channel (right), 2017.
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APPENDIX B. EXTENDED SET OF DETECTOR-LEVEL OBSERVABLES
ACROSS ERAS
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Figure B.2: Subleading jet distribution at detector level in the pu channel (left) and
ee channel (right), 2017.
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Figure B.3: A¢y,; distribution at detector level in the pp channel (left) and ee
channel (right), 2017.
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Figure B.4: A¢y; distribution at detector level in the ppu channel (left) and ee
channel (right), 2017.
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Figure B.5: Leading lepton pseudorapidity distribution at detector level in the pu
channel (left) and ee channel (right), 2017.
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ACROSS ERAS
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(right), 2017.
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Figure B.8: Zeppenfeld variable distribution at detector level in the pp channel
(left) and ee channel (right), 2017.
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Figure B.9: Dijet mass distribution at detector level in the pu channel (left) and ee
channel (right), 2016preVFP.
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Figure B.10: Subleading jet distribution at detector level in the pu channel (left)
and ee channel (right), 2016preVFP.
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Figure B.11: A¢y,; distribution at detector level in the i channel (left) and ee
channel (right), 2016preVFP.

Chapter B 165



CMS Private work
—

19.5 fo™', 2016 (13 TeV) CMS Private work 19.5fb~', 2016 (13 TeV)
e S S R T e

Fom Ewkzoee !
w

| == single top

- 7T

ol DYZoete

F ¢ Daa

Syst. Uncertainty E E W Syst. Uncertainty
27 Stat. Uncertainty E e 7 Stat. Uncertainty

Syst.+Stat. Uncertainties_] % 2F Syst.+Stat. Uncertainties

b % - 5 3 N

: - E © E

] A °F ]

6| - 06 -

oab LU b 1 d oab L1V 1y d
) 0.5 10 15 20 25 30 ) 0.5 10 15 20 25 3.0

Adz,j, Adz,j,

Figure B.12: A¢y; distribution at detector level in the pu channel (left) and ee
channel (right), 2016preVFP.
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Figure B.13: Leading lepton pseudorapidity distribution at detector level in the uu
channel (left) and ee channel (right), 2016preVFP.
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Figure B.14: Amnj, distribution at detector level in the pup channel (left) and ee
channel (right), 2016preVFP.
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Figure B.15: |An;;| distribution at detector level in the py channel (left) and ee
channel (right), 2016preVFP.
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Figure B.16: Zeppenfeld variable distribution at detector level in the pp channel
(left) and ee channel (right), 2016preVFP.
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Figure B.17: Dijet mass distribution at detector level in the puu channel (left) and
ee channel (right), 2016post VFP.
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Figure B.18: Subleading jet distribution at detector level in the ppu channel (left)
and ee channel (right), 2016postVFP.
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Figure B.19: A¢y,;; distribution at detector level in the i channel (left) and ee
channel (right), 2016postVFP.
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Figure B.20: A¢y ; distribution at detector level in the pu channel (left) and ee
channel (right), 2016postVFP.
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Figure B.21: Leading lepton pseudorapidity distribution at detector level in the uu
channel (left) and ee channel (right), 2016postVFP.
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Figure B.22: Awny distribution at detector level in the pup channel (left)

channel (right), 2016postVFP.
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Figure B.23: |An;;| distribution at detector level in the py channel (left) and ee

channel (right), 2016postVFP.
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Figure B.24: Zeppenfeld variable distribution at detector level in the ppu channel
(left) and ee channel (right), 2016postVFP.
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Appendix C

Data samples

Ultra-legacy (UL) datasets and simulations in the NanoAODvV9 tier have been used

for the analysis. These datasets are listed in Tables C.1 and C.2, which were filtered

with the Golden JSONs listed in Table C.3.

In the muon chanel, for both the 2018 and the 2017 data-taking periods, the
GT36-v1 version has been used. This is due to a significant data-to-MC dis-

agreement observed in the UL2018 NanoAODv9 version, this resolution loss has a

geometrical origin caused by some misalignment of the muon system.
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Era Muon channel

2018 /SingleMuon/Run2018A-UL2018_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD
/SingleMuon/Run2018B-UL2018_MiniAODv2_NanoAODv9_GT36-v1
/NANOAGD
/SingleMuon/Run2018C-UL2018_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD
/SingleMuon/Run2018D-UL2018_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD

2017 /SingleMuon/Run2017B-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD
/SingleMuon/Run2017C-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANOAGD
/SingleMuon/Run2017D-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANCAQD
/SingleMuon/Run2017F-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD
/SingleMuon/Run2017G-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANCAQD
/SingleMuon/Run2017H-UL2017_MiniAODv2_NanoAODv9_GT36-v1
/NANOAOD

2016preVFP|| /SingleMuon/Run2016B-ver2_HIPM_UL2016_MiniAQDv2
_NanoAQODv9-v2/NANOAQGD
/SingleMuon/Run2016C-HIPM_UL2016_MiniAODv2_NanoAQODv9-v2
/NANOAOD
/SingleMuon/Run2016D-HIPM_UL2016_MiniAODv2_NanoAODv9-v2
/NANCAQD
/SingleMuon/Run2016E-HIPM_UL2016_MiniAODv2_NanoAQDv9-v2
/NANOAOD
/SingleMuon/Run2016F-HIPM_UL2016_MiniAODv2_NanoAQODv9-v2
/NANCAQD

2016post VFP /SingleMuon/Run2016F-UL2016_MiniAODv2_NanoAODv9-v1
/NANOACD
/SingleMuon/Run2016G-UL2016_MiniAODv2_NanoAODv9-v1
/NANOAOD
/SingleMuon/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1
/NANOAOD

Table C.1: Ultralegacy data samples used in the muon channel for the full Run 2.
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APPENDIX C. DATA SAMPLES

Era Electron channel

2018 /EGamma/Run2018B-UL2018_MiniAODv2_NanoAODv9-v1/NANOAGD
/EGamma/Run2018C-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
/EGamma/Run2018D-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
/EGamma/Run2018E-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD

2017 /SingleElectron/Run2017B-UL2017_MiniAODv2_NanoAODv9-v1
/NANOAOD
/SingleElectron/Run2017C-UL2017_MiniAODv2_NanoAODv9-v1
/NANOAQD
/SingleElectron/Run2017D-UL2017_MiniAODv2_NanoAODv9-v1
/NANOAOD
/SingleElectron/Run2017E-UL2017_MiniAODv2_NanoAODv9-v1
/NANOAOD

2016preVFP|| /SingleElectron/Run2016B-ver2_HIPM_UL2016_MiniAODv2
_NanoAQODv9-v2/NANOAQOD
/SingleElectron/Run2016C-HIPM_UL2016_MiniAODv2_NanoAQODv9-v2
/NANOAOD
/SingleElectron/Run2016D-HIPM_UL2016_MiniAODv2_NanoAQODv9-v2
/NANOAOD
/SingleElectron/Run2016E-HIPM_UL2016_MiniAODv2_NanoAODv9-v2
/NANOAOD
/SingleElectron/Run2016F-HIPM_UL2016_MiniAODv2_NanoAODv9-v2
/NANOAOD

2016post VEFP /SingleElectron/Run2016F-UL2016_MiniAODv2_NanoAODv9-v1
/NANOAOD
/SingleElectron/Run2016G-UL2016_MiniAODv2_NanoAODv9-v1
/NANOAOD
/SingleElectron/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1
/NANOAQD

Table C.2: Ultralegacy data samples used in the electron channel for the full Run 2.

Era Golden Lumisections JSON Integrated
luminos-
ity (fb~")

2018 Cert_314472-325175_13TeV_Legacy2018 59.83

_Collisions18_JSON.txt
2017 Cert_294927-306462_13TeV_UL2017 41.48

_Collisions17_GoldenJSON.txt
2016preVEP || Cert_271036-284044_13TeV_Legacy2016 19.5
_Collisions16_JSON.txt
2016postVEFH| Cert_271036-284044_13TeV_Legacy2016 16.8
_Collisions16_JSON.txt

Table C.3: Certified Golden JSON files used to filter datasets

Chapter C 175




Appendix D

Simulation samples

176



APPENDIX D. SIMULATION SAMPLES

Simulation sample

o (fb)

/EWK_LLJJ_MLL-50_MJJ-120_TuneCP5_13TeV-madgraph-pythia8_dipole
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM
/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8
/RunIISummer20UL18NanoAODv9-106X _upgrade2018_realistic
_v16_L1v1-v2/NANOAODSIM
/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM
/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM
/ST_tW_top_6f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v2/NANOAODSIM
/ST_tW_antitop_56f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v2/NANOAODSIM
/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM
/ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL18NanoAODvI-106X_upgrade2018
_realistic_v16_L1v1-v1/NANOAODSIM
/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL18NanoAODvI-106X_upgrade2018
_realistic_v16_L1v1-v1/NANOAODSIM

/WW_TuneCP5_13TeV-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM

/WZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM

/ZZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL18NanoAODv9-106X_upgrade2018_realistic
_v16_L1v1-v1/NANOAODSIM

1719

6077220

88290

366290

34910

34970

10320

136020

80950

75800

27600

12140

Table D.1: Monte Carlo samples and cross sections used for the 2018 data-taking

period.
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Simulation sample

o (fb)

/EWK_LLJJ_MLL-50_MJJ-120_TuneCP5_13TeV-madgraph-pythia8_dipole
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-vi
/NANOAODSIM
/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017_realistic_v9-v2
/NANOAODSIM

/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-v1
/NANOAODSIM

/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-vi
/NANOAODSIM
/ST_tW_top_bf_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL17NanoAODv9-106X_upgrade2017_realistic
_v16_L1v1-v2/NANOAODSIM
/ST_tW_antitop_b6f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-v2
/NANOAODSIM
/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-vi
/NANOAODSIM
/ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL17NanoAODvI-106X_mc2017
_realistic_v9-v1/NANOAODSIM
/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL17NanoAODvI-106X_mc2017
_realistic_v9-v1/NANOAODSIM

/WW_TuneCP5_13TeV-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-v1
/NANOAODSIM

/WZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-v1
/NANOAODSIM

/ZZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL17NanoAODv9-106X_mc2017 _realistic_v9-v1l
/NANOAODSIM

1719

6077220

88290

365350

34910

34910

3549

113400

67930

76250

27550

12230

Table D.2: Monte Carlo samples and cross sections used for the 2017 data-taking

period.
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Simulation sample

o (fb)

/EWK_LLJJ_MLL-50_MJJ-120_TuneCP5_13TeV-madgraph-pythia8_dipole
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/ST_tW_top_6f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/ST_tW_antitop_56f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic
_preVFP_v11-v1/NANOAODSIM
/ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL16NanoAODAPVvI-106X_mcRun?2
_asymptotic_preVFP_v11-v1/NANOAODSIM
/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL16NanoAODAPVvI-106X_mcRun?2
_asymptotic_preVFP_v11-v1/NANOAODSIM
/WW_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic_preVFP
_v11-v1/NANOAODSIM

/WZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic_preVFP
_V11-v1/NANOAODSIM

/ZZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic_preVFP
_v11-v1/NANOAODSIM

1719

6077220

88290

365350

34910

34910

3549

113400

67930

75950

27590

12170

Table D.3: Monte Carlo samples and cross sections used for the 2016preVFP data-

taking period.
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Simulation sample

o (fb)

/EWK_LLJJ_MLL-50_MJJ-120_TuneCP5_13TeV-madgraph-pythia8_dipole
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM
/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM

/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM

/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM
/ST_tW_top_bf_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v2
/NANOAODSIM
/ST_tW_antitop_b6f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v2
/NANOAODSIM
/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM
/ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL16NanoAODvI-106X_mcRun?2
_asymptotic_v17-v1/NANOAODSIM
/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg
-madspin-pythia8/RunIISummer20UL16NanoAODvI-106X_mcRun?2
_asymptotic_v17-v1/NANOAODSIM

/WW_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM

/WZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v1
/NANOAODSIM

/ZZ_TuneCP5_13TeV-pythia8
/RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v
/NANOAODSIM

1719

6077220

88290

365350

34910

34910

3549

113400

67930

75950

27590

12170

Table D.4: Monte Carlo samples and cross sections used for the 2016postVFP data-

taking period.
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Appendix E

Uncertainties breakdown

This appendix provides a detailed breakdown of the uncertainties contributing to the
tBDT distribution. For brevity, only the 2018 data corresponding to the pu channel
are presented, and only uncertainties exceeding 1% are included. The distributions
in this appendix refer to the tBDT score as “BDT score” for simplicity.
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Figure E.1: Uncertainties breakdown for g channel, 2018

Chapter E 182



APPENDIX E. UNCERTAINTIES BREAKDOWN

CMS Private work
SR_60_110 mumu 2018

1.08 4 —— ewk_0_60_CMS_scale_j_Absolute_2018 Up
~—— ewk_0_60_CMS_scale_j_Absolute_2018 Down

1.06 —— ewk_60_110_CMS_scale_j_Absolute_2018 Up
—— ewk_60_110_CMS_scale_j_Absolute_2018 Down

T 1.044 —— ewk_110_180_CMS _scale_j Absolute 2018 Up
£ —— ewk_110_180_CMS_scale_j_Absolute_2018 Down
€ 1.02
o
£
= 1.00+
2
S 0.981
3
> 0.96

0.94 4

0.924

0.5 1.0 15 2.0 25 3.0

BDT score

(a) Absolute 2018, 60 < pir < 110 GeV

CMS Private work
SR_180_inf mumu 2018
—— ewk_110_180_CMS_scale_j_Absolute_2018 Up
1.44 ~—— ewk_110_180_CMS_scale_j_Absolute_2018 Down

—— ewk_180_inf_CMS_scale_j_Absolute_2018 Up
—— ewk_180_inf_CMS_scale_j_Absolute_2018 Down

12

£

(=]

=

=

<

o

=

©

& 0.8

@® 0.81

>

0.6
0.5 1.0 15 2.0 25 3.0

BDT score

(c) Absolute 2018, pi > 180 GeV

CMS Private work
SR_60_110 mumu 2018

1.06

1.04 4
©
£ 102
£
o
£
= 100 [ e ] -
o
=
©
‘= 0.98 —— ewk_0_60_CMS_scale_j_Absolute Up
g ~—— ewk_0_60_CMS_scale_j_Absolute Down

[ —— ewk_60_110_CMS_scale_j_Absolute Up —
0.96 1 —— ewk_60_110_CMS_scale_j_Absolute Down
|l —— ewk_110_180_CMS_scale_j_Absolute Up
—— ewk_110_180_CMS_scale_j_Absolute Down
0.94 1

05 10 15 25 30

2.0
BDT score

(e) Absolute, 60 < pi- < 110 GeV

CMS Private work
SR_110_180 mumu 2018

1204 [ ] —— ewk_60_110_CMS_scale_j_Absolute_2018 Up
| —— ewk_60_110_CMS_scale_j_Absolute_2018 Down
1.15 4 | —— ewk_110_180_CMS_scale_j Absolute_2018 Up
—— ewk_110_180_CMS_scale_j_Absolute_2018 Down

© 1.10 —— ewk_180_inf CMS_scale_j_Absolute_2018 Up
£ | —— ewk_180_inf_CMS_scale_j_Absolute_2018 Down
€ 1,054
o
£
= 1.00 -
2
E 0.95 4
=
L 0.90

0.85 4

080 [—

05 10 15 20 25 30
BDT score

(b) Absolute 2018, 110 < p' < 180 GeV

CMS Private work
SR_0_60 mumu 2018

1.024
©
£ 101
g —— ewk_0_60_CMS_scale_j_Absolute Up
E 1.00 —— ewk_0_60_CMS_scale_j_Absolute Down
g . —— ewk_60_110_CMS_scale_j_Absolute Up
S —— ewk_60_110_CMS_scale_j_Absolute Down
©
% 0.99 q
>

0.98 1

0.5 1.0 1?5 2?0 2?5 3.0
BDT score

(d) Absolute, 0 < pi < 60 GeV

CMS Private work
SR_110_180 mumu 2018

1.6 ewk_60_110_CMS_scale_j_Absolute Up
ewk_60_110_CMS_scale_j_Absolute Down
14 ewk_110_180_CMS_scale_j_Absolute Up

ewk_110_180_CMS_scale_j_Absolute Down
ewk_180_inf_CMS_scale_j_Absolute Up

©
£ .51 ewk_180_inf_CMS_scale_j_Absolute Down
€
2
f—

e R B e -
]
2
= 084
>

0.6 1

0.4 4

0.5 1.0 15 25 3.0

2.0
BDT score

(f) Absolute, 110 < pf < 180 GeV

Figure E.2: Uncertainties breakdown for pp channel, 2018
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Figure E.3: Uncertainties breakdown for gy channel, 2018
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Figure E.4: Uncertainties breakdown for pp channel, 2018
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Figure E.6: Uncertainties breakdown for pp channel, 2018
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Figure E.7: Uncertainties breakdown for py channel, 2018
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Figure E.8: Uncertainties breakdown for pu channel, 2018
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Figure E.9: Uncertainties breakdown for p channel, 2018
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Figure E.10: Uncertainties breakdown for pu channel, 2018
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F.1 BDT and tBDT distributions and AUC
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Figure F.1: Complementary BDT distributions for pu channel, 2017.
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Figure F.2: Complementary BDT distributions for ee channel, 2017.
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F.1. BDT AND TBDT DISTRIBUTIONS AND AUC
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Figure F.3: Complementary BDT distributions for pu channel, 2016preVFP.
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Figure F.4: Complementary BDT distributions for ee channel, 2016preVFP.
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Figure F.5: Complementary BDT distributions for pu channel, 2016post VFP.
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Figure F.6: Complementary BDT distributions for ee channel, 2016postVFP.
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Figure F.8: F score for ee channel for all eras in Run 2. Top row: 2018 (right), 2017
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F.1.

BDT AND TBDT DISTRIBUTIONS AND AUC

The BDT training is performed in the pp and ee channel separately, where in each
training sample, around 54% are signal events. The hyperparameters which lead to
the best performance are:

Learning rate: 0.05

Maximum depth of a tree: 7

Fraction of events to train tree on: 0.75

Fraction of features to be randomly sampled for each tree: 0.65

Minimum loss reduction required to make a further partition on a leaf node
of the tree: 0.5

L2 regularization: 1.5
Minimum child weight: 2
Objective function: binary-logistic

Number of trees: 100

In the BDT prediction score distributions, the EW Z7j; signal is shown as a line
histogram, while background contributions are stacked by process categories.

The tBDT evaluation outputs are normalized to the expected event yields, computed
from theoretical cross sections and integrated luminosity per year, and corrected for
all weights and detector-level scale factors (as described in Detector-based criteria
in Section 6.2.1).
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F.2 Pre-fit pflzlw binned tBDT distributions
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Figure F.10: Pre-fit p binned tBDT for 60 < p < 110 GéV in pp channel for all

eras in Run 2.
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Figure F.12: Pre-fit P binned tBDT for 180 < p GéV in pp channel for all eras in
Run 2.
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Figure F.14: Pre-fit p binned tBDT for 60 < p} < 110 GéV in up channel for all
eras in Run 2.
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F.3 Post-fit p% binned tBDT distributions

Post-fit tBDT distributions for both pp and ee channel for the Full Run 2 and
ogwzj; AUC for the measurement of the EW Zjj process.
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Figure F.17: Post-fit p binned tBDT and opwzj; AUC for 0 < P < 60 GéV in L
channel for all eras in Run 2.
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Figure F.18: Post-fit p} binned tBDT and opwzj; AUC for 60 < P < 110 GeV in

ppe channel for all eras in Run 2.
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Figure F.19: Post-fit p binned tBDT and opwzj; AUC for 110 < P} < 180 GéV in
ppe channel for all eras in Run 2.

