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Abstract

The discovery of the Higgs boson has opened a new era in precision tests
of the Standard Model, with particular focus on its couplings to fermions.
Among these, the coupling to the 7 lepton plays a key role due to its large
Yukawa interaction strength. The boosted H — 77 final state provides a
unique opportunity to probe Higgs boson properties in the high-momentum
regime, but also presents significant experimental challenges in terms of its
reconstruction.

This thesis presents an analysis of the boosted H — 77 channel using proton-
proton collision data collected by the CMS detector during the data-taking
year of 2018 of the LHC Run 2 at /s = 13 TeV. A machine-learning-based
approach, ParticleNet, was employed for the identification of hadronically
decaying 7 leptons in boosted topologies, treating them as substructure of a
large-radius jets. To reconstruct the di-r mass, the collinear mass approxima-
tion was applied, providing a discriminating observable in the presence of
invisible neutrinos from the 7 decays.

The performance of ParticleNet was validated against collision data and
demonstrated satisfying agreement, significantly improving identification of
boosted 7. The collinear mass approximation provided strong discriminating
power between signal and background, though reconstructed mass peaks
were observed to shift relative to their true values. A conservative 10%
uncertainty on boosted 7 identification efficiency was assumed, leaving room
for improvement through more precise calibrations.

The methodologies developed in this work are broadly applicable to other
searches involving boosted 7 leptons, including Z’ — 7 and Higgs-sector
extensions such as the MSSM and NMSSM. With the larger datasets from
Run 3 and the High-Luminosity LHC, along with advancements in detector
technology and machine-learning techniques, these methods are expected to
play a central role in precision Higgs physics and searches for physics beyond
the Standard Model.
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Zusammenfassung

Die Entdeckung des Higgs-Bosons hat eine neue Ara priziser Tests des Stan-
dardmodells er6ffnet, wobei insbesondere seine Kopplungen an Fermionen
im Fokus stehen. Unter diesen spielt die Kopplung an das r-Lepton eine
zentrale Rolle, da es aufgrund seiner groien Yukawa-Wechselwirkung von
besonderer Bedeutung ist. Der Zerfall H — 77 im geboosteten Regime bietet
eine einzigartige Moglichkeit, die Eigenschaften des Higgs-Bosons bei hohen
Impulsen zu untersuchen, stellt jedoch zugleich erhebliche experimentelle
Herausforderungen an die Rekonstruktion.

In dieser Arbeit wird eine Analyse des geboosteten H — r7-Kanals vorge-
stellt, basierend auf Proton-Proton-Kollisionsdaten, die mit dem CMS Detektor
withrend Run 2 des LHC bei einer Schwerpunktsenergie von /s = 13 TeV
aufgezeichnet wurden. Zur Identifikation hadronisch zerfallender 7-Leptonen
in geboosteten Topologien wurde ein maschinelles Lernverfahren, ParticleNet,
eingesetzt, das 7-Leptonen als Jet-Unterstruktur behandelt. Zur Rekonstrukti-
on der Di-r-Masse wurde die kollineare Massenapproximation angewendet,
als diskriminierende Observable mit Anwesenheit unsichtbarer Neutrinos
aus 7-Zerfallen angewendet.

Die Trennkraft von ParticleNet wurde mit Kollisionsdaten validiert und Identi-
fikation geboosteter r-Leptonen deutlich verbesserte. Auch die kollineare Mas-
senapproximation erwies sich als niitzliches Werkzeug zur Unterscheidung
von Signal und Untergrund, wenngleich die rekonstruierten Massenpeaks
gegeniiber ihren wahren Werten verschoben erscheinen. Fiir diese Arbeit
wurde eine konservative Unsicherheit von 10% auf die Effizienz der geboos-
teten r-Identifikation angenommen, wodurch Potenzial fiir Verbesserungen
durch prazisere Kalibrierungen verbleibt.

Die in dieser Arbeit entwickelten Methoden sind nicht nur fiir die Untersu-
chung des Higgs-Bosons von kénnen angewendet werden, sondern auch fiir
andere Analysen mit geboosteten r-Leptonen, wie etwa Z’ — 77 oder Erwei-
terungen des Higgs-Sektors wie das MSSM und NMSSM. Mit den gréf3eren



Zusammenfassung

Datensatzen von Run 3 und dem High-Luminosity LHC sowie den Fortschrit-
ten in der Detektortechnologie und im maschinellen Lernen wird erwartet,
dass diese Methoden eine zentrale Rolle sowohl in der prazisen Higgs-Physik
als auch in der Suche nach neuer Physik jenseits des Standardmodells spielen
werden.
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Introduction






1. Introduction to particle physics

1.1. Standard Model of particle physics

The Standard Model (SM) is a theoretical framework in particle physics that
classifies all the particles responsible for forming matter, based on their
intrinsic properties [1]].

A schematic representation of the SM is summarized in Figure

mass - =2.3 MeVic* =1,275 GeVic* =173.07 GeV/ic* 0 =126 GeV/c*
charge = 2/3 213 23 t o \ o H
spin - 112 u 112 C 4 n 1 & o
up charm top gluon 'b-‘c;gsgﬁ
=48 MeVic® =05 MeV/c? =418 GeVic® 0
A3 d -113 -1/3 b 0
172 i 172 S 02 1 &
down strange bottom photon
0.511 MeVic* 105.7 MeVic* 1.777 GeVie* 91.2 GeVic*
el A1 = | 0 \
Q- Q- O @
electron muon tau Z boson
<22eVic? <0.17 MeVic* <15.5 Mew/c® 80.4 GeVic*
1] o 0 Eal A
112 ])e 12 ])ll 12 -I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1.: The schematic representation of the SM highlights its key components: quarks,
leptons (fermions), and mediators (gauge bosons). Fermions are categorized into three distinct
generations. In the illustration, the masses, charges, and spins of the particles are depicted. The
heavier a particle is, the higher the generation it belongs to [2].

According to this classification, elementary particles fall into three groups:
leptons and quarks (both are fermions), and bosons. Most bosons serve as
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mediators of the fundamental interactions (the photon, W%, Z, and gluons),
while the Higgs boson plays a different role by providing masses through
the Higgs mechanism [3]. Quarks and leptons are organized into three
generations, with each subsequent generation containing heavier particles
than the previous one.

Quarks cannot exist in a free state; instead, they form composite particles
known as hadrons. Typical examples of hadrons are the proton and neutron.
The proton consists of two up quarks and one down quark (uud), while the
neutron is composed of one up quark and two down quarks (udd). Hadrons
are categorized into two subgroups: baryons, which consist of an odd number
of quarks (typically three), and mesons, which contain an equl number of
quarks and antiquarks. Quarks possess spin % and carry an electric charge
of either i% or t% times the elementary charge. Among the six known
quark flavours, the up quark is one of the lightest, while the top quark is the
heaviest.

Leptons, like quarks, also have spin % but, in contrast to quarks, can exist as
free particles. They carry an electric charge of either +1 or 0 (for neutrinos).

All gauge bosons have spin 1. Among them, only the W* bosons carry
electric charge +1; the Z boson is electrically neutral. The W and Z bosons
are massive, whereas the remaining gauge bosons (such as the photon and
gluon) are massless.

The Higgs boson is a scalar (spin 0) particle and is electrically neutral [4]].

In addition to mass, spin, and electric charge, particles in the SM are also
characterized by further quantum numbers associated with the gauge symme-
tries of the theory. Quarks carry color charge under SU (3)¢ and are classified
by flavour (up, down, strange, charm, bottom, top). Leptons and quarks
transform differently under the electroweak group SU(2); X U(1)y, where
left-handed fermions form weak isospin doublets while right-handed fermions
are singlets. The corresponding weak isospin (T) and weak hypercharge (Y)
determine the electric charge via the Gell-Mann-Nishijima relation [/5]

Q=T+3Y (1.1)

Approximate global quantum numbers such as baryon number and lepton
number are conserved in all SM interactions, while flavour quantum numbers
(e.g. strangeness, charm, bottomness) are conserved by strong and electro-
magnetic interactions but can change in weak processes.



1.2. Forces of nature and their carriers

1.2. Forces of nature and their carriers

1.2.1. Quantum Field Theory Picture

In the framework of Quantum Field Theory (QFT), particles are described as
excitations of underlying quantum fields [6}7]. Interactions arise from specific
terms in the Lagrangian of the theory. Each interaction term corresponds
to a vertex in a Feynman diagram, with the coupling constant determining
the strength of the interaction. The propagators represent the exchange of
virtual particles, i.e. the mediators of the interaction. In this way, the intuitive
picture of “forces with carrier particles” is rigorously formulated in terms of
fields, vertices, and propagators. This framework provides the foundation for
the description of the electromagnetic, weak, and strong interactions.

1.2.2. Electromagnetic Interaction
The electromagnetic interaction is the simplest among them and is described
by Quantum Electrodynamics (QED) [8,|9]]. It explains electromagnetic in-

teractions mediated by photons. A typical QED process is electron-positron
annihilation, as illustrated in Figure

et et

Figure 1.2.: Electron-positron annihilation via a virtual photon y, resulting in a fermion-
antifermion pair.

1.2.3. Weak interaction

The weak interaction can be divided into two types: charged interactions
(mediated by W* bosons) with the charge transition involved and neutral
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interactions (mediated by the Z boson) without charge transition involved [[10]].
A typical example of such an interaction is demonstrated in Figure

vy

e K 2
14
7 W=
e+ M+ e
(b) Muon decay mediated by a virtual W~ boson,
(a) Electron-positron annihilation via a virtual Z  producing a muon neutrino, electron, and electron
boson, resulting in a fermion-antifermion pair. antineutrino.

Figure 1.3.: Feynman diagrams of processes mediated by the weak interaction: (a) electron-
positron annihilation via Z boson exchange, and (b) muon decay via W~ boson exchange.

1.2.4. Electroweak Unification and Weak Isospin

The electromagnetic and weak interactions are unified in the framework of
the electroweak theory, first formulated by Glashow, Weinberg, and Salam [11}
12]). The underlying gauge symmetry is

SU2)L xU(1)y,

where SU(2), corresponds to the weak isospin and U(1)y to the weak hyper-
charge. The weak isospin groups left-handed fermions into doublets, while
right-handed fermions appear as singlets under SU(2);.

After spontaneous symmetry breaking via the Higgs mechanism, the gauge
fields mix to form the physical bosons: the photon (y), the charged W* bosons,
and the neutral Z boson. In this way, the electroweak theory explains both the
similarities and the differences between electromagnetic and weak processes,
and provides a unified description of two of the fundamental interactions of
nature.
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1.2.5. Strong interaction

The strong force is described by Quantum Chromodynamics (QCD) and
explains interaction mediated by gluons [[13}|14]. An illustrative example of a
QCD process, quark-antiquark annihilation, is presented in Figure

q q

Figure 1.4.: Feynman diagram of quark-antiquark annihilation via a virtual gluon g, resulting in
a quark-antiquark pair of the same or different flavor.

1.3. Local gauge invariance

Local gauge invariance is a property of the Lagrangian that it is invariant
under local transformation. Unlike the global transformation, the local trans-
formation requires a dependence on the spatial coordinate. For example,
Equation 1.2]illustrates the global transformation, while Equation [1.3]illus-
trates the local invariance [[15].

Y — ey (1.2)

Y — ey (13)

Considering the Dirac Lagrangian [16]], which describes relativistic massive
particles with spin %

L= hic%/”aﬂlﬁ - mczwa (1.4)
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and is invariant under global gauge invariance, but not under local gauge in-
variance. If we require the local gauge invariance, the Lagrangian transforms
to

L= hich”a,,x// - mcztﬁa - %F’”’Fl,v - (q@y”lﬁ)Aﬂ (1.5)

where A, is a new massless field which has a corresponding massless carrier
- a photon.

This is a Lagrangian for quantum electrodynamics - the description of elec-
trons interacting with the photon field.

The Equation [1.2| can be represented as a matrix multiplication ¥ — Uy,
where UTU = 1. The group of such matrices is U(1).

Since the Lagrangian[1.5]lacks a term describing photon self-coupling, this
implies that photons cannot interact with one another directly. An electron
can interact with another electron indirectly through the exchange of a virtual
photon.

We apply the same procedure to the QCD theory. According to SM, quarks
have three color charges - red, blue, green.

Equations|1.6|define the color structure of a quark field in QCD. The quark
field ¢ is represented as a color triplet, consisting of components i, ¥,
and 14, which correspond to the red, blue, and green color charges, respec-
tively. Its Dirac adjoint, denoted by U, is similarly expressed as a triplet with
components Ur, U, and xﬁ_g. This representation reflects the fact that quarks
transform under the fundamental representation of the SU(3) color gauge
group

{¢ = Y Yo Yg),
- = (1.6)
V= ¥ Yg)
The QCD Lagrangian [[17]] is
-£ = iFZ’VF;IZV + ;Jff)(lDU - I’Ylf(sl])lﬁ](f) (17)
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with

DZ. =6 + igstl-“jA’,; and

a a a b pc (1'8)

Y, = 9uA% — 9,A% — g, fupc AL AS
The resulting term A contains eight gauge fields, each associated with one of
the eight massless gluons, the mediators of the strong interaction. In contrast
to QED, QCD permits self-interactions among its gauge bosons, which is
manifested through terms like AzAf,. The corresponding process is illustrated

in Figure

(a) Three gluon vertex (b) Four gluon vertex

Figure 1.5.: Feynman diagrams representing gluon self-interactions in QCD. (a) Three-gluon
vertex. (b) Four-gluon vertex. These interactions arise from the non-Abelian nature of the
strong force.

Weak force is more complicated case. If we analogously require SU(2) gauge
symmetry, it leads to the existence of three massless gauge bosons: two
charged and one uncharged. However, experimental data confirms that the
Z and W* bosons have mass [18}|19]. To describe the mass generation of
these gauge bosons, the Higgs mechanism is used, which is more precisely
described in Chapter 2}

SM of particle physics provides a unified theoretical framework that describes
three of the four fundamental forces in nature: the electromagnetic, weak,
and strong interactions. These forces are mediated by gauge bosons: photons,
W and Z bosons, and gluons, which arise naturally from requiring local gauge
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invariance of the Lagrangian under the symmetry groups U(1), SU(2), and
SU(3), respectively. Matter fields in the SM consist of quarks and leptons,
which interact via these gauge bosons according to their respective charges
and representations.

Local gauge invariance serves as a guiding principle in the formulation of
interaction terms. By promoting global symmetries to local ones, one intro-
duces gauge fields whose dynamics and couplings are constrained by the
symmetry structure. For example, the requirement of SU(3) local gauge invari-
ance leads to the introduction of gluons and their self-interactions, a hallmark
of QCD. Similarly, the electroweak sector emerges from the unification of
SU(2) and U(1) gauge groups, with spontaneous symmetry breaking giving
rise to massive W and Z bosons.

Overall, the SM successfully explains a wide range of observed phenomena
in high-energy physics, although it remains incomplete due to its exclusion
of gravity and open questions such as neutrino masses and dark matter.

10



2. Higgs Physics: theoretical and
experimental aspects

2.1. Higgs mechanism

The SM of particle physics is a remarkably successful theoretical framework
that has been extensively validated by experimental results over the past
decades [6]. One of its central components is the Higgs boson, a fundamental
scalar particle associated with the Higgs mechanism (20, 21]], which endows
elementary particles with mass through spontaneous electroweak symmetry
breaking [11}|12].

For many years, the Higgs boson remained the only element of the SM whose
existence had not been experimentally confirmed. This changed in 2012 with
its discovery at the Large Hadron Collider (LHC), marking a major milestone
in high-energy physics (22| 23]. However, it is important to note that the SM
does not predict the mass of the Higgs boson. Consequently, the experimental
effort was not only aimed at confirming the existence of the Higgs field but
also at precisely measuring the mass of the associated scalar particle.