Chapter F 212




APPENDIX F. BDT SUPPLEMENTARY MATERIAL

CMS Private work
pTIl binned region: SR 180 inf
T

postfit GeV mumu 2018
e B

Syst+Stat. Uncert.
= E
g
S wf- b t
8 t
09— —
0sbL I I I I I
05 o 20 5 30
tBDT score
CMS Private work
pTIl binned region: SR 180 inf postfit GeV mumu 2016pre
T T T T T - ewk_110_180
= ewk_180_inf
10°) = others
-
-y
4 Data
10%)
2
€
o
>
i}
10"
10°
1.2]
Syst+Stat. Uncert.
o ARl —
% . . L W, 7 Z
g 3 V0 i
a
s~ E
L b b b b
05 20 3.0
tBDT score
CMS Private work
EWK significance in tBDT SR_180_inf for MuMu channel for 2018
—— EWKZjj_110_180
51 —— EWKZjj_180_inf
Fraction (%) of EWKZjj_180_inf AUC < 4o: 47.29
o
X 49
a
14
0
075 1.00 125 150 175 200 225 250
BDT score
CMS Private work
EWK significance in tBDT SR_180_inf for MuMu channel for 2016pre
81 — EWKZjj_0_60
71 —— EWKZjj_110_180
—— EWKZjj_180_inf
61 Fraction (%) of EWKZjj_180_inf AUC < 40: 31.04
g2
%]
=49
g,
=
w
24
14
oA
075 1.00 125 150 175 200 225 2.50
BDT score

Figure F.20: Post-fit p binned tBDT and opwzj; AUC for 180 < Pt GéV in o

channel for all eras in Run 2.
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Figure F.21: Post-fit p} binned tBDT for all eras in Run 2 and opwzj; AUC for
0 < p < 60 GeV in ee channel for 2017 and 2016preVFP.

Chapter F 214



APPENDIX F. BDT SUPPLEMENTARY MATERIAL

CMS Private work
pTll binned region: SR 60 110 postfit GeV ee 2018
L L B B e
. ewk_60_110
* = owk_110_180
= others
100 - .
dy
¢ Data
» 107 -
<
o
>
i1}
10 -
10° E
193 —
Syst+Stat. Uncert.
Ry E
g
I Py 3
kS
a
09— —
0sbL I I I I I
05 10 20 25 30
tBDT score
CMS Private work
pTll binned region: SR 60 110 postfit GeV ee 2016pre
T . T T T T -‘EWK,D,SU
. == ewk 60_110
. ewk_110_180
10° . . others =
-t
. o
. 4 Daa
102 -
2
€
o
>
i}
10 -
100 -
1.2]
Syst+Stat. Uncert.
o ARl —
= S Y |
4 1 | ‘
a
s~ E
oebl v vy 1y b L
05 20
tBDT score
CMS Private work
EWK significance in tBDT SR_60_110 for ee channel for 2017
104 /
—— EWKZjj_180_inf
N Fraction (%) of EWKZjj_60_110 AUC < 4o: 13.80
o
x
a
b
= 4
1}
24
0

10 15 20 25
BDT score

CMS Private work

CMS Private work
pTIl binned region: SR 60 110 postfit GeV ee 2017
r e A N B
-

1T T T T
PR—

I . ewk_110_180

-
= others 1
-

@
4 Data

| | | | |
20
tBDT score

CMS Private work
pTIl binned region: SR 60 110 postfit GeV ee 2016post
T T T T T

2
&
8
s
8

e

05 20
tBDT score

CMS Private work
EWK significance in tBDT SR_60_110 for ee channel for 2016pre

61 — EWKZji_0_60
—— EWKZ]j_60_110 /
—— EWKZjj_110_180
—— EWKZjj_180_inf

Fraction (%) of EWKZ]i_60_110 AUC < 4o: 34.81

EWKZjj//bkg
o el

14

075 100 125 150 175 200 225 250
BDT score

EWK significance in tBDT SR_60_110 for ee channel for 2016post

5]

—— EWKZjj_0_60
—— EWKZjj_60_110
—— EWKZjj_110_180
41 — EWKZjj_180_inf
o
a4
O 34
<
ISR
w
14
0

Fraction (%) of EWKZjj_60_110 AUC < 40: 68.29

e

0.8 1.0 1.2

114 1?6 1?8 2.0 2.2
BDT score

Figure F.22: Post-fit p binned tBDT for all eras in Run 2 and opwzj; AUC for
60 < pY < 110 GeV in ee channel for 2017, 2016preVFP and 2016post VEP.
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Figure F.23: Post-fit p binned tBDT for all eras in Run 2 and opwzj; AUC for
110 < p4 < 180 GéV in ee channel for 2018, 2017 and 2016preVEFP.
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Appendix G

Inclusive Z pgé distributions
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Figure G.1: Pre-fit and pre-binning p' observable in different regions for the inclusive
Z measurement in the pp channel for 2018.
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Figure G.3: Pre-fit and pre-binning p' observable in different regions for the inclusive
Z measurement in the ee channel for 2018.
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Appendix H

Production card for a centrally
produced VBF Z sample

I Production parameters for VBF Z production with Powheg

idvecbos 23 ! PDG code for vector boson to be produced ( Z:23 )
vdecaymode -13 ! PDG code for charged decay product of vector boson
zmass 91.188d0 ! mass of the Z boson [GeV]
wmass 80.419d0 ! mass of the W boson [GeV]

zerowidth 1 ! 0 (offshell Zs); if 1 generate Zs on shell
numevts NEVENTS

ih1 1 ! hadron 1 (1 for protons, -1 for antiprotons)

ih2 1 ! hadron 2 (1 for protons, -1 for antiprotons)
ebeaml 6500d0 ! energy of beam 1

ebeam2 650040 ! energy of beam 2

I' To be set only if using LHA pdfs

lhans1l 325300

lhans2 325300

I To be set only if using different pdf sets for the two incoming hadrons

I Parameters to allow or not the use of stored data

use-old-grid 1 ! if 1 use old grid if file pwggrids.dat is present
use-old-ubound 1 ! if 1 use norm of upper bounding function in pwgubound.dat
ncalll 50000 ! number of calls for initializing the integration grid

itmx1 1 ! number of iterations for initializing the integration grid
ncall2 50000 ! number of calls for the integral and finding upper bound

itmx2 3 ! number of iterations for the integral and finding upper bound
foldcsi 5 ! number of folds on csi integration

foldy 5 ! number of folds on y integration

foldphi 10 ! number of folds on phi integration

nubound 100000 ! number of bbarra calls to setup norm of upper bounding func
icsimax 1 ! <= 100, number of csi subdivision when computing the upper bound
iymax 1 ! <= 100, number of y subdivision when computing the upper bounds
xupbound 2d0 ! increase upper bound for radiation generation

I OPTIONAL PARAMETERS

bornonly 0 ! (default 0) if 1 do Born only

smartsig 1 ! (default 1) remember equal amplitudes (0 do not remember)
withdamp 1 ! (default O, do not use) use Born-zero damping factor
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VBF Z SAMPLE

bornsuppfact 1 ! (default O, do not use) use Born suppression factor
mll_gencut 3040 ! ml1 generation cut

testplots 1 ! (default 0, do not) do NLO and PWHG distributions
iseed SEED

randl -1 ! initialize random number sequence

rand?2 -1 ! initialize random number sequence

fakevirt 1 ! uses Born for determining virt. grid

withnegweights 1 ! default 1 allow negative weights

runningscales O ! default O (no running scales); 1 or 2 use running scales
btlscalereal 1 ! flag for running scales
btlscalect 1 ! flag for running scales
pdfreweight O
storeinfo_rwgt O
rwl_group_events 2000
lhapdf6maxsets 50
rwl_file ’pwg-rwl.dat’
rwl_format_rwgt 1
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Appendix I
Rivet plugin

[/ —*- CH++ —*-

#include "Rivet/Analysis.hh"

#include "Rivet/Projections/FinalState.hh"
#include "Rivet/Projections/FastJets.hh"
#include "Rivet/Projections/VetoedFinalState.hh"
#include "Rivet/Projections/ZFinder.hh"

#include <cmath>

namespace Rivet {

/// @brief Electroweak Z+jj analysis
class Rivet_ewzjj_endorsed : public Analysis {
public:

/// Constructor
RIVET_DEFAULT_ANALYSIS_CTUR(Rivet_ewzjj_endorsed);

/// @name Analysis methods
/17 &{

/// Book histograms and initialise projections before the run
void init() {

// Basic final state projection
FinalState fs(Cuts::pT > 20%GeV && Cuts::abseta < 4.7);
declare(fs, "FS");

// Z boson finder for muons

Cut muon_cuts = Cuts::abseta < 2.4 && Cuts::pT > 20%*GeV;

const ZFinder zfinder_mu(fs, muon_cuts, PID::MUON, 75%GeV, 106x*GeV,
0.1, ZFinder::ClusterPhotons::ALL);

declare(zfinder_mu, "zfinder_mu");

// Define vetoed final state to prevent Z-decay products entering
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// jet algorithm
VetoedFinalState had_fs;
had_fs.addVetoOnThisFinalState(getProjection<ZFinder>("zfinder_mu"));

// Jet reconstruction
FastJets jetfs(had_fs, FastJets::ANTIKT, 0.4, JetAlg::Muons::NONE,

JetAlg: :Invisibles: :NONE) ;
declare(jetfs, "jets");

// Book histograms - Jet observables
book(_h["histPtJetl1"], "histPtJetl", 12, 30, 510);
book(_h["histPtJet2"], "histPtJet2", 12, 30, 510);
book(_h["histAbsetaJetl1"], "histAbsetalJetl", 11, 0, 4.4);
book(_h["histAbsetaJet2"], "histAbsetalJet2", 11, 0, 4.4);
book(_h["histEtaJet1"], "histEtaJetl", 22, -4.4, 4.4);
book(_h["histEtaJet2"], "histEtaJet2", 22, -4.4, 4.4);
book(_h["histAbsPhiJet1"], "histAbsPhilJetl", 15, 0, 3);
book(_h["histAbsPhiJet2"], "histAbsPhiJet2", 15, 0, 3);
book(_h["histAbsRapJet1"], "histAbsRapJetl", 23, 0, 4.6);
book(_h["histAbsRapJet2"], "histAbsRapJet2", 23, 0, 4.6);
book(_h["histRapJet1"], "histRapJetl", 46, -4.6, 4.6);
book(_h["histRapJet2"], "histRapJet2", 46, -4.6, 4.6);

// Dijet observables

book(_h["histPtDijet"], "histPtDijet", 24, 30, 510);
book(_h["histAbsetaDijet"], "histAbsetaDijet", 11, 0, 4.4);
book(_h["histAbsRapDijet"], "histAbsRapDijet", 11, 0, 4.4);

book (_h["histAbsDRapidityDijet"], "histAbsDRapidityDijet", 25, 0, 0.5);
book(_h["histAbsDetajj"], "histAbsDetajj", 7, 1.5, 5);
book(_h["histMassDijet"], "histMassDijet", 18, 120, 3000);
book(_h["histAbsPhiDijet"], "histAbsPhiDijet", 31, 0, 6.2);
book(_h["histDphiDijet"], "histDphiDijet", 14, 0, 3.2);

// Muon observables

book(_h["histPtMuonl"], "histPtMuonl", 9, 30, 390);

book (_h["histPtMuon2"], "histPtMuon2", 7, 20, 300);
book(_h["histAbsetaMuonl"], "histAbsetaMuonl", 12, 0, 2.4);
book(_h["histAbsetaMuon2"], "histAbsetaMuon2", 12, 0, 2.4);
book(_h["histEtaMuonl1"], "histEtaMuonl", 24, -2.4, 2.4);
book(_h["histEtaMuon2"], "histEtaMuon2", 24, -2.4, 2.4);
book(_h["histAbsRapMuonl"], "histAbsRapMuonl", 12, 0, 2.4);
book (_h["histAbsRapMuon2"], "histAbsRapMuon2", 12, 0, 2.4);
book(_h["histRapMuonl"], "histRapMuonl", 24, -2.4, 2.4);
book(_h["histRapMuon2"], "histRapMuon2", 24, -2.4, 2.4);
book(_h["histAbsPhiMuonl1"], "histAbsPhiMuonl", 15, 0, 3);
book(_h["histAbsPhiMuon2"], "histAbsPhiMuon2", 15, 0, 3);
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// Dimuon/Z observables

book(_h["histPtDimuon"], "histPtDimuon", 40, 0, 400);
book(_h["histAbsetaDimuon"], "histAbsetaDimuon", 12, 0, 2.4);
book(_h["histAbsRapDimuon"], "histAbsRapDimuon", 12, 0, 2.4);
book(_h["histAbsPhiDimuon"], "histAbsPhiDimuon", 15, 0, 3);
book(_h["histMassDimuon"], "histMassDimuon", 15, 76, 106);
book(_h["histAbsDetaDimuon"], "histAbsDetaDimuon", 6, 0, 3);
book(_h["histAbsDRapidityDimuon"], "histAbsDRapidityDimuon", 20, 0, 0.04);
book(_h["histDphiDimuon"], "histDphiDimuon", 14, 0, 3.2);

// Angular correlations

book(_h["histDPhiMuJet1"], "histDPhiMulJetl", 14, 0.4, 3.2);
book(_h["histDPhiMuJet2"], "histDPhiMulJet2", 14, 0.4, 3.2);
book(_h["histDPhiMuJets"], "histDPhiMuJets", 14, 0.4, 3.2);
book(_h["histDPhiJetsMu"], "histDPhiJetsMu", 14, 0.4, 3.2);
book(_h["histDRJetsMuonl"], "histDRJetsMuonl", 60, 0, 6.0);
book(_h["histDRJetsMuon2"], "histDRJetsMuon2", 60, 0, 6.0);

book(_h["histDRMuJet3"], "histDRMuJet3", 60, 0, 6.0);

// VBF-specific observables

book(_h["histRpThard"], "histRpThard", 25, 0, 1);
book(_h["histZstar"], "histZstar", 15, 0, 3);
book(_h["histEtaThreeStar"], "histEtaThreeStar", 40, -4, 4);
book(_h["histAlphajj"], "histAlphajj", 20, 0, 1);
book(_h["histEtaThreeStarAlternative"], "histEtaThreeStarAlternative",

40, -4, 4);

book(_h["histSumpzjets"], "histSumpzjets", 25, 35, 550);
book(_h["histSumjets_pT_pTjets"], "histSumjets_pT_pTjets", 50, 0, 1);
book(_h["histAlphajj_Z"], "histAlphajj_zZ", 20, 0, 1);

book (_h["histAlphajj_Z_1jet"], "histAlphajj_Z_1jet", 20, 0, 1);
book(_h["histNjets"], "histNjets", 6, 1.5, 7.5);

// Energy fraction observables

book(_h["histZ_Et_JJ_Et"], "histZ_Et_JJ_Et", 20, 0, 1);
book(_h["histZ_Et_ZJJ_Et"], "histZ_Et_ZJJ_Et", 20, 0, 1);
book(_h["histJ1_Et_ZJJ_Et"], "histJ1_Et_ZJJ_Et", 20, 0, 1);
book(_h["histZ_Et2_JJ_Et2"], "histZ_Et2_JJ_Et2", 20, 0, 1);
book(_h["histZ_Et2_ZJJ_Et2"], "histZ_Et2_ZJJ_Et2", 20, 0, 1);
book(_h["histJ1_Et2_ZJJ_Et2"], "histJ1_Et2_ZJJ_Et2", 20, 0, 1);
book(_h["histEt_total"], "histEt_total", 24, 30, 510);
book(_h["histpT_total"], "histpT_total", 24, 30, 510);

// 2D histograms

book(_t["histjetpT_total_JetO_pT"],
"histjetpT_total_JetO_pT", 24, 30, 510, 25, 35, 550);
book(_t["histjetpT_total_JetO_pT_reduced"],
"histjetpT_total_JetO_pT_reduced", 17, 30, 200, 37, 30, 400);
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book(_t["histJetO_pT_jetpT_total"],
"histJetO_pT_jetpT_total", 37, 35, 405, 24, 30, 510);
book(_t["histJetO_pT_reduced_jetpT_total"],
"histJetO_pT_reduced_jetpT_total", 34, 30, 200, 25, 50, 200);
book(_t["histjetpT_total_Jetl_pT"],
"histjetpT_total_Jetl_pT", 24, 30, 510, 25, 35, 550);
book(_t["histjetpT_total_Jetl_pT_reduced"],
"histjetpT_total_Jetl_pT_reduced", 17, 30, 200, 37, 30, 400);
book(_t["histJetl_pT_jetpT_total"],
"histJetl_pT_jetpT_total", 37, 35, 405, 24, 30, 510);
book(_t["histJetl_pT_reduced_jetpT_total"],
"histJetl_pT_reduced_jetpT_total", 34, 30, 200, 25, 50, 200);

/// Perform the per-event analysis
void analyze(const Event& event) {

// Basic event selection
const FinalState& fs = applyProjection<FinalState>(event, "FS");
if (fs.size() <= 2) vetoEvent;

// Z boson reconstruction
const ZFinder& zfinder_mu = apply<ZFinder>(event, "zfinder_mu");

// Z boson selection

if (zfinder_mu.empty()) vetoEvent;

if (zfinder_mu.constituents().size() != 2) vetoEvent;
if (zfinder_mu.bosons().size() != 1) vetoEvent;

const Particles& zfmuons = sortBy(zfinder_mu.constituents(), cmpMomByPt);
FourMomentum z_boson = zfinder_mu.bosons() [0] .momentum() ;

FourMomentum leading muon = zfmuons[0].momentum() ;

FourMomentum subleading_muon = zfmuons[1].momentum() ;

// Muon acceptance cuts
if (leading_muon.absrapidity() > 2.4 ||

subleading_muon.absrapidity() > 2.4) vetoEvent;

if (!inRange(z_boson.mass(), 75.0%GeV, 106.0%*GeV)) vetoEvent;
if (leading_muon.pT() < 40.0%GeV) vetoEvent;

if (subleading_muon.pT() < 20.0%*GeV) vetoEvent;

// Dimuon kinematics
const double DphiDimuon = deltaPhi(leading_muon, subleading_muon) ;
if (DphiDimuon > 2.8) vetoEvent;

// Jet reconstruction and selection
const FastJets& jetfs = apply<FastJets>(event, "jets");
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const Jets& jetss

&& Cuts::abseta < 4.7)
const Jets jets = discardIfAnyDeltaRLess(jetss, zfmuons,

J

= jetfs.jetsByPt(Cuts::pT > 30%GeV

if (jets.size() < 2) vetoEvent;

// Define jet system
FourMomentum leading_jet
FourMomentum subleading_jet = jets[1].momentum();
FourMomentum dijet = leading_jet + subleading_jet;

// Jet acceptance cuts
if (leading_jet.absrapidity() > 4.7) vetoEvent;

if (subleading_jet.absrapidity() > 4.7) vetoEvent;
if (leading_jet.pT() < 50.0%GeV) vetoEvent;

if (subleading_jet.pT() < 50.0%GeV) vetoEvent;

= jets[0] .momentum();

// Isolation requirements
if (deltaR(dijet, leading muon) < 0.4) vetoEvent;
if (deltaR(dijet, subleading muon) < 0.4) vetoEvent;

// VBF selection cuts
const double dijet_mass
const double abs_deta_jj
subleading_jet.pseudorapidity());

= dijet.mass()/GeV;

0.4);