Prior to the LHC era, constraints on the Higgs boson mass had already
been established by earlier experiments at LEP and Tevatron [24}25], which
excluded large regions of the mass spectrum and narrowed down the viable
mass range. These indirect limits meant that the Higgs mass was not an
entirely unconstrained parameter.

A crucial theoretical motivation for the Higgs boson’s existence is encapsu-
lated in what is often referred to as the no-lose theorem [26]. This argument
states that, in the absence of the Higgs boson (or an alternative mechanism
of electroweak symmetry breaking), scattering amplitudes involving longitu-
dinally polarized vector bosons (such as W, W, — Wy W.) would grow with
energy and eventually violate unitarity and yielding probabilities greater than

11
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one, which is a clear sign of a breakdown in physical consistency. The intro-
duction of the Higgs boson restores unitarity in these processes by cancelling
the divergences in the amplitude at high energies. Thus, the presence of some
new physics, whether in the form of a Higgs boson or another mechanism, is
theoretically required to preserve unitarity in vector boson scattering.

These theoretical arguments, together with experimental constraints, pro-
vided strong motivation for the search for the Higgs boson. A key theoretical
concept is Spontaneous Symmetry Breaking (SSB) [27]], which occurs when
the ground state of a system does not respect the symmetry of its Lagrangian.
In the SM, this mechanism is realized through a scalar potential with a
nontrivial vacuum structure, often visualized as the so-called “Mexican hat”
potential shown in Figure

Figure 2.1.: The Higgs potential, often referred to as the "Mexican hat" [[28]]. It illustrates the
concept of SSB, where the ground state of the theory is not invariant under the original
symmetry.

The Higgs mechanism is the process by which gauge bosons acquire mass
through SSB of a gauge symmetry, while preserving the renormalizability
and gauge invariance of the theory [29,/30]. It plays a central role in the SM,
providing masses to the weak gauge bosons (W*, Z) and to fermions.

2.1.1. Electroweak Gauge Symmetry

The electroweak sector of the SM is based on the gauge group

SU(2)r x U(1)y (2.1)

12
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where SU(2);, is the weak isospin symmetry and U(1)y corresponds to weak
hypercharge [11}|12]]. Gauge invariance forbids explicit mass terms for the
gauge bosons in the Lagrangian density, as such terms would violate local
gauge symmetry.

2.1.2. Spontaneous Symmetry Breaking

To generate particle masses dynamically, a complex scalar field known as
the Higgs field is introduced in the SM [3} |21} [20]. This field transforms as a
doublet under SU(2), and carries hypercharge Y = +1 [11}|12]. Its dynamics
are governed by the scalar potential

V(g) = 1*¢'¢ + A(47¢)* (2.2)

as described in standard gauge theory texts (6l [30l [29]]. The shape of the
potential depends on the sign of the parameter p?, which determines whether
the electroweak symmetry remains unbroken (u* > 0) or is spontaneously
broken (1? < 0).

In the broken phase, the neutral component ¢° acquires a nonzero Vacuum
Expectation Value (VEV),

(¢) = % (2) v =v-p?/A (2.3)

which breaks the gauge symmetry
SU@R2) xU(1)y — U(Dem (2.4)

The value v = 246 GeV is determined from low-energy measurements of the
Fermi constant [31]].

2.1.3. Mass Generation for Gauge Bosons

The interaction between the Higgs field and the gauge bosons is introduced
via the covariant derivative, which ensures local gauge invariance under
the transformation of electroweak symmetry group SU(2); X U(1)y. The
covariant derivative acting on the Higgs doublet field ¢ is defined as

D i%? W, - i%B,, ¢ (2.5)

13
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Here, 9, is the usual spacetime derivative, g and g" are the SU(2)r and U(1)y
gauge couplings, respectively, T are the Pauli matrices, W,, = (W} sz, Wﬁ)
are the weak gauge fields, and By, is the hypercharge gauge field.

Upon SSB, the kinetic term of the Higgs field,
(Du$)' (DH9), (2:6)

generates mass terms for the gauge bosons when expanded around the Higgs
VEV. The resulting mass terms Lagrangian density are

1 1 ,
Linass = 50° | WiW ™ + 2 (" + 9% 2,2" (2.7)

The physical mass eigenstates are obtained by diagonalizing the gauge boson
mass matrix

1 1
W= —(W!'FiW?), my=-gv (2.8)
V2 2’
1
Z = cos Oy W?> —sin 0y B, my = E\/gz +g%0 (2.9)
A =sin Oy W? + cos OB (massless photon) (2.10)

The angle 6y, known as the Weinberg angle, is defined by the ratio of coupling

constants ,

tan Oy = L (2.11)
g

The Higgs mechanism [3}20}|21] not only gives mass to the W* and Z bosons
while leaving the photon massless, but also predicts a scalar particle, the
Higgs boson, with mass

my = V210 (2.12)
where A is the Higgs self-coupling constant.
Out of the four real degrees of freedom in the complex Higgs doublet, three
are absorbed as longitudinal components of the massive vector bosons via
the Higgs mechanism [11} [12], leaving one observable scalar field. This

mechanism ensures the correct number of polarization states for the massive
W and Z bosons and maintains renormalizability.

Moreover, the presence of the Higgs boson is crucial for preserving uni-
tarity in high-energy longitudinal vector boson scattering processes [26].

14
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Without it (or an alternative mechanism), scattering amplitudes would grow
unboundedly, violating probabilistic interpretation.

These theoretical foundations are discussed in detail in standard texts such
as [|6} 29, 130]].

2.1.4. Physical Higgs Boson

Out of the four real degrees of freedom in the complex Higgs doublet, three
are absorbed as the longitudinal polarization components of the massive
gauge bosons W* and Z, these are the so-called would-be Goldstone bosons [3|
20} 21]. The remaining degree of freedom manifests as a physical scalar
particle: the Higgs boson.

The Higgs field can be expanded around the VEV as

509 = [+ o) @13)

where h(x) is the physical Higgs boson field, representing quantum excita-
tions above the vacuum.

The mass of the physical Higgs boson is determined by the second derivative
(curvature) of the Higgs potential evaluated at the vacuum, leading to

m¥, = 2)0° (2.14)
where A is the self-coupling parameter appearing in the Higgs potential
V(g) = p'¢'p+ A¢'¢)" (2.15)

as introduced in the SM scalar sector [6,29]]. This relationship links the mass
of the Higgs boson directly to the strength of the scalar self-interaction and
the symmetry-breaking scale.

2.1.5. Fermion Masses via Yukawa Couplings

Fermions acquire mass in the SM through their interaction with the Higgs
field via so-called Yukawa couplings [6[11]. These interactions are described
by the Lagrangian term

Ly =-yrY1dyr+he (2.16)
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where yy is the Yukawa coupling for a fermion of flavor f, i1 and yr are the
left- and right-handed fermion fields, and ¢ is the Higgs doublet.

After electroweak symmetry breaking, the Higgs field acquires a VEV, and
the Yukawa interaction term generates a fermion mass

yso

me=="— (2.17)
R

Each fermion mass is therefore directly proportional to its Yukawa coupling
yr, which remains a free parameter within the SM. This formulation explains
the hierarchical pattern of fermion masses but does not predict their absolute
values, making the Yukawa sector one of the least constrained parts of the
model.

The structure of Yukawa interactions is critical for both the generation of
mass and the flavor structure of the SM, and plays a central role in Higgs
boson decay modes.

2.2. SMproblems in Higgs sector

Although the SM has been confirmed experimentally with extraordinary
precision [31f], it does not provide answers to all fundamental questions in
particle physics. One of the major open problems is the mass hierarchy prob-
lem [32]. It remains unclear why the different fundamental forces exhibit
such vastly different strengths. For instance, the strong interaction is approx-
imately 10!* times stronger than gravity and several orders of magnitude
stronger than the weak interaction.

The Higgs boson, responsible for electroweak symmetry breaking, was long
expected to have a mass significantly larger than 125 GeV [29]]. However, the
SM does not predict the mass of the Higgs boson, it remains a free parameter.
Historically, similar theoretical inconsistencies have led to the prediction of
new particles. A notable example is the positron, the antimatter counterpart
of the electron, predicted by Paul Dirac in 1928 [16]]. Dirac formulated a
relativistic wave equation for spin—% particles, whose solutions included
states with negative energy, a result incompatible with classical physics. To
resolve this paradox, Dirac postulated the existence of a new particle identical
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to the electron but with opposite charge. This groundbreaking prediction of
antimatter was soon experimentally confirmed [33].

Analogously, many physicists anticipate that solving the shortcomings of the
SM may again require the introduction of new particles. In the case of the
Higgs sector, the mass hierarchy problem becomes particularly severe. In the
SM, the Higgs boson mass receives quantum corrections that grow quadrati-
cally with the energy scale. Without a protective symmetry, these corrections
must be finely tuned to cancel out, a situation considered unnatural and
theoretically unsatisfying [32].

One elegant solution to this problem is provided by Supersymmetry (SUSY) [34].
SUSY postulates a symmetry between bosons and fermions, predicting for
every SM particle a heavier superpartner with opposite spin statistics. These
superpartners naturally cancel the large quantum corrections to the Higgs
mass, stabilizing it without fine-tuning. While no SUSY particles have been
observed so far, the framework remains one of the most compelling extensions
of the SM.

2.2.1. Supersymmetry and its application to problems in Higgs
sector

The SM radiative corrections to the Higgs mass arising from loop diagrams,
such as those involving the top quark, take the following form

s, ~ 0 e (2.18)
H 82

where y; is the top Yukawa coupling, and A is the ultraviolet cutoff scale,
typically assumed to be as high as the Planck scale (~ 10'° GeV). This implies
that, in the absence of fine-tuning, the physical Higgs mass would naturally be
pushed up to the cutoff scale. The observed Higgs mass of 125 GeVseems to
be unnatural according to this assumption, unless it receives some additional
terms for cancellation [34} |35]].

SUSY offers a natural solution by introducing superpartners for all SM parti-
cles. In an unbroken supersymmetric theory, the quadratic divergences in
the Higgs mass cancel between particles and their superpartners

2 2 _
5mH|boson + 5mH|fermion =0 (2.19)
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This cancellation occurs because bosons and fermions contribute with oppo-
site signs to loop corrections, and SUSY enforces equal coupling strengths
and masses between them [34}[30].

As a result, the Higgs mass is stabilized against large quantum corrections,
making the electroweak scale technically natural.

It is postulated that for every known particle, there exists a corresponding
superpartner with spin differing by half a unit:

« Fermions (spin—%) — bosonic superpartners (spin-0), called sfermions
(e.g., selectron, squark)

« Bosons (spin-1 or spin-0) — fermionic superpartners (spin-3), called
gauginos and higgsinos

2.3. MSSM and NMSSM models

Supersymmetric extensions of the SM, such as the Minimal Supersymmetric
Standard Model (MSSM) and the Next-to-Minimal Supersymmetric Standard
Model (NMSSM), offer elegant solutions to some of the theoretical limitations
of the SM. In particular, they address the hierarchy problem by stabilizing
the Higgs boson mass against large radiative corrections through cancella-
tions between divergent quantum contributions from SM particles and their
superpartners [34}|36,37].

Contrary to the SM, which contains a single complex scalar Higgs doublet,
the MSSM introduces two Higgs doublets, denoted H,, and Hy. This extension
is necessary to ensure anomaly cancellation and to generate masses for both
up-type and down-type fermions [34} |36

After electroweak symmetry breaking, the two complex Higgs doublets yield
five physical Higgs bosons:

« Two CP-even neutral scalars: the lighter h° and the heavier H°
« One CP-odd neutral pseudoscalar: A°
« Two charged Higgs bosons: H*
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At tree-level, the Higgs sector of the MSSM can be described using two
parameters
tan ff = U—u, ma (2.20)
04
where v, and v, are the VEV of the up-type and down-type Higgs doublets,
and m, is the mass of the CP-odd pseudoscalar A°.

A notable prediction of the MSSM is an upper bound on the tree-level mass
of the lightest CP-even Higgs boson

mys¢ < Mz|cos 2| < My (2.21)

where My is the mass of the Z boson. This is below the observed Higgs
mass. However, large radiative corrections, especially those involving top

quark and top squark (stop) loops, can raise the Higgs mass significantly. The
leading one-loop correction takes the form [38]]

4 2
Am?, ~ Siln Ms (2.22)
R~ o242 2 )

v my

where m; is the top quark mass, v = /02 + vfl ~ 246 GeV is the electroweak
VEV, and M is the geometric mean of the two stop mass eigenstates.

The NMSSM extends the MSSM by introducing a gauge-singlet chiral super-
field S. This addition addresses the so-called p-problem of the MSSM, where
the supersymmetric Higgs mass parameter p must be of the electroweak scale

without a natural origin [37]. In the NMSSM, the superpotential relevant to
the Higgs sector is given by

Wimssm = ASH, Hg + §53 (2.23)

where A and k are dimensionless couplings. After the singlet scalar field
acquires a VEV, (S), an effective y-term is dynamically generated

et = A(S) (2.24)

The scalar potential in the NMSSM contains three scalar fields: Hy,, Hy, and
S. After electroweak symmetry breaking, the model predicts seven physical
Higgs bosons
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o Three CP-even neutral scalars: hy, ha, h3
« Two CP-odd neutral pseudoscalars: a;, az
« Two charged Higgs bosons: H*

An important improvement of the NMSSM over the MSSM is the modified
tree-level upper bound on the lightest Higgs mass

mj; < M cos® 2 + A*v? sin® 28 (2.25)

which includes a positive contribution proportional to A%. This allows the
model to accommodate a Higgs boson with mass around 125 GeVmore natu-
rally, without requiring extremely heavy stop masses or large loop correc-
tions [39]].

Furthermore, the mixing between the Higgs doublets and the singlet scalar
field can give rise to distinctive Higgs phenomenology. In particular, the
observed 125 GeVHiggs boson may exhibit suppressed couplings to SM
particles due to a singlet admixture. The NMSSM also allows for exotic Higgs
decays, such as

hy — aja; — 4z, 4b, or 2u27 (2.26)

These novel signatures are actively searched for in current LHC analyses.

2.4. SMHiggs boson properties

The Higgs boson is an electrically neutral scalar gauge boson with a mass of
approximately 125.38 GeVand spin 0 [40].

Within the SM, the 7 lepton lifetime is predicted [41]] to be
T =(2.903 £ 0.005) x 10",

which corresponds to a decay width of

h
I'=-=4.14+0.02 MeV.
T

In proton-proton collisions, there are four primary production mechanisms
for the Higgs boson:
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1. gluon-gluon fusion (ggF),
vector boson fusion (VBF),

Higgs-Strahlung (associated production with a W or Z boson),

Ll

associated production with a top quark (tfH).

Figure [2.2| shows representative Feynman diagrams for the four main Higgs
boson production mechanisms in proton-proton collisions. At the LHC, the
dominant production mode is ggF, followed by VBF, Higgs-Strahlung, and
ttH [40].

t -——-H

(a) ggF (b) VBF

(c) Higgs-Strahlung (d) ttH

Figure 2.2.: Representative Feynman diagrams for the four main Higgs boson production mecha-
nisms in proton-proton collisions: (a) ggF, (b) VBF, (c) Higgs-Strahlung, and (d) tH

Figure [2.3| shows the predicted production cross sections of the SM Higgs
boson in proton-proton collisions as a function of the center-of-mass energy
+/s. The four dominant production mechanisms are displayed. As the energy
increases, the cross sections for all channels rise due to the increase in parton
luminosities. Among them, ggF remains the dominant process across all
energy scales, with VBF contributing significantly at higher energies. These
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predictions play a crucial role in determining the expected event rates for
different Higgs production modes at the LHC.
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Figure 2.3.: SM predictions for Higgs boson production cross sections in proton-proton collisions
as a function of the center-of-mass energy v/s. The four main production modes are shown: ggF,
VBF, associated production with a vector boson (Higgs-Strahlung), and t7H. ggF dominates
across the entire energy range, while the relative contribution of other mechanisms increases
with energy [42]

The Higgs boson has an extremely short lifetime, which prevents it from
traveling a measurable distance within the detector before decaying. As a
result, the Higgs boson cannot be directly reconstructed; instead, its presence
must be inferred by reconstructing its decay products.