= abs(leading_jet.pseudorapidity() -

if (dijet_mass < 200%GeV) vetoEvent;
if (abs_deta_jj < 1.5) vetoEvent;

// Z boson rapidity gap requirement
if (z_boson.rapidity() < min(subleading_jet.rapidity(),

leading_jet.rapidity())) vetoEvent;
if (z_boson.rapidity() > max(subleading_jet.rapidity(),

leading_jet.rapidity())) vetoEvent;

// Calculate observables
const unsigned int Njets

// Jet kinematics

const
const
const
const
const
const

double
double
double
double
double
double

jet_pt_0
jet_pt_1
jet_eta_0
jet_eta_1
jet_rap_0O
jet_rap_1

= jets.size(Q);

leading_jet.pT()/GeV;

subleading_jet.pT()/GeV;
leading_jet.pseudorapidity();
subleading_jet.pseudorapidity();
leading_jet.rapidity();
subleading_jet.rapidity();
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leading_jet.phi();
subleading_jet.phi();

const double jet_phi_0O
const double jet_phi_1

// Muon kinematics

const double muon_pt_0 = leading_muon.pT()/GeV;

const double muon_pt_1 = subleading_muon.pT()/GeV;

const double muon_eta_0 = leading_muon.pseudorapidity();
const double muon_eta_1 = subleading_muon.pseudorapidity();
const double muon_rap_0 = leading_muon.rapidity();

const double muon_rap_1 = subleading _muon.rapidity();

const double muon_phi_O = leading_muon.phi();

const double muon_phi_1 = subleading_muon.phi();

// Z boson kinematics

const double z_boson_pt = z_boson.pT()/GeV;

const double z_boson_eta = z_boson.pseudorapidity();
const double z_boson_rap = z_boson.rapidity(Q);

const double z_boson_phi = z_boson.phi();

const double z_boson_mass = z_boson.mass()/GeV;

// Calculate global jet properties
double pT_total = 0.0;

double Et_total 0.0;
FourMomentum jets_total;

for (size_t n = 0; n < Njets; ++n) {
jets_total += jets[n].momentum();
Et_total += jets[n].momentum().Et();
pT_total += jets[n].momentum().pT()/GeV;
+

// VBF-specific observables
const double RpThard = (leading_jet + subleading_jet +
leading_muon + subleading_muon) .pT() /
(leading_jet.pT() + subleading_jet.pT() +
leading_muon.pT() + subleading _muon.pT());

const double Zstar = (z_boson_rap - 0.5%(jet_rap_0 + jet_rap_1)) /
(jet_rap_0 - jet_rap_1);

const double EtaThreeStarAlternative = jets_total.rapidity() -
0.5%(jet_rap_0 + jet_rap_1);

// Angular separations
const double DPhiMuJetl

deltaPhi(z_boson, leading_jet);
const double DPhiMuJet2 = deltaPhi(z_boson, subleading_jet);
const double DPhiMuJets = deltaPhi(z_boson, dijet);

const double DRJetsMuonl = deltaR(dijet, leading_muon);
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const double DRJetsMuon2 = deltaR(dijet, subleading_muon);

// Energy fractions

const double z_Et = z_boson.Et();

const double jet_Et_0 = leading_jet.Et();
const double jet_Et_1 = subleading_jet.Et();

const double Z_Et_JJ_Et = z_Et / (jet_Et_0 + jet_Et_1);
const double Z_Et_ZJJ_Et = z_Et / (z_Et + jet_Et_0 + jet_Et_1);
const double J1_Et_ZJJ_Et = jet_Et_O0 / (z_Et + jet_Et_0 + jet_Et_1);

// Fill histograms - Muon observables
_h["histPtMuon1"]->fill (muon_pt_0);
_h["histPtMuon2"]->fill (muon_pt_1);
_h["histAbsetaMuon1"]->fill (abs(muon_eta_0));
_h["histAbsetaMuon2"]->fill (abs(muon_eta_1));
_h["histEtaMuonl1"]->fill (muon_eta_0);
_h["histEtaMuon2"]->fill (muon_eta_1);
_h["histAbsRapMuon1"]->fill (abs(muon_rap_0));
_h["histAbsRapMuon2"]->fill (abs (muon_rap_1));
_h["histRapMuon1"]->fill (muon_rap_0);
_h["histRapMuon2"]->fill (muon_rap_1);
_h["histAbsPhiMuon1"]->fill (abs (muon_phi_0));
_h["histAbsPhiMuon2"]->fill (abs(muon_phi_1));

// Z/dimuon observables

_h["histPtDimuon"]->fill(z_boson_pt);
_h["histAbsetaDimuon"]->fill(abs(z_boson_eta));
_h["histAbsPhiDimuon"]->fill(abs(z_boson_phi));
_h["histMassDimuon"]->fill(z_boson_mass) ;
_h["histAbsRapDimuon"]->fill(abs(z_boson_rap));
_h["histAbsDetaDimuon"]->fill (abs(muon_eta_0 - muon_eta_1));
_h["histAbsDRapidityDimuon"]->fill (abs(muon_rap_0 - muon_rap_1));
_h["histDphiDimuon"]->fill (DphiDimuon) ;

// Jet observables
_h["histPtJet1"]->fill(jet_pt_0);
_h["histPtJet2"]->fill(jet_pt_1);
_h["histAbsetaJet1"]->fill(abs(jet_eta_0));
_h["histAbsetaJet2"]->fill(abs(jet_eta_1));
_h["histEtaJet1"]->fill(jet_eta_0);
_h["histEtaJet2"]->fill(jet_eta_1);
_h["histAbsRapJet1"]->fill(abs(jet_rap_0));
_h["histAbsRapJet2"]->fill(abs(jet_rap_1));
_h["histRapJet1"]->fill(jet_rap_0);
_h["histRapJet2"]->fill(jet_rap_1);
_h["histAbsPhiJet1"]->fill(abs(jet_phi_0));
_h["histAbsPhiJet2"]->fill(abs(jet_phi_1));

Chapter I 230



APPENDIX I. RIVET PLUGIN

// Dijet observables

_h["histPtDijet"]->fill(dijet.pT()/GeV);
_h["histAbsetaDijet"]->fill(abs(dijet.pseudorapidity()));
_h["histMassDijet"]->fill(dijet_mass);
_h["histAbsPhiDijet"]->fill(abs(dijet.phi()));
_h["histAbsRapDijet"]->fill(abs(dijet.rapidity()));
_h["histAbsDetajj"]->fill(abs_deta_jj);
_h["histAbsDRapidityDijet"]->fill(abs(jet_rap_0 - jet_rap_1));
_h["histDphiDijet"]->fill(deltaPhi(leading_jet, subleading_jet));

// Angular correlations
_h["histDPhiMuJet1"]->fill (DPhiMuJetl) ;
_h["histDPhiMuJet2"]->fill(DPhiMuJet?2) ;
_h["histDPhiMuJets"]->fill(DPhiMuJets) ;
_h["histDPhiJetsMu"]->fill (DPhiMuJets) ;
_h["histDRJetsMuonl1"]->fill (DRJetsMuonl) ;
_h["histDRJetsMuon2"]->fill (DRJetsMuon2) ;

// VBF observables

_h["histRpThard"]->fill(RpThard) ;

_h["histZstar"]->fill(Zstar);
_h["histEtaThreeStarAlternative"]->fill (EtaThreeStarAlternative);
_h["histNjets"]->fill(Njets);

_h["histEt_total"]->fill(Et_total);
_h["histpT_total"]->fill(pT_total);

// Energy fractions
_h["histZ_Et_JJ_Et"]->fill(Z_Et_JJ_Et);
_h["histZ_Et_ZJJ_Et"]->fill1(Z_Et_ZJJ_Et);
_h["histJ1_Et_ZJJ_Et"]->fill1(J1_Et_ZJJ_Et);

// Additional observables for 3+ jet events

if (Njets >= 3) {
const double EtaThreeStar = jets[2] .momentum().rapidity() -
0.5%(jet_rap_0 + jet_rap_1);
const double Alphajj = jets[2].momentum().pT() /
(0.5%(jet_pt_0 + jet_pt_1));
const double Alphajj_Z = jets[2] .momentum().pT() /
(0.5%(jet_pt_0 + jet_pt_1) + z_boson_pt);
const double DRMuJet3 = deltaR(z_boson, jets[2].momentum());

_h["histEtaThreeStar"]->fill(EtaThreeStar) ;
_h["histAlphajj"]->fill(Alphajj);
_h["histAlphajj_z"]->fill(Alphajj_Z);
_h["histDRMuJet3"]->fill (DRMuJet3);

+
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// Fill 2D histograms

_t["histjetpT_total_JetO_pT"]->fill(pT_total, jet_pt_0);

_t["histJetO_pT_jetpT_total"]->fill(jet_pt_0, pT_total);

_t["histjetpT_total_Jetl_pT"]->fill(pT_total, jet_pt_1);

_t["histJet1_pT_jetpT_total"]->fill(jet_pt_1, pT_total);
}

/// Normalize histograms after the run
void finalize() {
const double scale_factor = crossSection() / picobarn / sumW();

// Scale all 1D histograms
for (auto& hist : _h) {
scale(hist.second, scale_factor);

3

// Note: 2D histograms typically don’t need scaling in the same way

/// @}

/// @name Histograms
/717 @{
map<string, HistolDPtr> _h;
map<string, Histo2DPtr> _t;
/// @}

};

RIVET_DECLARE_PLUGIN(Rivet_ewzjj_endorsed) ;
+
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Appendix

Signal migration matrices for EW Zjj

J

measurement

MuMu_2016post_SR_180_inf
MuMu_2016post_SR_110_180
MuMu_2016post_SR_60_110
MuMu_2016post_SR_0_60
MuMu_2016pre_SR_180_inf
MuMu_2016pre_SR_110_180
MuMu_2016pre_SR_60_110
MuMu_2016pre_SR_0_60
MuMu_2017_SR_180_inf
MuMu_2017_SR_110_180
MuMu_2017_SR_60_110
MuMu_2017_SR_0_60
MuMu_2018_SR_180_inf
MuMu_2018_SR_110_180
MuMu_2018_SR_60_110

MuMu_2018_SR_0_60

Figure J.1: Signal migration matrix in the ppu channel for the Full Run 2 generated

via Combine.
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ee_2016post_SR_180_inf
ee_2016post_SR_110_180
ee_2016post_SR_60_110
ee_2016post_SR_0_60
ee_2016pre_SR_180_inf
ee_2016pre_SR_110_180
ee_2016pre_SR_60_110
ee_2016pre_SR_0_60
ee_2017_SR_180_inf
ee_2017_SR_110_180
ee_2017_SR_60_110
ee_2017_SR_0_60
ee_2018_SR_180_inf
ee_2018_SR_110_180

ee_2018_SR_60_110

ee_2018_SR_0_60 0.02

ewk_0_60 ewk_60_110 ewk_110_180 ewk_180_inf

Figure J.2: Signal migration matrix in the ee channel for the Full Run 2 generated
via Combine.
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Appendix K

Control Region Distributions of

AP Z.jj for EW Z 377 Measurement

This appendix presents the Agy ;; detector-level distributions in the phase spaces
defined by the DY and T'T control regions for the EW Zjj cross-section measurement.
Labels are defined as: ewk_0_60: EW 777 signal process for particle level 0 < ppy; <
60 GeV bin, ewk_60_110: EW Zjj signal process for particle level 60 < pr; <
110 GeV bin, ewk_110_180: EW Zjj signal process for particle level 110 < ppy; <
180 GeV bin, ewk_180_inf: EW Zj7 signal process for particle level 180 < py;; GeV
bin, others: single top and diboson processes (WJFW*,WiZO,ZOZO), tt: top-
antitop processes and dy: Drell-Yan process.
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Figure K.1: A®, ;. observable for pu channel, 2017. Top row: Drell-Yan CR pre-

and post-fit. Bottom row: t¢ CR pre- and post-fit.
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Appendix L

Publications

L.1 Back-to-back azimuthal correlations in Z-jet
events at high transverse momentum in the
TMD parton branching method at next-to-
leading order
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Abstract Azimuthal correlations in Z+jet production at
large transverse momenta are computed by matching Parton-
Branching (PB) TMD parton distributions and showers with
NLO calculations via MCatNLO. The predictions are com-
pared with those for dijet production in the same kine-
matic range. The azimuthal correlations A¢ between the
Z boson and the leading jet are steeper compared to those
in dijet production at transverse momenta O(100) GeV,
while they become similar for very high transverse momenta
O(1000) GeV. The different patterns of Z-+jet and dijet
azimuthal correlations can be used to search for potential
factorization-breaking effects in the back-to-back region,
which depend on the different color and spin structure of the
final states and their interferences with the initial states. In
order to investigate these effects experimentally, we propose
to measure the ratio of the distributions in A¢ for Z+jet- and
multijet production at low and at high transverse momenta,
and compare the results to predictions obtained assuming fac-
torization. We examine the role of theoretical uncertainties
by performing variations of the factorization scale, renormal-
ization scale and matching scale. In particular, we present
a comparative study of matching scale uncertainties in the
cases of PB-TMD and collinear parton showers.

2e-mail: hannes.jung @desy.de (corresponding author)
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1 Introduction

The description of jet production in association with a Z
boson in hadron—-hadron collisions is an important test of
predictions obtained in Quantum Chromodynamics (QCD),
and provides a relevant background to Higgs boson stud-
ies and to new physics searches. The associated Z boson
plus jet production has been measured by CDF and DO
in proton-antiproton collisions at a center-of-mass energy
/s = 1.96 TeV [1,2]. Atthe LHC, the ATLAS and CMS col-
laborations have published measurements in proton-proton
(pp) collisions at a center-of-mass energy /s = 7 TeV [3-5],
8 TeV [6] and 13 TeV [7,8]. Azimuthal correlations between
Z bosons and jets have been measured at 8 TeV [6] and
13 TeV [8].

The distribution in the azimuthal angle A¢ between the Z
boson and the jet is an especially sensitive observable, prob-
ing several aspects of QCD physics. At leading order in the
strong coupling «g, one has A¢ = m. The smearing of this
delta-like distribution is a measure of higher order QCD radi-
ation. In the region near A¢ = m, this is primarily soft gluon
radiation, while in the region of small A¢ it is primarily hard
QCD radiation. The large-A¢ region of nearly back-to-back
Z boson and jet is influenced by both perturbative and non-
perturbative QCD contributions. The relative significance of
these contributions depends on the scale of the transverse
momentum imbalance between the boson and the jet. Impor-
tantly, the resummation of soft multi-gluon emissions in the
nearly back-to-back region probes the transverse momenta
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of the initial state partons, which can be described by trans-
verse momentum dependent (TMD) [9] parton distribution
functions (PDFs). Theoretical predictions for Z boson + jet
production including soft gluon resummation have recently
been given in Refs. [10-16].

All the experimental measurements of boson—jet azimuthal
correlations that have been performed so far are in the kine-
matical range of transverse momenta of the Z boson and the
jets of the order ptr ~ O(100) GeV. In this kinematical
range, fixed-order perturbative corrections beyond next-to-
leading order (NLO) are sizeable, and at small A¢ NLO cal-
culations are usually not sufficient for reliable predictions.
For the large- A¢ region of nearly back-to-back Z boson and
jet, the boson—jet pt imbalance scale is of order a few GeV,
which is significantly influenced by both perturbative resum-
mation and non-perturbative effects. It is worth noting that
all the experimental measurements performed up to now do
not cover the large A¢, nearly back-to-back, region with
sufficiently fine binning to investigate detailed features of
QCD.

With the increase in luminosity at the LHC, it becomes
possible to measure Z+-jet production in the high pr range,
with pr =~ O(1000) GeV. In this work, we observe that in
this kinematical range the resummation of soft gluons and
TMD dynamics in the nearly back-to-back region can be
explored in a new regime, characterized by boson—jet pt
imbalance scales on the order of a few ten GeV. The large-A¢
region, involving deviations of the order of the experimental
angular resolution of about 1 degree from A¢ = m, can
be investigated by analyzing jets with measurable transverse
momenta.

Based on the above observation, in this paper we pro-
pose experimental investigations of back-to-back azimuthal
correlations in the ptr ~ O(1000) GeV region, with a sys-
tematic scan of the large- A¢ regime from this high pr region
down to pr &~ O(100) GeV - a regime which is com-
pletely unexplored experimentally up to now. We present
dedicated phenomenological studies of this A¢ region as
a function of pr, enabling one to explore boson—jet trans-
verse momentum imbalances from a jet scale of several ten
GeV down to the few GeV scale. To perform these stud-
ies, we use the Parton Branching (PB) approach [17,18] to
TMD evolution, matched to NLO calculations of Z+jet pro-
duction with MADGRAPHS5_AMC@NLO [19]. This approach
has already been successfully applied, across a wide energy
and mass range, to the Z boson pt spectrum at the LHC
[20] and the Drell-Yan (DY) prt spectrum at lower fixed-
target energies [21], so that the investigation of the same
method in the Z+jet case is compelling. The A¢ cor-
relation in the kinematical range proposed in this paper
allows one to study the interplay of perturbative and non-
perturbative contributions to TMD dynamics (see e.g. [22]
for the DY case) as a function of both the boson—jet pr

@ Springer

imbalance and the evolution scale of the TMD distribu-
tion itself, of the order of the hard scale of the process,
given by the transverse momenta of the Z boson or the
jet.

In a previous publication [23] we have investigated the
Ag1> correlation in high-pt dijet events by applying TMD
PDFs and parton shower together with NLO calculations of
the hard scattering process. In multijet events the azimuthal
correlation between two jets has been measured at the LHC
by ATLAS and CMS [24-28]. The region of A¢1p — m is of
special interest, since so-called factorization-breaking [29—
31] effects could become important in the case of colored
final states. Multijet production is believed to be sensitive to
such effects, as well as vector boson + jet production [32].
In order to investigate factorization-breaking effects, we pro-
pose to compare the theoretical description of the azimuthal
correlation A¢1; in multijet production with the one in Z+-jet
production. A thorough investigation of azimuthal correla-
tions in the back-to-back region in Z+jet events has been also
performed in Ref. [11], addressing the issue of factorization-
breaking.

In this report we compare in detail high-pr dijet and
Z+jet production by applying the PB TMD method [17,
18] matched with NLO. In Ref. [23] the NLO PB TMD
predictions have been found to describe well the mea-
surements of dijet azimuthal correlations [27,28]. In the
present paper we apply the same method to the calcula-
tion of Z+jet production, and present the corresponding
predictions. We propose to use the same kinematic region
for the high-pr dijet and Z-+jet production to allow a
direct comparison of the angular observables in the two
cases.

We will see that, in the region of leading transverse
momenta of the order ptr ~ O(100 GeV), the boson—jet final
state is more strongly correlated azimuthally than the jet—jet
final state. As the transverse momenta increase above the
electroweak symmetry breaking scale, pr ~ O(1000 GeV),
this difference is reduced, and the boson—jet and jet—jet
become more similarly correlated. We connect this behav-
ior to features of the partonic initial state and final state
radiation in the boson—jet and jet—jet cases. Since poten-
tial factorization-breaking effects arise from color inter-
ferences of initial-state and final-state radiation, different
breaking patterns can be expected for strong and weak
azimuthal correlations, influencing differently the boson—
jet and jet—jet cases. We therefore propose to systemati-
cally compare measurements of dijet and Z+jet distribu-
tions, scanning the phase space from low transverse momenta
pr ~ O(100 GeV) to high transverse momenta pt =~
O(1000 GeV).