Within the SM, the Higgs boson can couple to leptons, quarks, and electroweak
gauge bosons. The strength of these couplings is not arbitrary: it is predicted
to be proportional to the mass of the particle. Specifically, the coupling to
fermions is proportional to their mass, while the coupling to vector bosons is
proportional to the square of their mass

2
m 2mV

Ya-ff = 7 YH-VY = — (2.27)

where m is the mass of the fermion, my is the mass of the vector boson (W
or Z). These relationships are central predictions of the SM and are tested
through precision measurements of Higgs boson decays [40].
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Due to the energy and momentum conservation, the Higgs boson cannot
decay into two on-shell W or Z bosons: its mass is 125 GeV, while the masses
of the W and Z bosons are 81 GeVand 91 GeV, respectively. As a result, at
least one of the vector bosons in such decays must be off-shell.

Figure|2.4|shows the measured strengths of Higgs boson couplings to various
fermions and vector bosons as a function of their mass. This plot illustrates
the remarkable predictive power of the SM: the coupling strength increases
proportionally with particle mass, as expected from theory.
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E Py, = 37.5% s
5 107 1
£l \
o
102 e 9
.-®" Leptons and neutrinos Quarks

7 bl pon
oo, I O

Force carriers

Higgs boson
BNle O
L 1

1074, | 3
% 1.4p T T
2 12 } + o gl
g 10< ........................ * ...................... 1.00F === ..,..i....
s 0.8F 049 E
T gk L L I

107 1 10 102
Particle mass (GeV)

Figure 2.4.: Measured Higgs boson couplings to fermions and vector bosons as a function of
particle mass. The results confirm the SM prediction that the coupling strength is proportional
to the particle mass for fermions and to the mass squared for vector bosons .

The smallest predicted coupling is for the decay H — e*e™; however, this
channel has not yet been observed at the LHC due to its extremely small
branching ratio and overwhelming background. Nonetheless, it remains
a compelling physics case for future high-luminosity colliders such as the
Future Circular Collider (FCC) [44].

The decay H — p* i~ was successfully observed during Run 2 of the LHC [43].
While this channel benefits from a clean experimental signature, it remains
challenging due to its low signal-to-background ratio.
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The decay H — 7"~ was also confirmed in Run 2 [45]. It has the highest
branching ratio among all leptonic Higgs decays, but the identification of
7 leptons is complicated by their frequent hadronic decays, which can be
misidentified as jets.

The H — WW™ channel features a relatively large branching ratio. However,
the presence of neutrinos in the final state degrades the invariant mass reso-
lution, and the analysis suffers from considerable background contributions
from non-resonant WW production [46].

In contrast, the decay H — ZZ* — 4f is widely known as the “golden
channel” due to its exceptionally clean experimental signature and excellent
mass resolution, making it ideal for precision measurements.

2.5. Boosted Higgs boson: motivation and
theoretical basics

Since the discovery of the Higgs boson in 2012 [23}|22], the study of its prop-
erties has become one of the central pursuits in experimental particle physics.
Among the key observables, the differential cross section as a function of
the Higgs boson’s transverse momentum (pr) plays a particularly important
role.

Inclusive Higgs boson production is dominated by the low-pr region (pr
<200 GeV), which is well described by SM predictions and largely constrained
by existing measurements [[47]]. In this regime, the production kinematics
are governed by soft and collinear QCD emissions, and the sensitivity to
possible effects from physics beyond the Standard Model (BSM) is significantly
diluted.

In contrast, the high-pr region (pr > 200 GeV) probes energy scales where
new physics contributions may become relevant [41]]. This part of the spec-
trum can be influenced by loop-level effects from heavy BSM particles, such
as vector-like quarks or additional Higgs states, or by modifications of ef-
fective couplings in the context of Standard Model Effective Field Theory
(SMEFT) [48]. As a result, precision measurements of the high-pr tail of the
Higgs spectrum serve as a sensitive probe for deviations from SM expectations
and provide a complementary approach to direct BSM searches.
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Historically, probing the high-pr regime of Higgs production (pt > 200 GeV)
was extremely challenging due to limitations in detector resolution, object
identification, and reconstruction algorithms, especially in final states with
highly Lorentz-boosted topologies. As a result, this corner of phase space
remained largely unexplored in early LHC runs.

In contrast, the inclusive production at low transverse momentum (pr <
200 GeV) has been well measured and is in good agreement with SM predic-
tions.

Thanks to recent advancements in reconstruction techniques, including
boosted object tagging, substructure-based identification, and improved track-
ing and calorimetry, experiments can now access the high-pr tail of the Higgs
spectrum with sufficient precision.

An enhancement in the Higgs transverse momentum spectrum at high p¥
may signal the presence of new physics. As discussed earlier in this chapter,
addressing open questions in the Higgs sector often requires the introduc-
tion of new heavy BSM particles. While such particles may lie beyond the
direct reach of current colliders, their effects can manifest indirectly through
higher-dimensional operators in the framework of an Effective Field Theory
(EFT) [49].

In this formalism, the low-energy Lagrangian is extended by a series of
dimension-six operators O;, suppressed by powers of the new physics scale
A e

LgFr O A—IZOi, (2.28)
where c; are dimensionless Wilson coefficients, O; are gauge-invariant op-
erators constructed from SM fields, and A represents the mass scale of the
heavy new physics.

The contribution of such operators to physical observables is energy-dependent.
In particular, the cross section receives corrections that scale quadratically
with the momentum transfer

7

Ao~ 5, (2.29)

where pr denotes the transverse momentum of the Higgs boson. This scaling
implies that deviations from SM predictions become more pronounced at
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higher pr, making the high—p? region especially sensitive to possible effects
from BSM physics 504 [51].

Another reason for that is the Yukawa coupling of the Higgs boson to the top
quark where the top effects (in particularly top mass) start playing a significant
role. At high pT, the SM prediction must use the full top-mass-dependent
amplitude, as the heavy top approximation is no longer valid [52].

In the SM, the dominant Higgs boson production mechanism at the LHC is
ggF. This process proceeds through a quantum loop involving top quarks, as
gluons do not couple directly to color neutral scalar particles like the Higgs
boson. At leading order, the interaction is mediated by a loop of virtual top
quarks, which effectively induces a coupling between the gluons and the

Higgs field

g+g—H (2.30)

The Feynman diagram of such process could be found on the Figure2.2]a).
At low Higgs pr, the kinematic properties are such that the energy scales
involved are well below the top quark mass, p¥ < my [53].

At high additional gluon radiation starts playing more important role. The
corresponding Feynman diagrams are shown in the Figure
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(a) Triangle diagram for Higgs (b) Box diagram contributing to
boson production via ggF at high Higgs boson production at high pr
transverse momentum. The Higgs  via ggF. The process involves two

is produced through a top-quark incoming gluons and one outgoing
loop, with the recoil balanced by gluon, with the Higgs produced

an additional hard gluon. This through a closed top-quark loop.
configuration becomes relevant This topology encodes additional
when p;’ > m;, where the full kinematic structure and contributes
top-mass dependence must be significantly to the high-pr tail of
accounted for. the spectrum.

Figure 2.5.: Representative Feynman diagrams for Higgs boson production via ggF in the SM
at high transverse momentum. (a) Triangle diagram in which the Higgs boson is produced
through a top-quark loop. (b) Box diagram with the Higgs boson produced via a closed top-
quark loop. Both topologies contribute significantly to the high-pr tail of the spectrum and
require full top-mass dependence for accurate theoretical predictions, as the effective field
theory approximation breaks down in this regime.