In the following, we start by describing the basic elements
of the PB TMD method and the Z+jet calculation in Sect. 2.
In Sect. 3 we present results for the Z+jet azimuthal correla-
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tions and compare them with the multijet case. We summarize
in Sect. 4. In an Appendix we discuss technical details on the
use of MCatNLO+CASCADE3.

2 Basic elements of the calculation

In this section we first recall the salient features of the
PB TMD approach, summarizing the main concepts of the
approach and its applications; then we describe the calcula-
tion of Z+jet production by the PB TMD method matched
with NLO matrix elements in MADGRAPHS_AMC@NLO.

2.1 PB-TMD method

The PB approach [18] provides a formulation for the evo-
lution of TMD parton distributions in terms of perturba-
tively calculable Sudakov form factors and real-emission
splitting kernels, with angular ordering phase space con-
straints and with non-perturbative distributions at the ini-
tial scale of the evolution to be determined from fits to
experiment. This formulation uses a soft-gluon resolution
scale z)s [17] to separate resolvable and non-resolvable
branchings. An important feature of the PB TMD evolu-
tion equation [18] concerns its collinear limits: upon inte-
gration over all transverse momenta, the PB TMD evolu-
tion equation returns the DGLAP [33-36] equation for res-
olution scale z3; — 1, while it coincides with the CMW
[37,38] coherent branching equation for angular-ordered
zym [39]. The PB TMD method is based on the “unitar-
ity” picture [40] of parton evolution usually employed in
parton showering Monte Carlo (MC) algorithms [41,42].
The PB evolution equation for the TMD distributions is
matched by a corresponding TMD parton shower for the
spacelike parton cascade, generated by “backward evolu-
tion” [43]. A significant difference with respect to ordinary
parton showers is that in the PB TMD method TMD dis-
tributions are defined and determined from fits to experi-
mental data, which places constraints on fixed-scale inputs
to evolution, while in ordinary parton showers instead non-
perturbative physics parameters and showering parameters
are tuned. No MC tuning is performed in the PB TMD
case.

The NLO PB collinear and TMD parton distributions
were obtained in Ref. [44] from QCD fits to precision DIS
data from HERA [45] using the xFitter analysis frame-
work [46,47]. Two different sets, PB-NLO-2018-Set 1 and
PB-NLO-2018-Set 2, were obtained, with PB-NLO-2018-
Set 1 corresponding at collinear level to HERAPDF 2.0
NLO [45]. In PB-NLO-2018-Set 2 the transverse momen-
tum (instead of the evolution scale in Set 1) is used as
the scale in the running coupling oy which corresponds
to the angular ordering of soft gluon emissions in the
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initial-state parton evolution [38,39,48,49]. It has been
shown in [20,21] that Set 2 provides a better descrip-
tion of experimental measurements for the Z-boson spec-
trum at low-pr. Also, it has been shown in [23] that the
transverse momentum scale in the running coupling oy is
important for a good description of data on di-jet angu-
lar correlations. In this paper we will concentrate on Set 2
only.

In Fig. 1 we show the TMD PDF distributions for up
quarks and gluons at x = 0.01 and « = 100 and 1000 GeV
for PB-NLO-2018-Set 2. The transverse momentum distri-
bution of gluons is broader than that of quarks, due to gluon
self-coupling and the different color factors. In Fig. 1 also
the uncertainties of the distributions, as obtained from the fit
[44], are shown. The differences in the transverse momentum
spectra of quarks and gluons will show up in differences in
azimuthal correlation distributions.

The PB TMD evolution equation resums Sudakov log-
arithms. Current calculations in the PB TMD approach
are performed with leading-logarithm (LL) and next-to-
leading-logarithm (NLL) accuracy. The accuracy can be sys-
tematically improved, and the extension to next-to-next-to-
leading logarithmic (NNLL) accuracy is being studied. In
this respect, the approach can be compared [50] with ana-
lytic resummation methods [51,52]. The extraction of TMD
distributions from the PB TMD fits described above could
be compared with extractions, such as [53,54], based on
[51,52]. The TMDIib tool [55,56] is designed as an aid for
such studies. On the other hand, while analytic resumma-
tion approaches apply to the inclusive transverse momentum
spectrum, the PB TMD approach works at exclusive level and
can be applied to make predictions not only for the inclusive
spectrum but also for the structure of the final states.

A framework to compute theoretical predictions combin-
ing the PB TMD resummation with fixed-order NLO matrix
elements in MADGRAPHS5_AMC@NLO has been developed
in [20,21]. The predictions [20] have been successfully com-
pared with LHC measurements of Z boson pr and ¢* dis-
tributions [57-59]. Predictions by this method have also
been successful in describing [21] DY pr spectra at lower
masses and energies [60—63]. The significance of this result
is enhanced by the recent observation [64] that fixed-order
NNLO corrections are not extremely large in the kinematic
region of the data. This framework has also been applied to
di-jet production [23], and predictions for di-jet correlations
have been found in good agreement with LHC measurements
[27,28]. We will employ this framework for Z+jet produc-
tion in the next subsection.

As a method which is applicable at the level of exclu-
sive final states, the PB TMD approach can be used in the
context of multi-jet merging algorithms. A TMD multi-jet
merging method has been developed in [65]. Its application to
Zboson + multi-jets production [65-67] illustrates that trans-
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Fig. 1 TMD parton density distributions for up quarks and gluons of PB-NLO-2018-Set 2 as a function of kt at © = 100 and 1000 GeV and
x = 0.01. In the lower panels show the full uncertainty of the TMD PDFs, as obtained from the fits [44]

verse momentum recoils in the initial-state showers [68—70]
influence significantly the theoretical systematics associated
with the merging parameters. In the present paper, we will
concentrate on the Z+jet back-to-back region, rather than the
multi-jet production region, and we will therefore not use the
TMD merging procedure.

Recently, the PB TMD evolution equation has been gen-
eralized to include TMD splitting functions [71,72], defined
through high-energy factorization [73]. This generalization is
important particularly for processes sensitive to TMD distri-
butions at small values of longitudinal momentum fractions
x. In this paper we focus on processes at mid to large x, and
thus we do not consider this in the following.

2.2 Calculation of Z+jet distributions

The process Z+jet at NLO is calculated with MAD-
GRAPHS5_AMC@NLO using the collinear PB-NLO-2018-
Set 2, as obtained in Ref. [44] applying og(M7z) = 0.118. The
matching of NLO matrix elements with PB TMD parton dis-
tributions is described in Refs. [20,21,43]. The extension to
multijet production is illustrated in Ref. [23]. Predictions are
obtained by processing the MADGRAPHS_AMC @NLO event
files in LHE format [74] through CASCADE3 [43] for an inclu-
sion of TMD effects in the initial state and for simulation of
the corresponding parton shower (labeled MCatNLO+CAS3
in the following).

Fixed order NLO Z+jet production is calculated with
MADGRAPH5_AMC@NLO in a procedure similar to the
one applied for dijet production described in [23] (labeled
MCatNLO(fNLO)). For the MCatNLO mode, the HERWIG6
[75,76] subtraction terms are calculated, as they are best
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suited for the use with PB-parton densities, because both
apply the same angular ordering condition. The use of HER-
WIG6 subtraction terms together with CASCADES3 is justified
in the Appendix for final state parton shower as well as ini-
tial and final state showers by a comparison of the predictions
obtained with CASCADE3 and with HERWIG6. The matching
scale u,, = SCALUP limits the contribution from PB-TMDs
and TMD showers.

In the calculations, the factorization and renormalization
scales are set to . = % >; PT.i> Where the index i runs over
all particles in the matrix element final state. This scale is
also used in the PB-TMD parton distribution A(x, kT, i).
The scale uncertainties of the predictions are obtained from
variations of the scales around the central value in the 7-point
scheme avoiding extreme cases of variation.

In Fig. 2 we show the distributions of the transverse
momentum of the Z+jet system, pr,z;, and the azimuthal
correlation in the Z+jet system, A¢yz;, for a fixed NLO cal-
culation, for the full simulation including PB-TMD PDFs and
parton showers as well as for the MCatNLO calculation at
the level where subtraction terms are included without addi-
tion from parton shower (LHE-level). We require a transverse
momentum pt > 200 GeV for the Z boson and define jets
with the anti-kT jet-algorithm [77], as implemented in the
FASTIJET package [78], with a distance parameter of R =0.4.
The effect of including PB-TMD PDFs and parton showers
can be clearly seen from the difference to the fixed NLO and
LHE-level calculations.

In the low pr,z; region one can clearly see the expected
steeply rising behavior of the fixed NLO prediction. In the
Ag¢z; distribution one can observe the limited region for
fixed NLO at A¢z; < 2/3m, since at most two jets in
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Fig. 2 Transverse momentum spectrum of the Z+jet-system pr, z; (left) and A¢yz; distribution (right). Shown are predictions from fixed NLO
(fNLO), the (unphysical) distribution at LHE-level and the full simulation (after inclusion of PB-TMDs and TMD showers, MCatNLO+CAS3)

addition to the Z boson appear in the calculation. At large
Ad¢z;, the fixed NLO prediction rises faster than the full cal-
culation including resummation via PB-TMDs and parton
showers. In the following we concentrate on the large Agyz;
region.

3 Back-to-back azimuthal correlations in Z+jet and
multijet production

We now present predictions, obtained in the framework
described above, for Z+jet and multijet production.! The
selection of events follows the one of azimuthal correlations
A¢12 in the back-to-back region (A¢jp — ) in multijet
production at /s = 13 TeV as obtained by CMS [28]: jets
are reconstructed with the anti-kT algorithm [77] with a dis-
tance parameter of 0.4 in the rapidity range of |y| < 2.4. We
require either two jets with plTe ding 200 GeV ora Z boson
and a jet as leading or subleading objects with a transverse
momentum p?admg > 200 GeV.

We consider distributions of the azimuthal correlation
leading

between the Z boson and the leading jet, Agyz;, for py
leading
>

200 GeV as well as for the very high pr region of p
1000 GeV .

The calculations are performed with MCatNLO+CAS3
using PB-NLO-2018-Set 2 as the collinear and TMD parton
densities with running coupling satisfying ag(mz) = 0.118
and PB-TMD parton shower.

In Fig. 3, the prediction for the azimuthal correlations
Ag¢yz; for Z+jet production in the back-to-back region is
shown.> We also show, for comparison, the prediction of
azimuthal correlations A¢o for multijet production in the
same kinematic region, compared to the measurement of dijet

' A framework based on CCEM evolution [79] was described in [80,81]
for multi-jet and vector boson + jet correlations.

2 Predictions for the region of small A¢ require including the contri-
bution of higher parton multiplicities, e.g. via multi-jet merging [65].
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production obtained by CMS [28]. We observe that the dis-
tribution of azimuthal angle A¢z; in Z+jet-production for
p? ading 200 GeV is more strongly correlated towards 7
than the distribution of angle A¢pz in multijet production.
This difference is reduced for plTe ading 1000 GeV.

Differences in A¢ between Z+jet and multijet production
can result from the different flavor composition of the initial
state and therefore different initial state transverse momenta
and initial state parton shower, as well as from differences
in final state showering since both processes have a different
number of colored final state partons. Effects coming from
factorization-breaking, interference between initial and final
state partons, will depend on the final state structure and the
number of colored final state partons.

We first investigate the role of initial state radiation and
the dependence on the transverse momentum distributions
coming from the TMD PDFs, which gives a large contribu-
tion to the decorrelation in A¢. The kr-distribution obtained
from a gluon TMD PDF is different from the one of a
quark TMD PDF as shown in Fig. 1 for x = 0.01 and
scales of u = 200(1000) GeV. In Fig. 4 we show the
probability of gg, gg and gq initial states (¢ stands for
quark and antiquark) as a function of plTeadmg for Z+jet
and multijet production obtained with MCatNLO+CAS3. At
high plTead]ng > 1000 GeV the gg channel becomes impor-
tant for both Z+jet and multijet final states, while at lower
pl]?admg > 200 GeV the gg channel is dominant in multi-
jet production, leading to larger decorrelation effects, since
gluons radiate more compared to quarks.

The role of final state radiation in the correlation in A¢j,
distributions is more difficult to estimate, since the sub-
traction terms for the NLO matrix element calculation also
depend on the structure of the final state parton shower. In
order to estimate the effect of final state shower we compare
a calculation of the azimuthal correlations in the back-to-
back region obtained with MCatNLO+CAS3 with the one
obtained with MCatNLO+PYTHIAS (Fig. 5). For the calcula-
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Fig. 3 Predictions of the azimuthal correlation A¢z;j(A¢2) for Z+jet
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Fig. 4 The probability of gg, gg and gq initial states in Z+jet and multijet production (g stands for quark and antiquark) as a function of p

The predictions are calculated with MCatNLO+CAS3

tion MCatNLO+PYTHIA8 we apply the PYTHIAS subtraction
terms in the MADGRAPHS5_AMC@NLO calculation, use the
NNPDEF3.0 [82] parton density and tune CUETP8M1 [83].

As shown in Fig. 5, the distributions are different because
of the different parton shower in CASCADE3 and PYTHIAS,
but the ratio of the distributions for Z+jet and multijet pro-
duction are similar: Z+jet-production gives a steeper (more
strongly correlated) distribution at low p;? admg, while at high
plTe g the distributions become similar in shape. We con-
clude, that the main effect of the A¢ decorrelation comes
from initial state radiation, and the shape of the A¢ decor-
relation in the back-to-back region becomes similar between
Z+jet and dijet processes at high p? ading
partonic states are important.

The matching scale w;, limits the hardness of parton-
shower emissions, and is thus typically a non-negligible
source of variation in matched calculations (see e.g. [84]
for a detailed discussion). It is thus interesting to assess
the robustness of the previous findings under variations of
the matching scale. Assessing matching scale variations in
both an angular-ordered shower — such as CASCADE3 — and
a transverse-momentum-ordered shower — such as PYTHIA8
— additionally tests the interpretation (role) of the matching

where similar initial
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103
plﬁﬂdmg [GeV]

leading

scale. In transverse-momentum ordered showers, the match-
ing scale sets the maximal transverse momentum of the first
shower branchings, while branchings beyond the first emis-
sion are not explicitly affected by the matching scale. In
an angular-ordered shower, however, the matching scale is
applied as “veto scale” to avoid larger transverse momenta
for any branching, i.e. the matching scale directly affects all
branchings. The result of changing the matching scale to half
or twice the central value is shown in Fig. 6. As expected, the
value of the matching scale has an impact on the prediction
(~ 5%). This is particularly apparent when w,, is used to
set the maximal transverse momentum of the first emission
in PYTHIA8. Overall, we find that interpreting the matching
scale as veto scale in CASCADE3 leads to apparently more
robust predictions. Interestingly, the matching scale uncer-
tainty becomes smaller for higher- plTe ading jet configurations
in CASCADE3. The size of the matching scale variation is
comparable to scale variations, and should thus be carefully
studied when designing uncertainty estimates.

In dijet production the measurements are rather well
described with predictions obtained with MCatNLO+CAS3,
as shown in Fig. 3 and discussed in detail in Ref. [23]. Only

leading

in the very high p; region, a deviation from the mea-
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Fig. 5 Predictions for the azimuthal correlation A¢z;(A¢y2) in the
back-to-back region for Z+jet and multijet production obtained with
MCatNLO+CAS3 (left column) and MCatNLO+PYTHIAS (right col-

surement is observed, which could be perhaps interpreted as
coming from a violation of factorization. It is therefore very
important to measure A¢ distributions in other processes,
where factorization is expected to hold.

In order to experimentally probe effects which could orig-
inate from factorization-breaking in the back-to-back region
we propose to measure the ratio of distributions in Agyz;
for Z+jet and Agi, for multijet production at low and very
high p? admg, and compare the measurement with predictions
assuming that factorization holds. The number of colored par-
tons involved in Z+jet and multijet events is different, and
deviations from factorization will depend on the structure of
the colored initial and final state. In order to minimize the
effect of difﬂ_arent initial state configurations, a measurement
at high plTe ading , hint more clearly at possible factorization-

breaking effects.
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In Ref. [11] a detailed study on Z+jet azimuthal cor-
relations is reported, applying TMD-factorization and the
“winner-takes-all” jet recombination scheme, with the aim
to reduce potential factorization breaking contributions. We
have checked that our main results remain largely unchanged
when the “winner-takes-all” jet recombination scheme [85,
86] is applied and only in the last bin of the A¢z; distribu-
tions the cross section is reduced. We find that multijet events
are more affected by the “winner-takes-all” jet recombina-
tion scheme in the back-to-back region at high pt than Z-+jet
events.
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4 Summary and conclusions

We have investigated azimuthal correlations in Z+jet pro-
duction and compared predictions with those for multijet
production in the same kinematic range. The predictions are
based on PB-TMD distributions with NLO calculations via
MCatNLO supplemented by PB-TMD parton showers via
CASCADE3. The azimuthal correlations Agz;, obtained in
Z+jet production are steeper compared to those in multi-
jet production (A¢j2) at transverse momenta O(100) GeV,
while they become similar for very high transverse momenta,
O(1000) GeV, which is a result of similar initial parton con-
figuration of both processes.

In Z+jet production the color and spin structure of the
partonic final state is different compared to the one in mul-
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200 GeV (upper row) and plf ading 1000 GeV (lower row). The pre-

dictions with different matching scales u,, varied by a factor of two up
and down are shown

tijet production, and differences in the azimuthal correla-
tion patterns can be used to search for potential factorization
- breaking effects, involving initial and final state interfer-
ences. In order to experimentally investigate those effects,
we propose to measure the ratio of the distributions in A¢yz;
for Z+jet- and A¢ for multijet production atlow and at very
high p? admg, and compare the measurements to predictions
obtained assuming that factorization holds.

We have studied the matching scale dependence in the
PB-TMD predictions and compared it with the case of NLO-
matched calculations based on the PYTHIAS collinear shower.
We find that variations of the matching scale lead to more sta-
ble predictions in the PB-TMD case, with the relative reduc-
tion of the matching scale theoretical uncertainty becoming
more pronounced for increasing p%? ading ¢ o nsverse momenta.
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Appendix: Comparison of CASCADE3 and HERWIG6

The calculations presented here apply the MCatNLO method
using HERWIG6 (H6) subtraction terms, as implemented in
MADGRAPH5_AMC@NLO. The NLO accuracy of the cal-
culations is preserved by construction, since the use of PB-
TMD distributions and TMD shower, as well as the ordinary
parton shower, does not change the inclusive cross section.
Since HERWIG6 (H6) subtraction terms are used in the
MCatNLO+CAS3 calculations, we investigate here in detail
the contribution of the parton shower used in CASCADE3. We
compare predictions obtained with MCatNLO+CAS3 with

Jet spectrum: Leading jet
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the corresponding ones obtained with MCatNLO+HO6, using
LHE files produced with MADGRAPH5_AMC@NLO for Z
production. The Z boson is reconstructed from two oppo-
sitely charged leptons with pr > 20 GeV in |n| < 2.4. We
also study jet distributions obtained with the anti-kt algo-
rithm with distance parameter 0.4 with pt > 30 GeV and
Inl <5.

In H6 the allowed region of z for a branching ¢ — gg
in the final state shower is Q,/0 < z < 1 — Q,4/0
(e.g. A.2.2 in Ref. [87]), with O, = m,; + VQCUT and
Qg = mg +VGCUT, and mg, mg being the quark and gluon
effective masses, and VQCUT, VGCUT the minimum virtu-
ality parameters. Similar cuts are applied for initial state
shower.