In the high-pr regime (typically above ~200-300 GeV), the Higgs boson recoils
against a highly energetic object resulting from the radiation of a quark or
gluon. Sensitivity to the internal structure of the top-quark loop arises from
matrix-element terms involving the ratio pIT{ /m;

(pr)* ) (2.31)
m

t

|MHJ(J)| ocomy log(

The effect of the different partonic sub-processes is shown on the Figure[2.6]
The visible top mass effects appear at p? >250 GeV [41]].
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Figure 2.6.: Transverse momentum distribution pr g for H - W*W™ + jets production with
SHERPA at NLO (left panel). Distributions are shown for exclusive and merged jet samples,
including both finite top-mass effects (m; = 173 GeV) and the low-energy approximation
(m; — co0). The Y-axis spans several orders of magnitude, reflecting the rapidly falling cross
section at high pr. [54]

The study of Higgs boson production at high transverse pr, the so-called
boosted regime, has become increasingly important in the search for BSM
physics. Overall, the boosted Higgs regime provides a powerful window into
the structure of Higgs interactions and remains a promising frontier for future
discoveries in both direct BSM searches and precision measurements.
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3.1. The CMS Experiment

Compact Muon Solenoid (CMS) is a general-purpose detector at the LHC, the
world’s largest proton-proton collider. Together with its counterpart, the A
Toroidal LHC Apparatus (ATLAS) experiment, located diametrically opposite
to CMS, it played a central role in the discovery of the Higgs boson in 2012 [23|
22]. The LHC has a circumference of 26.7 km and provides collisions at the
highest centre-of-mass energies ever achieved in a laboratory.

As of 2025, Run 3 of the LHC is ongoing. For both CMS and ATLAS, the
centre-of-mass energy is Vs = 13.6 TeV. During the current data-taking
period (2022-2025), CMS has recorded an integrated luminosity of 220.3 fb™1,
approximately twice the dataset collected in Run 2 (2016-2018) at v/s = 13 TeV.
Run 3 is characterised by challenging pile-up conditions, with an average
of about 60 simultaneous interactions per bunch crossing, compared to ~35
during Run 2.

The physics programme of CMS in Run 3 covers a broad range of topics:

« precision measurements of Higgs boson properties, including its cou-
plings and self-coupling,

« precision tests of the SM, including QCD, electroweak, and top-quark
physics, as well as searches for BSM phenomena,

« heavy-ion physics, in particular studies of the quark-gluon plasma and
the equation of state,

« flavour physics, with emphasis on the properties and rare decays of B
mesons.
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3. Relevant subdetectors and reconstruction algorithms

The versatile design of the CMS detector enables this wide and diverse physics
programme, providing sensitivity to a broad spectrum of signatures ranging
from precision measurements to searches for entirely new phenomena.

3.2. The structure and geometry of CMS experiment

3.2.1. Brief description of the experiment

CMS is a cylindrical detector with a diameter of 15 m, a length of 21 m, and a
total weight of about 125,000 tonnes. At its centre lies the beam pipe, with
a diameter of 4.34 cm, which is surrounded by the silicon tracking system.
This tracker consists of pixel and strip detectors that provide precise mea-
surements of charged-particle trajectories as well as primary and secondary
vertices. The tracking system is surrounded by the Electromagnetic Calorime-
ter (ECAL), designed to measure the energy of photons and electrons, and the
Hadronic Calorimeter (HCAL), which measures the energy of hadrons. These
calorimeters are enclosed within a steel return yoke that also hosts the muon
detection system. A defining feature of CMS is its powerful superconducting
solenoid, which provides a magnetic field of 4 T, enabling highly precise
momentum measurements of charged particles [55]. A schematic view of the
detector layout is shown in Figure
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Figure 3.1.: Schematic slice of the CMS detector ‘
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3.2.2. Coordinate system

Due to the cylindrical geometry of the detector, the use of a Cartesian coor-
dinate system is not optimal. Instead, experimentalists employ a coordinate
system based on the following variables:

+ pseudorapidity 7 is a spatial coordinate that describes the angle of a
particle relative to the beam axis. It is defined as

n=-In (tang), (3.1)

where 0 is the polar angle with respect to the beam axis.

From a geometrical perspective, n provides a convenient way to char-
acterise detector coverage. Values of n ~ 0 correspond to particles
produced at large polar angles (close to perpendicular to the beam
axis, i.e. the central or “barrel” region of the detector), while large ||
values correspond to small polar angles, i.e. particles emitted close to
the beam direction (the “endcap” or “forward” regions). For example, a
polar angle of 8 = 90° corresponds to 1 = 0, while 6 = 10° corresponds
ton ~ 2.4.

Thus, the pseudorapidity provides both a boost-invariant description
of particle kinematics and a natural coordinate for describing detector
acceptance in collider experiments.

« The azimuthal angle ¢ describes the angle of a particle’s momentum
in the plane transverse to the beam axis. It is defined as

¢ = arctan (&) , (3.2)

X

where p, and p, are the momentum components in the transverse
plane.

By convention, ¢ is measured around the beam axis (z-axis) from the
x-axis towards the y-axis, and it takes values in the range

—-T<¢ <. (3.3)

Together with the pseudorapidity 7, the coordinate ¢ provides a natural
parametrisation of detector geometry in cylindrical coordinates (7, ¢),
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3. Relevant subdetectors and reconstruction algorithms

which is widely used in collider physics to describe the direction and
separation of particles.

The angular distance between two particles in this space is defined as

AR = [(An)® + (Ag)*, (3.4)

which is a Lorentz-invariant measure under boosts along the beam
axis.

The CMS coordinate system is illustrated in Figure

n>0 n=0

center of /

the LHC

Figure 3.2.: Schematic view of the CMS coordinate system.

To summarize, the detector’s coordinate system, based on pseudorapidity
and azimuthal angle, offers a natural description of particle kinematics in a
collider environment.

3.2.3. Division into barrel and endcaps regions

The CMS detector is divided into a central barrel region and two endcap
regions, which together provide nearly hermetic coverage around the inter-
action point. The barrel corresponds to the region at small pseudorapidities
(In] < 1.3), where the detector layers form cylindrical shells around the beam
axis. In this region, the geometry is approximately uniform in # and ¢, which
simplifies calibration and leads to the best detector resolution.
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The endcap regions extend the coverage, up to |5| ~ 3 for the calorimeters
and even beyond for the forward detectors. The endcaps are disk-shaped
structures placed perpendicularly to the beam axis on both sides of the barrel.
They allow the experiment to detect particles emitted at small polar angles
with respect to the beam line, which are crucial for studies of boosted objects,
forward jets, and heavy-ion collisions.

The distinction between barrel and endcaps is particularly important for
performance studies: while the barrel generally offers the highest measure-
ment precision, the endcaps provide the extended acceptance necessary for a
comprehensive physics program [55.

Table[3.1|summarizes a pseudoraidity coverage of the main CMS subdetec-
tors.

Table 3.1.: Approximate pseudorapidity coverage of the main CMS subdetectors in the barrel
and endcap regions [57].

Subsystem Barrel coverage Endcap coverage
Tracker In| < 1.2 up to |p| = 2.5
ECAL In| < 1.48 1.48 < |p| < 3.0
HCAL In| < 1.3 1.3 < |n] <3.0
Muon system In] < 1.2 09 <yl <24
Forward calorimeters (HF) - 3.0 < |g| <5.2

3.3. Overview of subdetectors

3.3.1. Superconducting magnet

The CMS detector is equipped with a large superconducting solenoid mag-
net [55]], which provides an axial and nearly uniform magnetic field of 3.8 T
over a length of 12.5 m and a free bore radius of 3.15 m. This geometry is
sufficient to enclose both the ECAL and the HCAL, while minimising the
amount of material in front of the calorimeters, thus preserving their energy
resolution.