First we investigate final state parton showers. We com-
pare distributions of the first and second jet in Z+jet events:
the first (highest pr) jet is part of the lowest order process,
while the second (highest pr) jet is the real correction and
therefore subject to subtraction terms (keeping in mind that
the highest pr jet in the NLO calculation can also come from
the aSZ real emission diagram). In CASCADE3, the PYTHIAG
final state shower is used (since the PB-method has not yet
been applied for final state radiation), with the angular order-
ing veto condition. Since final state radiation is independent
of parton densities, a direct comparison of MCatNLO+CAS3
and MCatNLO+H6, using the same LHE files, while only
simulating final state radiation, is possible. In Fig. 7 we show
a comparison of predictions for the transverse momentum of
the first two highest pr jets in Z+-jet events (using identical
LHE files).

The uncertainty coming from different parameter settings
in the H6 final state parton shower is estimated by changing
the light quark masses from the defaultto 0.32 GeV (Rmas =

Jet spectrum: Subleading jet
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Fig. 7 Comparison of predictions obtained with MCatNLO+CAS3 and MCatNLO+H6 for Z+jet obtained with MCatNLO. Shown are predictions
using only final state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in the text)
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Fig. 8 Comparison of predictions obtained with MCatNLO+CAS3 and MCatNLO+H6 for Z+jet obtained with MCatNLO. Shown are predictions
using only final state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in the text)
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Fig. 9 Comparison of predictions obtained with MCatNLO+CAS3 and MCatNLO+H6 for Z production obtained with MCatNLO. Shown are
predictions using initial state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in

the text)

0.32, labelled as m;) and VQCUT, VGCUT from the default
to 0.1 (1.5), labelled as V¢;(Vcy,), respectively (the low-
est values chosen are those for which H6 is still working).

In Fig. 8 a comparison is shown for the pseudorapidity n
of the first two highest pt jets. Within the variation of the
parameters, the prediction of MCatNLO+CAS3 agrees well
with the one of MCatNLO+HG®, justifying the application of
the PYTHIAG final state parton shower algorithm.

Next we investigate the contribution of PB-TMD PDFs
and the PB-TMD parton shower in the initial state and com-
pare the predictions with the ones from H6. We study Z pro-
duction generated by MADGRAPHS_AMC@NLO which is
essentially driven by initial state radiation. In Fig. 9 we show
the transverse momentum of the Z boson, its rapidity distribu-
tion and the transverse momentum of the first reconstructed
jetwith pt > 30 GeV and |n| < 5. Here the rapidity y of the
Z boson is used, since it is related to the momentum fractions
of the initial partons (instead of the pseudorapidity n which

@ Springer

is used for jets as it is related to the scattering angle 9). We
show a comparison of MCatNLO+CAS3 and MCatNLO+H6
predictions (including the same parameter variations for H6
as for the final state shower). In the region of low transverse
momentum of the Z boson one can clearly see the sensitivity
to the parameter choice in H6.

While at low pt the parton shower matters, and the CAS3
prediction lies in between the ones from H6 with parameter
variation, we observe good matching of the parton shower
to the real emission at higher transverse momentum. The
rapidity distribution obtained from CAS3 also lies within
the one predicted by H6 with parameter variation. The pt
distribution of the first jet also agrees well within the band
given by the uncertainties.

Finally we investigate Z+jet events, when both initial and
final state radiation is important. In Fig. 10 we show a com-
parison of MCatNLO+CAS3 and MCatNLO+H®6 predictions
(including the same parameter variations for H6 as for the
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using initial and final state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in the

text)

final state shower) for the transverse momentum of the first
two highest pr jets. In Fig. 11 the corresponding compari-
son is shown for the pseudorapidity distributions. The trans-
verse momentum distributions agree well within the uncer-
tainties coming from parameter variations, while for the n-
distributions some differences in the very forward/backward
regions are seen. However, one can see, that a variation of
VQCUT, VGCUT has a significant effect especially in the for-
ward/backward region.

In conclusion, we observe agreement between predictions
obtained by MCatNLO+CAS3 and MCatNLO+H6 within
the band of parton shower parameter variation in H6, con-
firming the use of H6 subtraction terms in MCatNLO together
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with PB - TMD PDFs, and PB - TMD initial state parton
shower, as applied in MCatNLO+CAS3.
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Experiments at the Large Hadron Collider (LHC) carry out accurate measurements of azimuthal
correlations in vector-boson plus jets [1, 2] and multi-jet [3—7] final states. When a boson and a jet,
or two jets, recoil nearly back-to-back, reliable QCD predictions call for soft-gluon resummation
of Sudakov processes — see recent studies of Refs. [8—14] in the boson-jet case and Refs. [15—18]
in the di-jet case. This region probes the transverse momentum dependent (TMD) [19-21] parton
distribution of the initial state.

With the increase in luminosity at the LHC, it becomes possible to explore this region experi-
mentally over a wide kinematic range in the hard scale of the process, set by the highest transverse

leading

momentum p,.° produced into the final state, from p?ading ~ 0(100 GeV) to p?ading ~ 0(1000

GeV). In particular, at the highest scales the nearly back-to-back region accessible with the experi-
mental angular resolution of about 1 degree is characterized by transverse momentum imbalances

of a few ten GeV, which can be investigated by analyzing jets with measurable transverse momenta.
leading
T

pecially important, because the production of colored states near the back-to-back region may be

The combined study of the p and pr-imbalance dependence of TMD dynamics is es-

influenced by factorization-breaking effects [22-25], due to interferences of gluon exchange in the

soft region [26] with collinear radiation.

The present article is based on our work [27], in which we perform studies of azimuthal
leading
T

several ten GeV down to the few GeV scale, and propose systematic measurements of ratios of

correlations as a function of p , enabling one to explore py imbalances from a jet scale of
boson-jet to jet-jet distributions, for varying transverse momenta, to investigate potential effects of
soft-gluon interferences.

The studies [27] employ the parton branching (PB) approach [28, 29] to TMD evolution, and
its matching [30-32] to next-to-leading-order (NLO) matrix-element calculations. The PB TMD
evolution and corresponding parton shower are implemented in the Monte Carlo event generator
Cascabpg3 [33], and the NLO matching is performed using MADGraPHS_aAMC@NLO [34] (we
label this calculational framework as MCatNLO+CAS3 in the following). TMD parton distributions
at the starting scale of evolution are obtained from fits [35] to precision deep-inelastic scattering
data [36] using the xFitter analysis framework [37, 38].

The comparison of NLO PB-TMD predictions and collinear-shower predictions with the mea-
surements of di-jet azimuthal correlations [6, 7] is discussed in Refs. [32, 39]. The description of
jet correlation data by NLO PB-TMD is good, and the comparison underlines the importance of
transverse momentum recoils in the parton showers [40—43] and of angular ordering [44—46] in
achieving this. For the boson-jet case, the measurements performed so far do not yet have TeV-scale
transverse momenta and sufficiently fine binning to investigate detailed QCD features.

Fig. 1 [27] shows NLO-matched predictions from TMD shower (left) and collinear shower [47]
(right), illustrating spectra in the A¢ azimuthal separation in Z + jet and di-jet systems. We
concentrate on the large-A¢ region, as the low-A¢ decorrelation region requires going beyond the
framework of the present calculation to include the contributions of higher jet multiplicities, e.g. via
multi-jet merging techniques [48, 49]. For low pl<*in¢

T
correlated azimuthally than the jet-jet final state (top panels). When the transverse momenta

the boson-jet final state is more strongly
increase, the boson-jet and jet-jet states become more similarly correlated (bottom panels). One

can connect this behavior to features of the partonic initial state and final state radiation in the two
cases [27]. Since potential factorization-breaking effects arise from color interferences of initial-
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Figure 1: Predictions for the azimuthal correlation in the back-to-back region for Z+jets and multijet
production obtained with MCatNLO+CAS3 (left column) and MCatNLO+PyTH1A8 (right column) [27].
Shown are different regions in py > 200 GeV (upper row) and py > 1000 GeV (lower row). The bands give
an estimate of theoretical uncertainties obtained from scale variations as described in [27].

state and final-state radiation, different breaking patterns can be expected for strong and weak
azimuthal correlations, influencing differently the boson-jet and jet-jet cases. Thus we propose to

compare measurements of di-jet and Z + jet distributions systematically, scanning the phase space
leading
T

An important source of theoretical systematic uncertainties is given by the matching scale y,,,,

from low to high p

limiting the hardness of parton shower radiation. In Fig. 2 we study this theoretical systematics
for TMD shower (left) and collinear shower (right) calculations. Variations of the matching scale
lead to more stable predictions in the TMD case, with the relative reduction of the matching scale
theoretical uncertainty becoming more pronounced for increasing transverse momenta [27].

In conclusion, azimuthal distributions provide useful observables to gain insight into TMD
dynamics and factorization — see e.g. [9, 32]. By varying the leading transverse momentum,
the relative influence on the pr imbalance can be studied from perturbative components and non-
perturbative effects, e.g. [50, 51]. Sensitivity to TMD splitting probabilities [52] could also be
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Figure 2: The dependence on the variation of the matching scale u,, in predictions for the azimuthal
correlation in the back-to-back region [27]. Shown are predictions obtained with MCatNLO+CAS3 (left
column) and MCatNLO+PyTHIAS (right column) for p7 > 200 GeV (upper row) and pr > 1000 GeV (lower
row). The predictions with different matching scales y,, varied by a factor of two up and down are shown.

observed through azimuthal correlations.
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Abstract The Parton Branching (PB) method describes the
evolution of transverse momentum dependent (TMD) parton
distributions, covering all kinematic regions from small to
large transverse momenta kt. The small kr-region is very
sensitive both to the contribution of the intrinsic motion of
partons (intrinsic k1) and to the resummation of soft gluons
taken into account by the PB TMD evolution equations. We
study the role of soft-gluon emissions in TMD as well as
integrated parton distributions. We perform a detailed inves-
tigation of the PB TMD methodology at next-to-leading order
(NLO) in Drell-Yan (DY) production for low transverse
momenta. We present the extraction of the nonperturbative
“intrinsic-kt ” distribution from recent measurements of DY
transverse momentum distributions at the LHC across a wide
range in DY masses, including a detailed treatment of statis-
tical, correlated and uncorrelated uncertainties. We comment
on the (in)dependence of intrinsic transverse momentum on
DY mass and center-of-mass energy, and on the comparison
with other approaches.
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1 Introduction

The measurement of the vector boson transverse momentum,
pT, in Drell-Yan (DY) production [1] allows one to investi-
gate in detail many different aspects of the strong interaction
sector of the Standard Model, and their impact on precision
electroweak measurements. The very low pr region of the
DY cross section is sensitive to the contribution from the non-
perturbative transverse motion of partons inside the hadrons;
additionally at low transverse momentum multiple soft gluon
emissions have to be resummed; at larger transverse momenta
perturbative higher-order contributions become dominant.
The precise description of the Z /y boson transverse momen-
tum distribution has been investigated since the 1980’s, and
approaches like CSS [2] analytic resummation and parton-
shower [3—6] numerical algorithms have been applied with
different success.

In this work we explore the approach [7,8] to DY prt spec-
tra based on the parton branching (PB) TMD methodology
in momentum space proposed in [9,10], and we perform a
detailed analysis of the small-pT region for wide ranges in
center of mass energies and in DY masses. Though fitted only
on deep-inelastic scattering (DIS) data from HERA exper-
iments, the PB-TMD methodology has been shown to be
capable of describing DY pr spectra at LHC energies [7]
and at low energies [8] without any need for adjustment of
parameters. This approach takes into account simultaneously

@ Springer
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soft gluon radiations and the transverse momentum recoils in
the parton branchings along the QCD cascade. It provides a
successful natural treatment of the multiple-scale problem
of the DY transverse momentum for transverse momenta
much smaller than DY masses but also of the DY with hard
jet production [11]. It also confirms the universality of the
TMDs being able to describe both DIS and DY cross sec-
tions at all available center of mass energies [12]. Alterna-
tive approaches based on parton showers in standard Monte
Carlo event generators like PYTHIAS [3] can also describe
multi-differential DY cross section but it has been observed
that they require intrinsic transverse momentum distributions
strongly dependent on /s [13,14]. In order to describe the
measurements at LHC energies, a Gaussian width exceeding
the Fermi motion kinematics is needed. Approaches based
on CSS [15] provide very precise analytic predictions for
inclusive enough observables like the Drell-Yan cross sec-
tion transverse momentum. In this paper we study in detail the
low kT behavior of the PB-TMD parton distributions where
both very soft gluon emission and intrinsic-kT contribute
significantly and interplay. The results presented here pro-
vide a multi-scale economical and coherent approach demon-
strating the sensitivity to nonperturbative TMD contributions
and first steps in disentangling the intrinsic-kT contribution
from the nonperturbative Sudakov one [16]. We compare
DY theoretical predictions with experimental measurements
in wide ranges in center-of-mass energies, /s and in DY
masses, mpy , to extract the intrinsic-kt parameter from the
transverse momentum distributions. We are carefully taking
into account systematic and statistical uncertainties using the
breakdown of experimental uncertainties provided by the full
set of covariance matrices available in the recent Drell-Yan
differential cross section measurement at 13 TeV [17] and
we treat for the first time the scale uncertainties in the theo-
retical predictions as correlated uncertainties within a given
mass bin.

The results for TMD parameters such as intrinsic-kT
obtained from the DY analysis in this paper can be com-
pared with analogous results obtained from TMD fits in the
CSS coordinate-space framework, see e.g. the recent studies
[18,19]. A significant difference between these approaches
and the approach of this paper concerns the treatment of
collinear parton distribution functions (PDFs). As shown
in Refs. [7,8], in the approach of this paper the inclusive
DGLAP limit is recovered and fits of collinear distribu-
tions are made, e.g. from inclusive DIS structure functions,
along with TMD distributions [20-22]. In contrast, CSS
approaches do not recover inclusive DGLAP and rather use
an ansatz based on the operator product expansion of TMD
distributions in terms of collinear PDFs, assuming collinear
PDFs to be given by standard PDF sets. The PDF bias effect
[19] which results from this has been shown to influence
significantly the central values of the extracted distributions
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and dominate the systematic uncertainties in all the existing
TMD determinations based on CSS approaches. The possi-
bility to treat collinear and TMD distributions on the same
footing and determine them without having to rely on exist-
ing PDF fits is a distinctive feature of the PB TMD approach.
We believe that in the long run this could bring significant
advantages in pursuing TMD phenomenology.

On the other hand, the results of this paper for intrinsic-
kt can also be compared with the case of parton shower
Monte Carlo event generators, such as PYTHIA [3] and HER-
WIG [4]. Monte Carlo tuning to experimental data shows that
parton shower approaches require intrinsic-kt distributions
dependent on the center-of-mass energy /s [13,14], and a
Gaussian width exceeding the Fermi motion kinematics. In
contrast, in the approach of this paper we find that the width
of the intrinsic-kt distribution has a much milder center-of-
mass energy +/s dependence. We obtain more natural Gaus-
sian width o, ¢ = ¢;/+/2, with ¢, close to 1 GeV result-
ing from fits to DY measurements from fixed-target to LHC
energies. We propose in this paper that the different behav-
ior, concerning intrinsic-kT distributions, between PB TMD
and parton-shower approaches can be ascribed to the differ-
ent treatment of the contributions to parton evolution from
the nonperturbative Sudakov region, near the soft-gluon res-
olution boundary. See also [23] for a discussion of this and
comparison of PB TMD and parton-shower results.

The paper is organized as follows. In Sect. 2 we briefly
recall the basic elements of the calculational framework
[7,9,10,21-23]: we start with the PB TMD approach; next
we give a few comments on the treatment of the small trans-
verse momentum region in this approach; then we discuss the
Monte Carlo computation of DY differential distributions.
Section 3 is the central section of the paper, in which we per-
form fits to DY data and present results for the intrinsic-kt
TMD parameter. We give conclusions in Sect. 4.

2 PB TMDs and DY production

To study the different contributions to the low-pt spectrum,
at different mpy and different /s, we calculate DY produc-
tion cross section in the PB TMD method, which proceeds as
described in Refs. [7,23]. NLO hard-scattering matrix ele-
ments are obtained from the MADGRAPHS_AMC@NLO [24]
next-to-leading (NLO) event generator and matched with
TMD parton distributions and showers obtained from PB
evolution [9,10,20], using the subtractive matching proce-
dure proposed in [7] and further analyzed in [25].

We will show that the application of PB TMD distribu-
tions leads to a non negligible contribution of pure intrinsic-
kt, even if most of the small-kT contribution comes from
the PB-evolution. We also show that the proper treatment of
photon radiation from the DY decay leptons is rather impor-
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tant, especially in the DY mass region below the Z boson
peak. The contribution of intrinsic-kT of heavy flavor par-
tons is found to be negligible over the whole range since
heavy quarks are not present in the initial configuration of
the proton.

2.1 TMD distributions from the PB method
The PB evolution equations for TMD parton distributions

Aa(x, K, /Lz) of flavor a are given by [9]
Aax, K, 1?) = Ag (1) Aa(x, K, 1)

d’q Ag(u?)
+Xh:/nq’2 Aa(q?) O" -
M d
X/ _Z Pa(bR)(aS’ Z) Ab (ivk_}'(l_z)q/vq/z)’
X Z I

ey

where k and q are 2-dimensional momentum vectors, zs is
the soft resolution scale [10], z is the longitudinal momentum
transferred at the branchmg, (b )(ozs, z) are the resolvable
splitting functions' (whose explicit expressions for all flavor
channels are given in [9]), and A, are the Sudakov form
factors

—q% 0(q? - ud)

Aa(zm, 12, 1d)

_exp< qu dq/Z/

The branching evolution (1) fulfills soft-gluon angular order-
ing [27-29], with the branching variable q'> being related to
the transverse momentum gt of the parton emitted at the
branching by

gr =1 -2 1q'l. 3

It is shown in [10] that angular ordering is essential for the
TMD distribution arising from the solution of Eq. (1) to be
well-defined and independent of the choice of the soft-gluon
resolution scale zyy = 1 — ¢ for ¢ — 0. In contrast, pr
ordering leads, for instance, to ambiguities in the definition
of the TMD from the z — 1 region.

Analogously to the case of ordinary (collinear) parton dis-
tribution functions, the distribution A, (x, K, ,u(z)) at the start-
ing scale po of the evolution, in the first term on the right
hand side of Eq. (1), is a nonperturbative boundary condition
to the evolution equation, and is to be determined from exper-
imental data. For simplicity we parameterize A, (x, k, ,u%) in
the form

ab (av’ Z)) 2

Aoa(e, K, 1) = foalx, 1) - exp (<IKI2/20%) J@mad), (&)

! Using transverse momentum dependent splitting functions as
described in Ref. [26] would require using off-shell matrix elements
and a completely new fit to inclusive structure functions.

with the width of the Gaussian distribution given by 0 =
gs/+/2, independent of parton flavor and x, where g; is the
intrinsic-kt parameter.

The scale at which the strong coupling o is to be evaluated
in Egs. (1) and (2) is a function of the branching variables.
Two scenarios are studied in Refs. [9,20]:

: oy =a (q/z)
i@ =a(@?(1 -2 = as(g7) (5)
In scenario 1), it is shown in [9] that Eq. (1), in the collinear
case, i.e. once it is integrated over all transverse momenta,
reproduces exactly the DGLAP evolution [30-33] of parton
densities. In scenario ii), it is discussed in [34] how, upon
integration over transverse momenta and suitable treatment
of the resolution scale, Eq. (1) returns the CMW coherent
branching evolution [29].

In Ref. [20], fits to precision DIS HERA measure-
ments [35] based on Egs. (1) and (4), combined with NLO
DIS matrix elements, are performed for both scenarios i)
and ii), using the fitting platform xFitter [36,37]. It is
found that fits to DIS measurements with good x2 values
can be achieved in either case. Correspondingly, PB-NLO-
HERAI+II-2018 set 1 (abbreviated as PB-NLO-2018 Setl)
(with the DGLAP-type a,(q’?)) and PB-NLO-HERAI+II-
2018 set2 (abbreviated as PB-NLO-2018 Set2) (with the
angular-ordered CMW-type o (q%)) are obtained, both hav-
ing intrinsic-kT parameter in Eq. (4) set to g, = 0.5 GeV
[20]. All PB TMD parton distributions (and many others) are
accessible in TMDIib and via the graphical interface TMD-
plotter [38,39].

On the other hand, it is found that PB-NLO-2018 Set2
provides a much better description, compared to PB-NLO-
2018 Setl, of measured Z/y transverse momentum spectra
at the LHC [7], in low-energy experiments [23], and of di-
jet azimuthal correlations near the back-to-back region at
the LHC [40]. This underlines the relevance of the angular-
ordered coupling o (q%) in regions dominated by soft-gluon
emissions.

Based on this observation, in the following we will focus
on the PB-NLO-2018 Set2 approach and perform fits to DY
transverse momentum measurements to investigate the sen-
sitivity of these measurements to the nonperturbative TMD
intrinsic-kT parameter g, and perform determinations of its
value.

As discussed in [7,20], in order to complete the defini-
tion of the PB-NLO-2018 Set2 scenario the treatment of the
coupling o needs to be specified in the region of small trans-
verse momenta gt < go, where g is a semi-hard scale on
the order of a GeV. As in [7,20], we take

a5 = ag(max(qd, ¢3)), (©)
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setting go = 1 GeV, which may be regarded as similar in spirit
to the “pre-confinement” proposal in the context of infrared-
sensitive QCD processes [41,42].2 In the present study, we
will perform a determination of the nonperturbative TMD
parameter g; from DY transverse spectra by assuming the
above behavior for «;.

To better illustrate the underlying physical picture, we give
next a few further comments on nonperturbative contribu-
tions and the treatment of the small transverse momentum
region in the PB TMD approach.

As implied by Egs. (1) and (2), the PB TMD method
incorporates Sudakov evolution via phase space integrations
of appropriate kernels over the resolvable region, i.e. over
momentum transfers z up to the soft-gluon resolution scale
zp . For each branching evolution scale q/z, it is instruc-
tive to examine separately parton emissions with transverse
momenta above the semi-hard scale go, gt > ¢o, and below
q0, AQcp < gt < qo. Using the angular ordering relation
(3), these emissions are mapped respectively on the regions

(@: z<zdpn=1 —610/|(1/|,
) zdyn <z <zm, (7

where zqyn = 1 — go/Iq’| is the dynamical resolution scale
associated with the angular ordering [27-29,34]. In region
(a), the strong coupling (6) is evaluated at the scale of the
emitted transverse momentum, o (q%); the contribution from
region (a) to the evolution in Eqs. (1), (2) corresponds to
the perturbative Sudakov resummation (see e.g. [43,44]). In
region (b), the strong coupling (6) freezes around the semi-
hard scale go; the contribution from region (b) to the evo-
lution is the nonperturbative Sudakov form factor in the PB
TMD approach.

It is worth noting that the PB-NLO-2018 Set 2 framework
provides a very natural and economical description of non-
perturbative Sudakov effects, based on perturbative modeling
of the Sudakov form factor (2) combined with the infrared
o behavior (6): it does not contain any additional nonper-
turbative functions and parameters, besides the scale g.

In Fig. 1 we show parton distributions obtained with
the PB approach using the starting distributions from PB-
NLO-2018 Set2. We show distributions for the gluon and
down quark parton densities for different values of zj:
zy — 1 (default - regions (a + b) - red curve [20]) and
M = Zdyn = 1—qo/ q’ (region (a) only - blue curve obtained
with the same parameters as PB-NLO-2018 Set2 except z
using UPDFEVOLV  [45]). The distributions obtained from
PB-NLO-2018 set2 with z); — 1 are significantly different
from those applying zp = zdyn, illustrating the importance
of soft contributions even for collinear distributions. In Ref.

2 Different forms of the extension to small gt could be considered.
However, this will entail new fits both to precision DIS data and to DY
data.
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[46] it was found that limiting the z-integration leads to incon-
sistencies. In Ref. [47] a procedure to correct the z limitation
is discussed. A detailed discussion on the role of soft gluons
and the nonperturbative Sudakov form factor is given in Ref.
[48]. Please note that the intrinsic-kt distribution, since not
part of the collinear calculation, does not affect the collinear
parton densities.

In the transverse momentum distributions obtained with
the PB-approach, the effect of the 7, cut-off is even more
visible. In Fig. 2 the transverse momentum distributions
obtained for down and charm quarks are shown for PB-
NLO-2018 Set2, with z)y — 1, i.e. regions (a + b), with
(red curve) and without intrinsic-kt distribution applied (blue
curve — a Gauss distribution with g; = 0.00001 GeV). We
also show the transverse momentum distribution contribu-
tion from region (a) alone, i.e. for zpy = zgyn = 1 — qo/ 1,
without intrinsic-kT (corresponding to the magenta curve of
Fig. 1). The importance of the large z-region on the trans-
verse momentum distributions is seen in the comparison
with the predictions without intrinsic-kt distribution (blue
and magenta curves).

The transverse momentum distributions show very clearly
the large effect of the choice of zj; for the soft region, while in
the perturbative region kt > g the effect becomes smaller
with increasing k. Applying such a scale, zyy = zdyn =
1 — go/u/, removes emissions with g1 < g (there are still
low-kT contributions, which come from adding vectorially
all intermediate emissions). However, very soft emissions
are automatically included with z; — 1.

As shown in Fig. 2, the effect of the intrinsic-kT distribu-
tion is much reduced at large scales, but the contribution of
the region zqyn < z < 1 stays important for small k.

It is interesting to observe that the charm density shows
essentially no effect of an intrinsic-kt distribution: this is
because charm is generated dynamically from gluons only,
and there is no intrinsic charm density.

2.2 Transverse momentum distributions of PB-NLO-2018

After having discussed the importance of the soft nonpertur-
bative region to the transverse momentum distribution, we
turn now to a discussion of the transverse component of the
PB parton distributions of Ref. [20], which are used for com-
parison with measurements.

In previous investigations on Z-boson production at the
LHC [7], as well as for low DY mass, mpy, and at low
/s [8], it was found that PB-NLO-2018 Set2 describes the
measurements much better, while PB-NLO-2018 Set 1 gives
too large a cross section at small DY lepton pair transverse
momenta, pt(££).

The difference between PB-NLO-2018 Setl and Set2,
which comes from the choice of renormalization scale (argu-
mentin o), is seen essentially in the low-k region, where the
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Fig. 1 Integrated gluon and down-quark distributions at u = 4 GeV
(left column) and ;© = 100 GeV (right column) obtained from the PB
approach based on PB-NLO-2018 Set2. The red curve is the published

nonperturbative Sudakov form factor (region (b)), with the
integral z)s — 1, plays an important role. In Fig. 3 (upper
row) the distributions for up and charm quarks are shown
when no intrinsic-kt distribution is included, the lower row
shows distributions including the default intrinsic Gauss kt
distributions of widths g; = 0.5 GeV. It is very interesting to
observe that the differences between the sets setting g; = 0
or not are very much reduced for heavy flavors since they
are only generated dynamically (since heavy flavors are not
present at the starting scale in the VFNS which is applied
here). In principle an intrinsic charm contribution can be

gluon, p =100 GeV
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T T
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PB-NLO-2018 Set2 [20] and corresponds to zyy — 1 (regions (a + b)
in text). The blue curve corresponds to zyy = zdyn With go = 1 GeV
(region (a) only). The ratio plots show the ratios to the one for zp; — 1

included in PB densities, however, this is not required from
inclusive DIS data [35] used in the fit of PB-NLO-2018 Set2.

In Fig. 4 the transverse momentum distribution for down
quarks, with and without an intrinsic-kt distribution, is
shown at different scales . While at low scales u ~ 50 GeV
a significant effect of the intrinsic-kt distribution is observed
for very small kT, at large scales u ~ 350 GeV this effect
is much reduced. This scale dependence will result in a
much smaller sensitivity to the intrinsic-kT distribution at
high mpy .
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Fig. 2 Transverse momentum distributions of down and charm quarks
at © = 4 GeV (left column) and ;v = 100 GeV (right column) obtained
from the PB approach based on PB-NLO-2018 Set2. Two distributions
do not include intrinsic-kt: the blue curve corresponds to zy — 1

2.3 Calculation of the DY cross section

The cross section of DY production is calculated at NLO with
MADGRAPHS5_AMC@NLO[24]. In the MCatNLO method,
the collinear and soft contributions of the NLO cross section
are subtracted, as they will be later included when parton
shower, or as in our case, TMD parton densities are applied.
As in earlier studies, we use CASCADE3 [49] to include TMD
parton distributions and parton shower to the MCatNLO cal-
culation (a detailed investigation of the effect of TMD par-
ton distributions and parton showers applied in the CAS-
CADE3 Monte Carlo generator is given in Ref. [25]). We
use the HERWIG6 subtraction terms in MCatNLO, since they
are based on the same angular ordering conditions as the
PBTMD parton distribution sets, PB-NLO-2018 Setl and
PB-NLO-2018 Set2, described in the previous section. The
validity and consistency using HERWIG6 subtraction terms
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(regions a+b in text) and the magenta curve to 2y = zayn = 1 — qo/q
(region a only). The red curve is the published one PB-NLO-2018 Set2
[20] and including intrinsic-kT and zp; — 1

in MCatNLO together with PB TMD distributions has been
studied in detail in the appendix of Ref. [25]. The predicted
cross sections (labeled as MCatNLO+CAS3 in the follow-
ing) are calculated using the integrated versions of the NLO
parton densities PB-NLO-2018 Set1 and PB-NLO-2018 Set2
together with ag(mz) = 0.118 at NLO.

The factorization scale u, used in the calculation of the
hard process is set to u = % Doin /ml.2 + pii, with the sum
running over all final state particles, in case of DY produc-
tion over all decay leptons and the final jet. For the gen-
eration of transverse momentum according to the PB-TMD
distributions, the factorisation scale w in the hard process is
set to 4 = mpy, in the case of a real emission it is set to
n = % > ,/miz + pi ;- The generated transverse momen-
tum is limited by the matching scale x,, = SCALUP [49].
Since there are no PB-fragmentation functions available yet,
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Fig. 3 TMD parton density distributions for down and charm quarks of
the published PB-NLO-2018 Set! (red curve) and PB-NLO-2018 Set2
(blue curve) [20] as a function of k7 at © = 100 GeV and x = 0.01. In
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Fig. 4 TMD parton density distributions for down quarks of PB-NLO-
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Fig. 5 Left: The mass distribution of DY lepton pairs at 13 TeV [51]
compared to predictions of MCatNLO+CAS3 with PB-NLO-2018 Set1
(red curve), PB-NLO-2018 Set2 (blue curve) and without QED correc-
tions (green curve). Right: The spectrum of photons transverse momen-

the final state parton shower in CASCADE3 is generated from
PYTHIA[50], including photon radiation of the lepton pair.
A good description of the final state QED corrections,
and in particular the kinematic effect of the real photon radi-
ations, is essential in order to achieve a precise description
of the DY transverse momentum. Figure 5 (left) shows the
DY mass distribution as measured by CMS [51] at 13 TeV
together with predictions of MCatNLO+CAS3.3 The bands
show the scale uncertainty coming from a variation of the
renormalization and factorization scale by a factor of two
up and down, avoiding the extreme values (7-point varia-
tion). The DY mass is calculated from the so-called dressed-
leptons (see for example [53,54]), where photons radiated
within a cone of radius of R < 0.1 are merged to the lep-
ton before the momenta are calculated. We show predictions
based on PB-NLO-2018 Set1 and Set2, and also, for illustra-
tion, when photon radiation is turned off in the final-state
shower (labeled as “noQED”). A rather good description
of the DY mass spectrum over a large range on mpy is
obtained both with PB-NLO-2018 Setl and Set2. Only at
mpy greater than a few hundred GeV the predictions tend
to become smaller than the measurement (while still within
the uncertainties). However, this is the region where the par-
tonic x becomes large and not well constrained by the fit to
HERA data [35] used for the PB-NLO-2018 TMD extrac-
tion [20]. In the region of mpy below the Z-pole, one can
observe the importance of QED corrections. In Fig. 5 (right)
we show the photon transverse momentum spectrum in Z-
production as measured by CMS [55] at 7 TeV in comparison

3 We use the Rivet package [52] for the calculation of the final distri-
butions.
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tumin Z — putpu~y at7 TeV [55] compared to MCatNLO+CAS3 PB-
NLO-2018 Set2 including QED radiation for a transverse momentum
of the DY pair p(£¢) < 10 GeV. The bands show the scale uncertainty

with MCatNLO+CAS3 including QED radiation. The pho-
ton spectrum is well described at low E7 < 40 GeV, while
the high E7 spectrum predicted by the parton shower falls
below the measurement, since the precision of parton show-
ers are limited for the high pt region.

3 The transverse momentum spectrum of DY lepton
pairs

The transverse momentum spectrum of DY pairs at /s =
13 TeV has been measured for a wide mpy range by CMS
[17]. We use this measurement for comparison with pre-
dictions of MCatNLO+CAS3 based on PB-NLO-2018 Setl
and PB-NLO-2018 Set2, as shown in Fig. 6. As already
observed in previous investigations [7,23,25,40], the PB-
NLO-2018 Set1 gives too high a contribution at small trans-
verse momenta pt(££), while PB-NLO-2018 Set2 describes
the measurements rather well, without any further adjustment
of parameters,* underlining the role of evaluating the strong
coupling at the transverse momentum scale. In order to illus-
trate the importance of QED corrections, we show in addition
a prediction based on PB-NLO-2018 Set2 without including
QED final state radiation (labeled noQED). Especially in the
low mpy region, the inclusion of QED radiation is essential,
not only changing the total cross section but rather strongly
modifying the shape of the transverse momentum distribu-

4 The predictions shown here are slightly different compared to the
predictions in [17] because we use here a lower minimum kT cut and
because of a bug in the treatment of QED radiation in Rivet, corrected
in version 3.1.8.
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Fig. 6 The pr(¢f) dependent DY cross section for different mpy
regions as measured by CMS [17] compared to MCatNLO+CAS3
predictions based on PB-NLO-2018 Set 1 (red curve) and Set 2 (blue

tion pr(££). All calculations predict too low a cross section
at large transverse momentum due to missing higher-order
contributions in the matrix element. In Refs. [11,56,57] it is
shown explicitly that including higher orders in the matrix
element through the TMD multi-jet merging technique gives
an excellent description even for largest pt(££). For all fur-
ther distributions, we restrict the investigations to pr(££)
below the peak region (i.e. p(££)< 8 GeV).

3.1 Influence of the intrinsic-kt distribution on DY
transverse momentum distributions

Given the rather successful description of the DY pr(€£)-
spectrum with MCatNLO+CAS3 using PB-NLO-2018 Set 2
in the low prt(£f)-region, we investigate below the impor-
tance of the intrinsic-kt distribution. In PB-NLO-2018 the
intrinsic-kt distribution is parameterized as a Gauss distri-
bution with zero mean and a width 02 = ¢2/2 [20] (see
Eq. (4)), where g, was fixed by default at g; = 0.5 GeV.

In order to illustrate the sensitivity range of the intrinsic-kT
distribution, we show in Fig. 7 the MCatNLO+CAS3 predic-
tions for the low pt(££)-spectrum of DY production at dif-
ferent DY masses mpy for different intrinsic-kt distribution
(with different g; parameter values) compared to the CMS
measurement [17]. We observe that sensitivity to intrinsic-kt
is more pronounced at small pt(££) values. This sensitivity
decreases with increasing mass, as expected from Fig. 4

In the following we describe a determination of the Gaus-
sian width ¢; for different DY masses, mpy, at differ-
ent +/s. The prediction is obtained from a calculation of
MCatNLO+CAS3 using TMD distributions obtained with
the PB-NLO-2018 Set2 parameters for the collinear dis-
tribution, but with different g, values. We scan for each
mpy -bin g5 in steps of 0.1 to 0.3 GeV in the range gy =

curve). Also shown are predictions without the inclusion of final state
QED radiation from the leptons (green curve). The band shows the
7-point variation of the renormalization and factorization scales

CMS_2022.12079374

2114 50 <my <76GeV [ ¢,=08 1.0 [ 1.2GeV
2z
E %10 !
E ‘
2 0.9
JE 1.19 76 < mge < 106 GeV
S0 . — —o—e—-e-e
" 0.9
[z 119 106 < mee <170 GeV
z
H
=z 1.0
4K 1
&l
= 0.9 1
114 170 < mg < 350 GeV
1.0 + : + + +—+
0.9 4 -
g 119 350 < mee < 1000 GeV
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5
= 0.0 4
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pr(€0) [GeV]

Fig. 7 Drell-Yan cross section ratios of MCatNLO+CAS3 predictions
for different g; values over CMS measurement [17] as a function
of pr(£¢) for different mpy regions. Only the lowest pr(£€) values
are shown. The points error bar show the statistical uncertainties and
the gray bands the total experimental uncertainties. The gray area at
the highest pt(££) values show the maximal values included in the fit
described in Sect. 3.2

0.1,...,2.0 GeV. At higher DY transverse momenta, higher
order contributions have to be taken into account (a study
using multijet merging is given in Refs. [11,56,57]).

3.2 Fit of the Gauss width g, in pp at 4/s = 13 TeV
The transverse momentum distribution of DY leptons has

been measured by the CMS collaboration [17]. This is the
basic measurement for the determination of the intrinsic-kt
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parameter gy, since it covers a wide mpy -range with high pre-
cision and that a detailed uncertainty breakdown, discussed in
Sect. 3.2.1, is provided. The measurements of Z-production
obtained from LHCb [58] are discussed in Sect. 3.2.2, while
measurements at lower center-of-mass energies are shown in
Sect. 3.3.

3.2.1 DY production over a wide DY mass range

The CMS collaboration has measured Drell-Yan produc-
tion at 13 TeV [17] covering a range of DY mass mpy =
[50, 76, 106, 170, 350, 1000] GeV. The measurement is pro-
vided with a detailed uncertainty breakdown, correspond-
ing to a complete treatment of experimental uncertainties
including correlations between bins of the measurement for
each uncertainty source separately. Note that we use the fully
detailed breakdown of the experimental uncertainties pro-
vided on the CMS public website.

In order to determine the intrinsic-kt we vary the g
parameter and calculate a x 2 to quantify the model agreement
with the measurement. We evaluate the following expres-
sion,®

x> = (mi — p)Cip i — i), ®)
ik

with m; being the measurement and u; being the prediction
for data point i. The covariance matrix Cj; is decomposed
into a component describing the uncertainty in the measure-
ment, C;}°**, and the statistical and scale uncertainties in the
prediction,

. del-stat. I
Cix = l_n]:eas “rCl-n]:O el-sta _}_Cis]((:ae' )

The covariance matrix of the measurement is taken directly
from the supplementary material provided by CMS. The sta-
tistical uncertainty in the prediction, arising from the use of a
Monte Carlo simulation, is accounted for as a small diagonal
contribution without correlations between bins,

model-stat. __ _2 .
Cik = Oj stat. Sk (10)

where 0; . 15 the bin-by-bin statistical uncertainty. We also
treat, for the first time, the scale uncertainties of the theoret-
ical prediction as a correlated uncertainty, for a given mpy
range, allowing for a global shift of all bins together within
the band defined by the symmetrized envelope of the scale
uncertainties. This contribution to the covariance matrix is
constructed as follows,

scal
Ciglfae = Oj,scale Ok,scales (11)

5 The corresponding HEPdata records only contain summarised infor-
mation.

6 The code used with the full covariance matrix is available in Ref. [59],
an earlier version to be used directly with Rivet is in Ref. [60].
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Fig. 8 The reduced x2/n.d.f distribution as a function of g for differ-
ent mpy regions obtained from a comparison of the MCatNLO+CAS3
prediction with the measurement by CMS [17]. The points represent the
obtained 2 values. The lines represent the curves used for the uncer-
tainty estimate (see text), which is materialized by the shaded areas

where 0} gcale €ncodes the scale variation for each bin.