Under nominal operating conditions, the solenoid provides a bending power
of about 4.9 Tm at the inner surface of the calorimeter system. This strong

35



3. Relevant subdetectors and reconstruction algorithms

magnetic field enables precise curvature measurements of charged-particle
tracks, which are essential for accurate momentum determination and for
distinguishing between charged and neutral particle deposits. For example,
a charged particle with transverse momentum py = 20 GeVis deflected in
the transverse plane by approximately 5 cm when reaching the ECAL, a
separation that is sufficient to distinguish it from a photon shower [56].

In combination with the finely segmented tracking and calorimeter systems,
the solenoid magnet is a key feature that underpins the excellent momentum
resolution and particle identification capabilities of CMS.

3.3.2. Yoke

Outside the superconducting solenoid, a massive steel return yoke is installed
to suppress and guide the strong magnetic field produced by the magnet,
thereby preventing uncontrolled fringe fields in the outer detector volume.
The yoke also serves as an absorber for the muon system, providing both
mechanical support and a magnetic field environment for bending muon
tracks.

The yoke is composed of 11 large elements: 5 barrel wheels and 6 endcap
disks (3 on each side). Each element is built from construction steel with
strong ferromagnetic properties, allowing it to channel the magnetic flux lines
back around the solenoid and thus close the magnetic circuit. The individual
components are extremely massive, with weights ranging from about 400 t
for the lightest endcap disks up to nearly 1920 t for the central barrel wheel,
which houses the solenoid coil and its cryostat [57} 58]

In addition to providing flux return, the layered structure of the yoke is
instrumented with muon detectors, making it an integral part of the overall
muon system. This dual role - as a magnetic flux return path and as a host
for muon chambers - is a defining feature of the CMS design and contributes
to its excellent muon detection and momentum resolution capabilities.

3.3.3. Tracking system

The inner silicon tracking system is a cylindrical detector with an outer
radius of about 1.2 m and a length of 5.6 m [59, |60]]. It consists of a barrel

36



3.3. Overview of subdetectors

section and two endcaps, providing coverage up to |p| < 2.5. The barrel is
composed of three layers of pixel detectors surrounded by ten layers of silicon
micro-strip detectors, while each endcap contains two pixel disks followed
by twelve micro-strip disks. The pixel detector, with a typical granularity
of 100 X 150 ym? per pixel, provides excellent spatial resolution close to
the interaction point and is crucial for efficient vertex reconstruction and
b-tagging. The outer strip detectors extend the lever arm for momentum
measurements and improve the overall track reconstruction efficiency.

Owing to its fine granularity and large number of readout channels, the
tracker achieves excellent precision in reconstructing charged-particle tra-
jectories. Under standard operating conditions, the transverse momentum
of charged hadrons with pr < 20 GeVcan be measured with a resolution of
about 1% [56]). At higher pr values, the relative resolution gradually decreases
due to the reduced curvature of the tracks in the 3.8 T magnetic field, but the
system still provides sufficient accuracy for reconstructing high-momentum
particles produced in proton-proton collisions.

3.3.4. The electromagnetic calorimeter

The ECAL is a hermetic and homogeneous calorimeter constructed from
lead tungstate (PbWO,) crystals. The barrel crystals have a length of 22 cm,
corresponding to about 25.8 radiation lengths (Xj), while the endcap crystals
are also 22 cm long, corresponding to about 24.7 X,. This depth is sufficient to
absorb more than 98% of the energy of photons and electrons with energies
up to 1 TeV.

The PbWO, material amounts to roughly one nuclear interaction length,
which leads to about two thirds of charged hadrons initiating showers in the
ECAL before reaching the HCAL. The very fine granularity of the calorimeter,
with crystal cross sections of approximately 2.2 X 2.2 cm? in the barrel (cor-
responding to An X A¢ =~ 0.0174 X 0.0174), enables the separation of nearby
electromagnetic showers, for example distinguishing photon deposits from
hadronic activity within distances of order 5 cm [61}62]].

The relative energy resolution of the ECAL for electrons and photons can be
parameterised as

o 2.8% 12%
Z = ® ® 0.3%, (3.5)

E E[Gev] E[GeV]
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where the three terms correspond to the stochastic contribution, the noise
term, and the constant term, respectively. The small stochastic term provides
excellent energy resolution, particularly in the range E = 1-50 GeV, which is
typical for electrons from hadronic jets and for photons [56].

Overall, the ECAL is a key component of the CMS detector, providing precise
measurements of electromagnetic objects such as photons and electrons, as
well as contributing to the reconstruction of jets and the calculation of the
missing transverse momentum.

3.3.5. The hadron calorimeter

The HCAL is a hermetic sampling calorimeter, composed of alternating layers
of brass absorber and plastic scintillator tiles. It is located directly outside
the ECAL and is divided into a central barrel section and two endcap disks,
providing coverage up to |n| < 3.0. The scintillator tiles are read out via
wavelength-shifting fibres coupled to hybrid photodiodes, which convert the
light signal into electronic pulses for energy reconstruction.

In the barrel region, the absorber thickness corresponds to about six nuclear
interaction lengths, increasing to over ten interaction lengths at larger pseu-
dorapidities. This ensures that the majority of hadronic showers are fully
contained within the calorimeter system. Beyond the endcaps, the Forward
Hadronic Calorimeter (HF) calorimeter, based on Cherenkov light detection
in quartz fibres, extends the coverage up to |5| ~ 5, providing sensitivity to
very forward jets and particles [63].

The HCAL, together with the ECAL, forms the complete calorimetric sys-
tem of CMS, which is crucial for the measurement of jet energies, missing
transverse momentum, and for distinguishing hadronic from electromagnetic
activity.

3.3.6. The muon detectors

The muon system of CMS is located outside the superconducting solenoid
and is embedded in the massive steel return yoke, which guides the magnetic
flux and prevents a strong, uncontrolled magnetic field in the outer detector
volume. The yoke is segmented into three barrel wheels and four endcap
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disks on each side, providing space for four layers of muon stations arranged
concentrically around the solenoid [58, |64].

The muon stations host three different detector technologies, optimised for
complementary pseudorapidity regions:

« Drift Tubes (DTs): used in the barrel region (|y| < 1.2), providing
precise position measurements in a low-background environment.

« Cathode Strip Chambers (CSCs): employed in the endcap regions
(0.9 < |n| < 2.4), where the particle flux and radiation levels are higher,
offering good spatial resolution and fast response.

« Resistive Plate Chambers (RPCs): installed in both barrel and endcaps
up to |n| < 1.6, providing excellent time resolution and redundancy
for the trigger system.

This combination of technologies ensures robust muon detection across a
wide pseudorapidity range, allowing for efficient triggering, precise momen-
tum measurements at high transverse momentum, and unambiguous muon
identification, which is essential for many physics analyses.

3.3.7. Thetrigger and DAQ

The CMS data acquisition (Data Acquisition (DAQ)) system employs a two-
level trigger architecture designed to select events that are potentially inter-
esting for physics analyses [[65]. The first stage, the Level-1 (L1) Trigger, is
implemented in custom hardware based on fast Field-Programmable Gate
Arrays (FPGA) and Application-Specific Integrated Circuits (ASIC). It receives
information from the calorimeters (ECAL and HCAL) and the muon system
and must reach a decision within about 4 ps, corresponding to the maximum
available latency of the front-end electronics. The L1 Trigger reduces the
event rate from the LHC bunch crossing frequency of 40 MHz to approxi-
mately 100 kHz, a rate at which full detector readout becomes feasible.

The second stage is the High Level Trigger (HLT), a software-based trigger
system running on a large computing farm. Unlike the L1 trigger, the HLT
has access to the full event information from all detector subsystems and
performs a fast but sophisticated reconstruction of physics objects such as
electrons, muons, jets, and missing transverse momentum. The HLT reduces
the event rate further from ~ 100 kHz to about 1 kHz, a rate that can be
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stored permanently for offline analysis. The entire trigger system thus ensures
that rare and interesting events are efficiently selected while maintaining
manageable data volumes for storage and subsequent physics studies.