We first extract independent values of g, for each invariant
mass region considered in the measurement, considering only
the region most sensitive to gy, pt(££) < 8 GeV . We reduce
this range further in the first two regions to pt(££) < 6 GeV
for 50 < mpy < 76 GeV and p1(€f) < 7 GeV for 76 <
mpy < 106 GeV to stay in the region of sensitivity and
not be biased by missing higher orders in the predictions
affecting high pr(££) shape. The obtained x 2 /n.d.f (reduced
x?)) values are shown in Fig. 8 as a function of g;.

Within each region, we consider the value of g, for which
the smallest x?2 is obtained as our “best fit” value. We con-
struct a one-sigma confidence region as the set of all g, val-
ues for which Xz(qs) < min(x?) + 1. When possible, this
region is determined graphically using a linear interpolation
between scan points. When the minimum is too narrow for a
reliable determination of the uncertainty using this method,
we use instead a quadratic interpolation between the lowest
three points and add an uncertainty equal to one half-bin-
width (0.05 GeV) in quadrature. In addition, we include an
uncertainty derived by repeating the procedure with modi-
fied fit boundaries. The values obtained using this method
are listed in Table 1 and a comparison is shown in Fig. 9.

The values derived from each mpy interval are compatible
with each other. The most precise determination is obtained
from the Z peak region, 76 < mpy < 106 GeV, followed
by the regions around it. The sensitivity at high mass suf-
fers from larger statistical uncertainties in the measurement.
This independence of the intrinsic-kt with the DY mass
contrasts with the need to tune the Parton Shower param-
eters for different masses in standard Monte Carlo events
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generators (see [17] - Fig. 6 for a data comparison with
MADGRAPH5_AMC@NLO interfaced with PYTHIA Parton
Shower).

Having obtained compatible results, we proceed to deriv-
ing a combined fit by calculating a joint x > including the con-
sidered bins in all mass ranges. For this, we construct a new
covariance matrix C f,?mb' as a sum over the 650 uncertainty
sources included in the detailed breakdown. We consider
that each systematic uncertainty is fully correlated between
mpy regions and construct their covariance matrices in the
same way asin Eq. (11). The statistical uncertainties (data and
Monte Carlo) in the measurement feature nontrivial correla-
tions due to the use of unfolding but are independent in each
mpy region, and therefore we construct a block-diagonal
matrix from the covariance matrices in each mpy region. The
statistical uncertainty in the prediction is diagonal. We con-
sider that the uncertainties in the QCD scales are not corre-
lated between mpy regions and use a block-diagonal matrix.

The x? values obtained using the combined covariance
matrix are shown in Fig. 8. The best fit value, extracted in
the same way as for separate regions, is,

qs = 1.04 £ 0.03(data) £ 0.05(scan) &= 0.05(binning) GeV .

This value and its uncertainty are shown as a black line and
shaded area on Fig. 9 for comparison with the individual
mpy bins. A cross-check has been performed by interpolating
the prediction for each bin between ¢, values and searching
for the minimum of the x 2 distribution using a finer g, grid.
It returned values within the uncertainties quoted above. The
TMD distributions including the new ¢ value are available
in TMDIib and TMDplotter [38,39].

To make consistency checks of the obtained value of g;
and to examine possible trends of its dependence on DY mass
and centre-of mass energy, the DY measurements at high
rapidity and lower collision energies have been analysed.
Since for these measurements no full error breakdown are
available, we treat all uncertainties as being uncorrelated and
do not include systematic uncertainty coming from the scale
variation in the theoretical calculation.

Table 1 Results of the fit on individual mpy intervals for the CMS
measurement [17]. The “data” uncertainty is the one estimated using
min(x?) 4 1, the “scan” uncertainty accounts for the step size of the

CMS_2022_12079374

Combined fit
Individual regions

.3

gs [GeV]

600 800

my [GeV]

200 400 1000

Fig. 9 The values of ¢, in each mpy -bin as obtained from Ref. [17].
Indicated is also the combined fit value of g;

3.0
° . e — 4s=10420.08CeV
e LHCD (2022) 13 TeV
2.5
L]
2.0
e
=
£ 15 .
b
<
1.0 1
0.5
0.0 . . ' '

T T
1.00 1.25

qs [GeV]

T
0.00 0.75

Fig. 10 The reduced x2/n.d.f distribution as a function of g
summed over all rapidity regions obtained from a comparison of the
MCatNLO+CAS3 prediction with the measurement by LHCb [58].
The shaded area corresponds to x2 + 1. The best fit value is g; =
0.74 £ 0.15 GeV. The value of g, = 1.04 £ 0.08 GeV as obtained
from the measurements in Ref. [17] is indicated by a black vertical line

g5 scan, and the “bins” uncertainty is derived by varying the number of
bins included in the fit. The number of bins used in the fit gives n.d.f

mpy region Best xz n.d.f Best fit g5 [GeV]

50-76 GeV 2.45 3 1.00 £ 0.08(data) =+ 0.05(scan) £ 0.1(bins)
76-106 GeV 11.4 7 1.03 £ 0.03(data) &+ 0.05(scan) £ 0.05(bins)
106-170 GeV 6.46 4 1.11 £ 0.13(data) 4= 0.05(scan) % 0.2(bins)
170-350 GeV 4.62 4 1.1+074 (data)

350-1000 GeV 1.04 4 < 1.9
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Fig. 11 The reduced x2/n.d.f. distribution as a function of ¢, obtained
from a comparison of the MCatNLO+CAS3 PB-NLO-2018 Set2 pre-
diction with the measurements at lower center-of-mass energies. The
colored shaded band shows the x2 variation of one unit for each
data set. The value of g = 1.04 £ 0.08 GeV is shown as the grey
band. Left-top: ATLAS measurement in 2 mass bins that we anal-

3.2.2 Z production at high rapidities at 13 TeV

The LHCb collaboration [58] has measured Z-production at
/s = 13 TeV in the forward region, covering a rapdity range
of 2 < |y| < 4.5.

The yx? distribution is shown in Fig. 10 summed over the
rapidity range of the DY lepton pair as a function of ¢g;. A
minimum is obtained for g; = 0.74 4+ 0.15 GeV, where the
uncertainty comes from a variation of x2 by one unit and
from the step size of the g, scan.

3.3 The Gauss widths g from lower center of mass
energies

The ATLAS collaboration has measured the production of
DY from collisions at /s = 8 TeV in several DY mass bins,
out of which only the two with 44 < mpy < 66 GeV and
66 < mpy < 116 GeV are relevant for pr(££) < 10 GeV
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ysed at /s = 8 TeV (n.d.f. = 4 for each mass bin) [61] and CMS
inpPbat /s = 8.1 TeV [67]. Right-top: Tevatron measurements - DO
at /s = 1.8 TeV (n.d.f. = 4) [62], CDF at /s = 1.8 TeV (n.d.f. = 5)
[63] and /s = 1.96 TeV (n.d.f. = 6) [64] Bottom: Measurements at
lower energies - PHENIX at /s = 200 GeV (n.d.f. = 12) [65] and
E605 at /s = 38.8 GeV (n.d.f. = 11) [66]

[61]. In Fig. 11 we show the x2/n.d.f as a function of g
obtained from these two mass bins (n.d.f = 8).

The Tevatron experiments DO [62] and CDF have mea-
sured transverse momenta of DY lepton pairs created in pp
collisions at lower center-of-mass energies (1.8 TeV [63]
and 1.96 TeV [64]). The PHENIX collaboration measured
DY production at /s = 200 GeV [65], and E605 [66] at
/s = 38.8 GeV . The Drell-Yan differential cross section in
pr(£€) has also been measured in pPb data at /s = 8.1 TeV
by CMS [67]. Figure 11 shows the impact that the g, choice
has on x2/n.d.f for these different measurements.

3.4 Consistency between determinations of intrinsic kt
width

A global fit of g is obtained by calculating x2 for differ-
ent measurements, as shown in Table 2, including the cor-
responding center-of-mass energies, collision types and the
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Table 2 All data sets with the corresponding center-of-mass energies,
collision types and the number of degrees of freedom used for the global
fit of g5

Analysis Js

Collision types  n.d.f

CMS_2022_12079374 [17] 13TeV  pp 25
LHCb_2022_11990313 [58] 13 TeV PP 5
CMS_2021_11849180 [67] 8.1 TeV pPb 5
ATLAS_2015_11408516 [61] 8 TeV PP 8
CDF_2012_11124333 [64] 1.96 TeV  pp 6
CDF_2000_S4155203 [63] 1.8 TeV pp 5
DO0_2000_1503361 [62] 1.8 TeV PP 4
PHENIX_ 2019_11672015 [65] 200 GeV  pp 12
E605_1991_1302822 [66] 38.8GeV pp 11
Total 81

3.0
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2.5 1
2.0 1
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b
g 1.5

e
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0.5

—— ¢, = 104+ 0.08 GeV
®  Sum of all measurements
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Fig. 12 The reduced x2/n.d.f. distribution (n.d.f. = 81) as a function
of g5 obtained from a comparison of the MCatNLO+CAS3 PB-NLO-
2018 Set2 prediction with the measurement of Refs. [17,58,61-67]. The
minimum of global DY data fit is close to g; = 1 GeV and consistent
with the CMS measurement [17] shown separately by a black line

number of fitted data points, resulting in a total of 81 data
points.

The impact of intrinsic-kt distribution at lower collision
energies has been analyzed using the entire range of pt(££),
while at higher center-of-mass energies we investigate up to
the peak region in the transverse momentum distribution.

The x?2/n.d.f distribution as a function of gy, for all the
data together, is shown in Fig. 12. The x 2 distribution exhibits
aminimum at around g; = 1.0 GeV, which is consistent with
the value obtained as described above.

Figure 13 displays the value of g; as a function of
mpy and /s obtained from the different measurements in
Refs. [17,58,61-67]. For the data which do not provide
detailed uncertainty breakdown and are mainly used for the
cross checks and comparison purpose, the uncertainty bars
of g5 shown in the figures are obtained from the x? variation

of one unit and step size of the g; scan only. The value of
qs = 1.04 £0.08 GeV as derived from the measurements
in Ref. [17], is compatible for all ranges of mpy, and also
holds true for various values of +/s. The obtained value is
also found to be compatible for pPb data.

To summarize, we have obtained a value for the width of
the Gauss distribution for modeling the intrinsic-kr distribu-
tion inside protons of g; = 1.04 & 0.08 GeV. This value,
in contrast to standard Monte Carlo event generators, has no
strong dependence on the center-of-mass energy as well as
on the mass of the produced Drell-Yan lepton pair mpy . The
results of this section indicate that the treatment of soft emis-
sions in the region zayn < z < zy with the strong coupling
of Eq. (6) applied in PB-NLO-2018 Set2 leads to intrinsic-kt
distributions with width parameter g consistent with Fermi
motion kinematics, and mildly varying with energy.

4 Conclusion

In this paper we have carried out a detailed application of the
PB-TMD methodology, which is reviewed in the first part
of the paper, and used it to describe the DY low transverse
momentum distributions across a wide range of DY masses.
Within this methodology, we have presented the extraction
of the intrinsic-k7 nonperturbative TMD parameter from fits
to the measurements of DY pr differential cross sections
performed recently at the LHC at /s = 13 TeV, for DY
masses between 50 GeV and 1 TeV. We have compared this
with extractions from other DY measurements at different
center-of-mass energies and masses.

As shown previously, the measured DY cross section at
low pr favours a choice of the strong coupling o scale
to be taken as the transverse momentum of each parton
emission, as in angular-ordered CMW parton cascades. This
corresponds to the TMD parton distribution set PB-NLO-
2018 Set2. In this paper we use PB-NLO-2018 Set2 with
“pre-confinement” scale go of 1 GeV. The strong coupling is
evaluated at the emitted transverse momentum g for emis-
sions with gr > ¢qo, populating the phase space region
Z < zdyn (Where zayn = 1 — qo/|q’|, with |q'| being the
scale of the branching), while it is evaluated at the semi-
hard scale g¢ for emissions with g7 < go. The contribution
to the Sudakov evolution from the parton branching in the
phase space region z < zqyy gives the perturbative resumma-
tion of Sudakov logarithms, while the contribution from the
parton branching in the phase space region zgyn < 2 < Zm
gives the nonperturbative Sudakov form factor. Therefore the
PB-NLO-2018 Set2 contains two sources of nonperturbative
effects: 1) the nonperturbative TMD distribution at low evo-
lution scale g, and ii) the nonperturbative Sudakov form
factor, specified by the “pre-confinement” scale prescription
to continue the branching evolution to the infrared region
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Fig. 13 Left: the value of g as a function of the DY-mass as obtained from the measurements in Refs. [17,58,61-67]. Right: same as a function
of 4/s. The value of g; = 1.04 & 0.08 GeV as obtained from the measurements in Ref. [17] is indicated

Zdyn < 2 < zpm. The former includes the intrinsic-kr width
parameter ¢, corresponding to Fermi motion in the hadron
beam, while the latter is characterized by the semi-hard scale
parameter go. At low kr, the contribution of nonperturbative
Sudakov form factor interplays with the contribution of the
intrinsic transverse momentum.

The main result of the present work is the extraction,
within the PB-NLO-2018 Set2 framework, of the intrinsic-
kt Gauss distribution with zero mean and width parameter
gs = /20 from the measured pr dependence of the DY
cross sections obtained recently at the LHC at \/s = 13 TeV
[17], for different DY masses mpy , between 50 GeV and 1
TeV. These measurements provide a complete decomposition
of the different systematic uncertainties and their covariance
matrices. To compare to the data, we have used DY produc-
tion at NLO obtained with the MADGRAPH5_AMC@NLO
event generator matched with the PB TMD distributions PB-
NLO-2018 Set2, with a given parameter g; value. We per-
formed a scan over a large range of values g, on the transverse
momentum spectrum below the peak, i.e. the sensitive part
to intrinsic-kT, and considering separately each experimental
source of uncertainty and their correlations. The theory scale
uncertainties have been considered to be fully correlated
inside each mpy bin and uncorrelated between mpy bins. We
found the value ¢g; = 1.04 & 0.08 GeV, consistent for the
different mpy . The obtained value is in agreement to the
expected value from Fermi-motion in protons. It has been
cross checked that this value is compatible with g values
obtained from other DY measurements at different center-
of-mass energies /s and for a variety of DY masses. The
global picture shows no strong dependence of the intrinsic-
kT on the center-of-mass energy or on the DY mass, which
contrasts with tuned standard Monte Carlo event generators
that need a strongly increasing intrinsic Gauss width with /s
and with mpy .
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We suggest that the remarkably stable value of g, that we
obtain in our study can be attributed to the contribution of
the nonperturbative Sudakov form factor and the treatment
of the zayn < z < zm region near the soft-gluon resolution
boundary.
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PROGRAM SUMMARY

Title of Program: UPDFEVOLV2 2.5.03

Computer for which the program is designed and others on which it is operable: Any with standard
Fortran 77 (gfortran) and C++, tested on Linux, MAC.

Programming Language used: FORTRAN 77, C++

High-speed storage required: No

Separate documentation available: No

Keywords: QCD, DGLAP evolution equation, NLO and NNLO splitting functions, transverse
momentum dependent pdf (TMD)

Nature of physical problem: The evolution equations for parton densities cannot be solved
analytically and numerical methods need to be applied. Transverse Momentum Dependent
parton (TMD) densities can be obtained from the inclusive DGLAP evolution equations once
the evolution scale ¢ is associated with the transverse momentum ¢, of the emitted parton.
Method of solution: The evolution equations for parton densities are solved numerically using
a formulation involving Sudakov form factors. The integral equations are of Fredholm type
and can be solved iteratively using a Monte Carlo technique. The iterative solution allows
for a treatment of the kinematic relations at each individual branching process, and thus
allows directly to calculate the transverse momentum of the emitted partons, leading to a
direct calculation of the TMD parton densities.

Restrictions on the complexity of the problem: None

Other Program used: QCDNUM for splitting functions and a,;. ROOT for plotting the result.
Download of the program: https://updfevolv.hepforge.org

Unusual features of the program: None
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1 Introduction

UPDFEVOLV2 is a versatile software tool rooted in the SMALLX [1,2] program™ and built upon
the Parton Branching (PB) method [4,5]. It serves as a robust platform for evolving parton
densities, both collinear and Transverse Momentum Dependent (TMD), utilizing the widely-
used DGLAP evolution equation [6-9]. With its foundation in SMALLX and the innovative
PB method, UPDFEVOLV?2 offers researchers a powerful framework for studying the intricate
dynamics of parton evolution in high-energy physics.

The UPDFEVOLV2 package described here is a significant extension of UPDFEVOLV1 [10],
which is based on the evolution of gluon densities using the CCFM evolution equation [11-
14].

2 Theoretical Input

2.1 The Parton Branching solution of the DGLAP equation

The DGLAP evolution equation can be solved with the PB method, as detailed in Refs. [4,5].
We begin by expressmg the DGLAP evolution equation for the momentum-weighted
parton density x f,(, i°) of parton a with momentum fraction z at scale y:

Mza(xfa x, 1) Z / dz P, fb( ) 1)

where P, represents the regularized DGLAP splitting functions governing the transition of
parton b into parton a. The function P,, can be decomposed as follows (following Ref. [4]):

_
(1—2),

Here, D, and K, are coefficients expressed as D, (cv,) = d,pd, (ars) and K () = 0gpka (),
respectively, while R, encompasses terms non-singular as = — 1. Each coefficient can be
expanded in powers of a:

dae) =3 (2)" a0, o) = 30 (22) K, Rule

Pab(zvas) = Dab(as>5(1 - Z) + Kab(as) + Rab(z)as)' (2)

Mg

(52)" RGVe).

n=1 n=1 n=1
®)
Introducing the real-emission branching probabilities Péf) (2, 0):
1
Pif)(% ag) = Kab(as)i + Rop(2, ag) 4)

“The SMALLX source code is available from Ref. [3]
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the solution to the evolution equation for the momentum-weighted parton density z f, (z, 11*)
at scale p is given by:

ofuli i) = DDl + Y " 8 [ arPeatn (2d?). ©
a\%) a a\Yy M0 - Hg q/2 Aa(q/g) . ab s Lg . b 2’7 ’

where 41 is the starting scale, A, (p?) == A, (12, pd) is the Sudakov form factor and q' is a
2-dimensional vector with q'? = ¢°.

2.1.1 Determination of inclusive Parton Densities using the Parton-Branching Method

The approach outlined above has been employed to determine collinear (k-integrated) par-
ton densities using Monte Carlo techniques with details provided in [4] and briefly sum-
marised in Section 2.2.2.

Figure 1 shows predictions of parton densities evolved to a large scale using the PB
method and compares them with calculations obtained using the conventional tool, QCD-
NUM [15]. The PB predictions are presented for various values of z,,;. Notably, when z,, is
sufficiently large, the predictions align precisely with semi-analytical calculations, as seen in
prior studies [16-20].

These findings hold significance in two respects:

¢ the DGLAP evolution equation, solved with the concept of resolvable branchings, faith-
fully reproduces other DGLAP solutions when the "soft resolution” scale z,, is suffi-
ciently large.

¢ An iterative solution of the DGLAP equation using Monte Carlo techniques based on
resolvable branchings, such as the PB method, is equivalent to other DGLAP solutions
(e.g. QCDNUM).

The PB method has been applied to determine collinear parton densities by fitting them to
inclusive DIS measurements [21]. This resulted in two sets of densities, PB-NLO-HERAI+II-
setl and PB-NLO-HERAI+II-Set2, depending on which scale in «; is used. In Setl, the evo-
lution scale q' is utilized, while in Set2, the transverse momentum q’(l — z) is employed.

It is crucial to note the significance of z,;: it must be close to one to avoid omitting a
significant part of the parton evolution. Here, we illustrate the effect of 2;; = 24y, = 1 —
qo/q , with g, being a free resolution parameter of the order of a GeV, on inclusive collinear
distributions. The results, obtained using the same parameters and starting distributions as
in [21] but with a different cut on z,,, are shown in Figure 2 (for details, refer to [22]).

Figure 2 depicts distributions for down-quarks at different scales, demonstrating the im-
pact when z,, is dynamical: soft gluons, with transverse momenta even below a resolution
scale of ¢y = 1 GeV, play a significant role in collinear distributions and cannot be neglected.

284



- -
K10 E
1 i gluon %
107k g
102 W2 =10 GeV? 102 i 42 = 100000 GeV?
E — QCDnum E — QCDnum
103 - z,=1-10° N - z,=1-10°
E — 2,=1-10° 107k — 2,=1-10°
b =110 L F =110
107 ¢ e 107 TP .
211 2141
® ®
=1.05 =1.05
1= i Voo e e e e P ,(:.:1
0.95 0.95
0.9 0.9
10° 107 10° 107 107 1 10° 107 10° 10 107 1
X X
X1k X0k
EE ® F
10! L down 1 E down
E 107
102 F
E 102
F u2 =10 GeV? E u2 = 100000 GeV?
1073 — QCDnum F — QCDnum
E - z=1-10° 10° - 2,=1-107
r — z=1-10" E — 2=1-10"
107 L zM‘:1-|D'G‘ 104 ;7 zM=|-1o'3‘
2 1.4 2 1.4
© ©
=1.05 =1.05
1 P | st e o~
0.95- 0.95-
0.9 0.9
10° 107 10° 107 107 1 10° 107 10° 10 107 1
X X

Figure 1: Integrated gluon and down-quark distributions at z° = 10 GeV? (left column)
and ,u2 = 10" GeV? (right column) obtained from the PB solution for different values of
zpy, compared with the result from QCDNUM. The ratio plots show the ratio of the results
obtained with the PB method to the result from QCDNUM. Figure taken from [4].

2.2 Transverse Momentum Dependent parton densities: Parton Branching
TMD

Below, we present an extension of the DGLAP evolution equation incorporating the depen-
dence on transverse momenta, as outlined by the PB method [4]. Solving the evolution equa-
tion iteratively offers the advantage of treating each splitting explicitly, allowing the appli-
cation of kinematic relations in every branching, akin to a parton shower process. Conse-
quently, parton distributions can be obtained not only depending on = and  (as in f(z, %)),
but also on the transverse momentum k of the propagating parton (as in Transverse Momen-
tum Dependent (TMD) parton distributions A(x, k, 1)).
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down, 1 = 10 GeV, k from 0.000001 up to 1000 GeV' down, = 100 GeV, k ffom 0.000001 up to 1000 GeV down, 1 = 500 GeV, k, from 0.000001 up to 1000 GeV
10°¢ T T

PB-NLO-HERAIII-2018-sett
PB-NLO-set1-qs=0-q0=1.0

107 T T 10° T T
E PB-NLO-HERAI4I-2018-sett E PE-NLO-HERAI+II-2018-sel1
E PB-NLO-set1-qs=0-q0=1.0 PB-NLO-set1-qs=0-q0=1.0

xf(x,u1)
xf(x,u)
xf(x,u)

TMDplotter 2.2.4
TMDplotter 2.2.4
TMDplotter 2.2.4

x X X

Figure 2: Integrated down-quark distributions at ¢ = 10, 100, and 500 GeV obtained from the PB
approach for different values of z,;: PB-NLO-HERAI+II-setl applies z; — 1, and PB-NLO-set1-
qs=0-q0=1.0 applies z); = 24y, With ¢, = 1 GeV. The ratio plots show the ratios to the one for z;;, — 1
(figures from [22]).

2.2.1 The PB-TMD evolution equation

We can now extend the DGLAP evolution equation to incorporate the dependence on trans-
verse momenta as described by the PB method [4]. The extended evolution equation for the
transverse momentum dependent parton density A(z, k, 1*) is given by:

a 0012 — a?) O(q? — 1.2
NG (W —dq7)6(qd” — u)

2 2 2 d2q/ A (Mz)
an(x?kvﬂ ) = Aa(:u )an(x7ka/L0) +Z/ q
b

X

M
(R) z z _ d. o
/I dz P " (2, o) ZAb<Z,k+(1 2)q,q ) ) (6)

where the transverse momentum vectors (2-dimensional) k and q are used to fully account
for the transverse momentum dependence. Here we implicitly assume angular ordering
(the default option in UPDFEVOLV2) which relates the transverse momentum of the emitted
parton ¢; to the evolution scale ¢ via qt2 =(1- z)2q'2. The final transverse momentum of the
propagating parton is calculated as the vectorial sum over intrinsic transverse momentum

of the initial parton and all transverse momenta of the emitted partons i:
k:ko—ZqM- @)
i

This enables the determination of the corresponding Transverse Momentum Degendent (TMD)
parton distribution A(x, k, ,uz), in addition to the inclusive distribution f(z, ”), integrated
over k:

/ Az, K, 12)d%k = f(z, i) . ®)
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Similarly to equation (5), also equation (6) can be solved iteratively using a Monte Carlo
method [4].

In the literature (e.g. [23]p.69), also virtuality ordering is being discussed, which gives
a slightlg different relation between the evolution scale and the transverse momentum ¢ =
(1—2)q'? (available in UPDFEVOLV2 as option Tqord=1). In Figure 3 the transverse momen-
tum distribution for d-quarks is shown for angular ordering (default) as well as for virtuality
ordering for different values of the evolution scale 1. It is interesting to observe differences,
while the integrated distributions are identical.

down, x =0.01, u= 10 GeV down, x =0.01, u = 100 GeV down, x = 0.01, u =500 GeV

T T T Ty
PB-NLO-HERAI41I-2018-sett E| PB-NLO-HERAI+I-2018-set1 E|
PB-NLO-set1-g20rd-qs=0 5-G0=0.001 PB-NLO-set1-4201-s=0.5-40=0.001

Ty =

T
PB-NLO-HERAI+1-2018-set1
PB-NLO-se11-G201-4s=0.5-30=0.001

TMDplotter 2.2.4

107 1 10 10?

10° 1 1
K, [GeV] k [GeV] k, [GeV]

Figure 3: Transverse momentum distributions of down quarks at = 10,100 GeV (left, middle col-
umn) and ¢ = 500 GeV (right column). The red curve shows PB-NLO-HERAI+II-setl, with angular
ordering condition applied to relate branching scale ¢”* and the emitted transverse momentum g;, the
blue curve shows a prediction obtained with virtuality ordering.

2.2.2 Monte Carlo solution of the evolution equations

As described above, the evolution equations (5, 6) are integral equations of the Fredholm
type

b
f(@) = fol) + A / K (z,y)f (v)dy

and can be solved by iteration as a Neumann series

f(t) = lim zn:)\iui(t) , 9)
=0

n—00 4
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where
up(t) = folt) ,
b
w(t) = / K(t9)foy)dy .

b b
uy(t) = //K(t’yl)K(ylay2)f0(y2)dy2dy1a
b b b
un(t) = / / K(tn) - K (U1, 9) folyn)dun - dyadyy - (10)

X0

Figure 4: Evolution by iteration

In a procedure termed forward evolution, a Monte Carlo technique [1,2,4, 5, 10, 24] is
employed to evolve from /i to a value ¢’ determined by the Sudakov factor A(¢'). This factor
represents the probability of evolving from 1 to ¢’ without encountering any resolvable
branching.

Let us consider a simplified one-flavor scenario for integrated distribution. Utilizing the
Sudakov factor A and the relation

0 1] [
G A = —a@) | 5] [T aePtea,),
dq q
the iterative solution of the evolution equation is expressed as

f (@, 1%) = wf (2, 15) A1)

' /ul; /1 dZ/(_dA(q/2))A(M2)PR(2/7as)gf(x/z',,ug)) [/ZM dzPR(z,Ozs)]_1
+....

. A(q)
(11)
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The value ¢’ is obtained by solving the equation:

12
° oA "2
R, _/ a((;],Q)dq//Q _ A(q/2) : (12)

where R; is a random number sampled from the interval [0, 1].

If q/ > 1, the scale 1 is reached, and the evolution halts, leaving only the initial term
without any resolvable branching. Conversely, if ¢ < p, a branching is generated at ¢
according to the splitting function P(2’, ):

? 'pR, M 'R,/
/ dz P (2, aq) = Rl/ dz P (2, o), (13)
zZ.

min Zmin

where R, is a random number in [0, 1].

The evolution then continues using the Sudakov factor A(q",¢). If ¢" > p, the evolution
stops, leaving a single resolvable branching at ¢'. Otherwise, the evolution continues as de-
scribed above. This iterative process repeats until ¢’s larger than 1 are generated. Through
this method, all kinematically allowed contributions in the series are summed, yielding an
Monte Carlo estimate of the parton distribution function.

2.3 Splitting functions, o, and starting distributions

The evolution in UPDFEVOLV2 can be carried out at leading order (LO), next-to-leading or-
der (NLO), and next-to-next-to-leading order (NNLO). Splitting functions and «, are sourced
from QCDNUM [15], while the initial parton density distributions are obtained in the same
format. The NLO and NNLO splitting functions are calculated in Refs [25-35].

Alternatively, LHApdf [36] offers an alternative source for the starting distributions, as
well as for the parametrization of c.

2.4 Computational Techniques: UPDFEvOLV2 Grid

In fitting programs where the DGLAP evolution is employed to determine the starting distri-
bution Ay (z), a full Monte Carlo solution [10] becomes impractical due to its time-consuming
nature and susceptibility to numerical fluctuations. Instead, a convolution method intro-
duced in [37,38] is utilized.

The kernel K (:z:", kT, uz), where k| = k, is determined from the Monte Carlo solu-

tion of the PB evolution equation and then convoluted with the non-perturbative starting
distribution Ag(x):

Az, by, p?) = x/dw'/da:"Ao(x/)lC (x”,k:T,,u2> §(2'x" — )

[ @ ante) %k (5. (14)
xXT X
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The kernel K encapsulates all dynamics of the evolution, including Sudakov form factors
and splitting functions. It is determined on a grid of 50 ® 50 ® 50 bins in x, k, u*. The grid’s
binning is logarithmic, with 40 bins in logarithmic spacing below 0.1 for the longitudinal
variable x, and 10 bins in linear spacing above 0.1.

The starting distributions can be obtained from fits to measurements via the xFitter plat-
form [39,40]. The user has to provide the grid files for gluons, as well as for u- and d-
type quarks obtained from UPDFEVOLV2, both collinear and TMD grids are needed. These
grid files are being used inside xFitter convoluted with the starting distributions to provide
evolved parton distribution functions (pdfs).

After a fit is performed, the resulting collinear pdfs are written in LHApdf format, the
TMD parton densities are written in TMDIib format [41]. Both collinear and TMD parton
distributions can be plotted using the graphical web interface TMDPLOTTER [41].

2.5 Determination of electroweak particle densities

The DGLAP evolution equation can be extended to include also photons and other elec-
troweak particles [42—46]. Since the quarks carry different electric and weak charges, it is
necessary to split the evolution into u-type and d-type quarks.

The evolution of the photon density inside a hadron has been described in Ref. [47,48].
In Figure 5 the collinear photon density as a function of = is shown for different values of
the evolution scales p (from Ref. [47]). For comparison also the prediction from CT14qed-
proton [49] is shown.

DO GeV

TMDplotter 2.2.3

photon,u = 10 GeV photon,u = 10000 GeV
= 10g P = N0
> F PB-TMDNLOQED-set2-HERAI+II, Kfrom 0.1 up to 1000 GeV x’ F PB-TMDNLOQED-set2-HERAI+II, k\from 0.1 up to 1000]
= C CT14qed_proton ] = r CT14qed_proton m
x - - x L .
1= E 15 3
107E E 0 E
102 E 102 E
= J ™ = =
C 1o o ]
- 4 N - N
-3 ) -3 ]
107 =3 107 E
E 32 E 3
C 10 C .
L 41 = L i
4 | | | | i 104 | | | |
0 v a4 ol wul 4
10° 107 107 1072 10" 10° 10 107 102 10"
X X

Figure 5: The collinear photon density at 4 = 10 GeV and p = 10000 GeV as a function of z. For
comparison the prediction from CT14qed-proton [49] is also shown.

In Figure 6 the TMD density of photons is shown (from Ref. [47]).
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PB-TMDNLOQED-set2-HERAI+II, x = 0.01,u = 10 GeV PB-TMDNLOQED-set2-HERAI+II, x = 0.01,u = 100 GeV

= 10g T T 3 — 1e T T T E
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Figure 6: The TMD photon density at ¢ = 10 GeV and pz = 100 GeV as a function of kp. For
comparison the gluon density is also shown. Plot from [47].

The determination of effective W densities has been discussed already in Refs. [50-58].
In recent years, this ideas has been picked up again in Refs. [42,43,45,59,60].

The approach to determine the photon densities within the PB-method can be easily ex-
tended to calculate the collinear and TMD densities of Z and W. The straightforward applica-
tion of the method gives the collinear and TMD densities as shown in Figures 7,8, compared
also to the photon density.

w=100 GeV w =500 GeV
= E T T — T Ty = E T T — T Ty
3 r W-, TMD-EW, k from 0.1 up to 1000 GeV 7 ~3 r W-, TMD-EW, k from 0.1 up to 1000 GeV 7
X 10? E photon, PB-NLO+QED-HERAI+lI-set2, k from 0.1 up tcg] 3eV = 10? E photon, PB-NLO+QED-HERAI+lI-set2, k from 0.1 up tcg 3eV
>3 E luon, PB-TMDNLO-HERAI+1-2018-set? E ™3 E gluon, PB-TMDNLO-HERAI+I1-2018-set3 3
x = 9 3 x E 3
0g E 10 E
1= = 1= E
10 = 107" =
102 = 1072 E =
10°% = T 10° = ¥
E ER E ERN
= =N E ERPN
10 o 10 el
E B E = 5
C o C o
10° S 10° S
10-6L | | = 10-6L Lol Lol =
10° 102 107 10° 102 107
X X

Figure 7: The collinear vector boson densities at 1 = 100 GeV and 1 = 500 GeV as a function of .

The heavy vector-boson density vanishes (in the approach applied here) for scales yu <
my therefore the densities are only shown for larger scales. For higher scales, the photon
and W densities approach each other, as they should.

In the transverse momentum distribution (Figure 8), one can observe the similarity of
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Figure 8: The TMD vector boson densities at 1o = 100 GeV and p = 500 GeV as a function of k.

photon and W densities at large k1, while significant differences are visible at smaller k.

2.6 Application: Predictions using PB collinear and TMD distributions

The PB TMDs were fitted to the DIS precision data [61], as described in detail in Ref. [21].

The CASCADE3 Monte Carlo generator [62], engineered specifically to conform to the PB
TMD approach, is the only generator with parton shower based on TMDs. Special strength
of this approach is that CASCADE3 allows to simulate parton showers fully consistent with
TMD parton distribution functions. The PB method and CASCADE3 provide successful
predictions for Deep-Inelastic Scattering (DIS) [21, 63], inclusive Drell-Yan (DY) at different
/s and mass ranges [64—67], Z+jets [68,69] and dijets [70,71]. Furthermore, the PB method
has also been included in various publications of CMS [70,72,73] and H1 [63] showing a
great potential for becoming commonly used in the experimental community.

3 Description of the program components
3.1 Subroutines and functions

The source code of UPDFEVOLV2 and this manual can be found under:
https://updfevolv.hepforge.org/

sminit to initialise

sminfn to generate starting distributions in z and k.

smbran to simulate perturbative branchings

szval to calculate z values for the splitting

smgtem to generate ¢ from the corresponding Sudakov factor
updfgrid to build, fill and normalise the updf grid.

11

292



asbmy (q)

Utility routines:
evolve tmd
updfread
gadap
gadap?2
divdif
ranlux

to calculate a;—;q) at LO, NLO or NNLO using the utility from QCD-
NUM or to take it from LHApdf.

Main routine to perform parton evolution
example program to read and plot the results
1-dimensional Gauss integration routine
2-dimensional Gauss integration routine

linear interpolation routine (CERNLIB)
Random number generator RANLUX (CERNLIB)

3.2 Parameter in steering files

Ipdf = 60500

Qg = 1.
Qs = 1.
Iordas

I o w

Igord = 2

set name for collinear valence quark starting distribution

IPDF=-1: QCDNUM parametrization used as the starting distribution
IPDF>0: LHApdf set name for the starting distribution

starting value 1 for perturbative evolution

Gaussian width for the intrinsic k¢ distribution

order in perturbation theory for splitting functions (iordas = 1 is LO,
iordas=2 is NLO, iordas=3 is NNLO). If QCDNUM is used as a start-
ing distribution, Iordas defines also the order of o, (for IPDF>0, o is
accessed from LHApdf)

ordering definition to calculate scale in o, the transverse momentum
q and z;;.

Iqord=0 : Angular ordering with the scale of (1—z)¢'? in oy and z,; =
Zdyn = 1- qO/q/

Iqord=1: Virtualito ordering with the scale of (1—z2)¢'* in o, and z,; =
Zdyn = - (QO/q/)

Iqord=2: Angular ordering with the scale of ¢’ in o, and fixed z);

zmaxfixed = 0.999999 active only for Iqord=2

Nev = 1000000
QO0ord=0.01

Ikern=0

mc=1.47
mb=4.5
mt=173.

Number of generated events
active only for Iqord=0 and 1
qo value for dynamical 2, = 24y

Ikern=0 : full evolution with starting distribution (run ends up with
two grid files for TMD and collinear distribution)

Ikern=1 : only kernel to be used in xFitter (run ends up with four grid
files, two for gluon and quark TMD and two collinear kernels)

charm mass

bottom mass

top mass
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asZ=0.118 ag(my)

3.3 Storing of the outputs

updf-grid.dat  name of the grid file for TMD outcome.
updf-grid_int.dat name of the grid file for collinear outcome.
test.root name of the root file containing histograms with collinear pdfs.

In order to have enough statistics, usually 900 jobs with 10° events are needed. The
results of each job are then added to produce the final grid files. The code for doing this can
be obtained from the authors.

4 Program Installation

UPDFEVOLV2 follows the standard AUTOMAKE convention. To install the program, do the
following

1) Get the source

tar xvfz uPDFevolv2-XXXX.tar.gz
cd uPDFevolv2-XXXX

2) Generate the Makefiles (do not use shared libraries)
./configure

3) Compile the binary
make

4) Install the executable
make install

4) The executable is in bin

run it with:
bin/updf_evolve < steering.txt

plot the result with:

bin/updfread
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