3.4. Summary of detector performance

The CMS detector combines a high-granularity silicon tracker, a homogeneous
crystal ECAL, a sampling HCAL, and a large-area muon system embedded in
the return yoke of a 3.8 T superconducting solenoid. Together, these subsys-
tems provide nearly hermetic coverage and complementary measurements,
allowing the reconstruction and identification of a wide variety of final-state
particles with high precision.

Table [3.2| summarizes the typical performance of CMS for key reconstructed
objects. The excellent spatial resolution of the silicon tracker ensures precise
momentum measurements of charged hadrons and muons, while the fine
granularity and high light yield of the PbWO, crystal ECAL provide superior
energy resolution for photons and electrons. The combined calorimetric
system enables reliable jet reconstruction and missing transverse momentum
measurements, while the muon detectors deliver robust identification and
tracking in a wide pseudorapidity range.

Table 3.2.: Summary of the typical performance of the CMS detector for key physics objects in
Run 2/3 [57][56].

Physics object Typical performance

Electrons/photons  Energy resolution ~ 1% for E 2 50 GeV(barrel)

Muons pr resolution ~ 1% at pr = 50 GeV(barrel)

Charged hadrons  pr resolution ~ 1% for py < 20 GeV(tracker-dominated)
Jets Energy resolution ~ 10% at pr = 100 GeV

Missing Er Resolution ~ 10-20 GeVfor low pile-up events

In summary, the CMS detector achieves excellent performance across a broad
spectrum of final states. Its precise tracking, superior ECAL, reliable HCAL,
and unique muon system make it a powerful general-purpose experiment,
enabling both precision measurements within the SM and sensitive BSM
searches.
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3.5. Objects reconstructionin CMS

The excellent resolutions of the individual CMS subdetectors allow for pre-
cise measurements of different aspects of a particle’s trajectory and energy
deposition. To exploit this information in an optimal way, CMS employs a
global event reconstruction strategy based on the Particle-Flow (PF) algo-
rithm [56].

The core idea of the PF approach is to combine, or “link,” detector signals
from the tracking system, the calorimeters, and the muon detectors into a
consistent set of reconstructed particles, referred to as PF candidates. This
method takes advantage of the excellent momentum resolution of the silicon
tracker for charged hadrons, the precise energy measurement of the ECAL
for photons and electrons, and the large coverage of the muon system.

The geometrical linking of tracks and calorimeter deposits in the PF algorithm
is illustrated in Figure
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Figure 3.3.: Schematic view of the PF geometrical linking between a track, calorimeter deposits,
and the absence of deposits in the muon system [56].

Compared to calorimeter-only reconstruction, the PF approach significantly
improves the resolution of jets and missing transverse momentum, while
maintaining excellent performance for electrons, photons, and muons. The
resulting list of PF candidates serves as the common input for higher-level
physics objects such as jets, 7 leptons, and ﬁ;“iss, making PF the cornerstone
of event reconstruction in CMS.

41



3. Relevant subdetectors and reconstruction algorithms

3.5.1. Tracking and Vertexing

Every charged particle traversing the inner detector leaves hits in the silicon
tracking system. To reconstruct tracks from these hits, a Kalman Filtering
(KF) [66] algorithm is employed. The procedure begins with the creation
of track seeds, formed from a few hits that are geometrically compatible
with the trajectory of a charged particle in the 3.8 T magnetic field. From
these seeds, candidate trajectories are propagated through the tracker layers,
where additional hits are collected to extend the track. Finally, a fitting step
is performed to refine the track parameters and determine the transverse
momentum, direction, and point of closest approach to the beam spot, which
is used to reconstruct the Primary Vertex (PV).

To ensure high-quality tracks, selection criteria are applied. Tracks are typi-
cally required to have at least two hits in the pixel detector and a minimum
of eight hits in total, with at most one missing hit along the expected trajec-
tory. Only tracks that satisfy these requirements are retained for subsequent
reconstruction steps and physics analyses.

3.5.2. Muons

Muons are reconstructed in CMS by combining information from the inner
silicon tracker and the outer muon system, which is embedded in the steel
return yoke of the solenoid and provides coverage up to |n| ~ 2.4.

Several reconstruction strategies are defined:
» Standalone muons: tracks built only from hits in the muon chambers.

« Tracker muons: tracks reconstructed in the silicon tracker that are
matched to at least one muon segment in the muon chambers. This
approach is efficient at low pr where the muon may not leave enough
hits in multiple stations of the outing tracking system.

+ Global muons: tracks reconstructed by combining hits from both the
tracker and the muon chambers, requiring track segments in at least
two muon stations. This reconstruction provides excellent momentum
resolution at higher pr.
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Muon identification builds upon these reconstruction categories. Quality re-
quirements such as the number of hits in the tracker and muon chambers, the
x? of the global track fit, and compatibility with the primary vertex are used to
suppress backgrounds from hadron decays in flight or punch-through. In ad-
dition, isolation requirements, based on the absence of significant additional
activity around the muon direction, are commonly applied in analyses.

The performance of muon reconstruction in Run 2 was very good: the recon-
struction efficiency exceeded 95% over a broad range of pr and 7, and the
transverse momentum resolution was about 1% at pr = 50 GeVin the barrel
region, increasing to a few percent in the endcaps [[64].

3.5.3. Photons and Electrons

Electrons and photons are reconstructed primarily in the ECAL. Since photons
are electrically neutral, no matching track is expected in the tracker; they
are identified as clusters of energy deposits in the ECAL without associated
tracks. Electrons, on the other hand, are reconstructed by matching ECAL
superclusters with tracks from the silicon tracker. The energy is measured
in the ECAL, the momentum is obtained from the track, and the two are
combined to achieve the best resolution.

To distinguish electrons and photons from hadronic backgrounds, Multivari-
ate Analysis (MVA) techniques are applied. For electrons, the discriminating
variables include shower-shape observables, track—cluster matching quanti-
ties, and isolation with respect to nearby activity. For photons, the identifica-
tion relies on shower-shape variables and isolation from hadronic activity.
Different identification Working Points (WPs) (loose, medium, tight) are
defined to optimise efficiency and purity depending on the requirements of
individual physics analyses.

Typical identification efficiencies are around 80-90% for electrons [67]] and
above 70% for photons [[67].

3.5.4. Jets

Jets are collimated sprays of hadrons and other particles produced in the
hadronisation of quarks and gluons. On average, about 65% of the jet energy
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is carried by charged hadrons, 25% by photons (mostly from neutral pion
decays), and 10% by neutral hadrons [56].

In CMS, jets are reconstructed from PF candidates. The reconstruction is
performed using sequential recombination algorithms, which iteratively
merge pairs of particles according to a distance measure defined in the rapid-
ity—azimuth plane:

: 20, 2a ARiZ] 20
dij = min (pT,i’ p’]"j) ?’ diB = PT,I-, (36)

where AR;; = 4/(An;j)? + (A¢;;)?, R is the jet radius parameter (commonly
R =0.4 or R = 0.8), and « defines the clustering scheme [/68].

« a = 1: kr algorithm [69,|70]]. Clustering begins with the softest par-
ticles, merging them iteratively into larger objects. This algorithm
is useful for jet substructure studies but tends to form irregular jet
shapes.

« a = 0: Cambridge-Aachen (CA) algorithm [71}|72]]. Clustering pro-
ceeds purely based on angular distance, independent of pr. This algo-
rithm is often used for boosted-object tagging.

« a = —1: anti-kr algorithm [68]. Clustering starts effectively from
the hardest particles, producing nearly conical jets with well-defined
boundaries. This is the default jet algorithm in CMS.

In addition to clustering, jets require calibration and identification. Jet Energy
Corrections (JEC) [73]] are applied to account for the detector response, pile-
up, and residual differences between data and simulation. Furthermore, a
dedicated Jet Identification (Jet ID) [74] is applied to suppress spurious jets
originating from calorimeter noise, beam halo, or pile-up interactions. After
these corrections and quality selections, jets provide a reliable representation
of the underlying parton kinematics and serve as essential inputs for many
physics analyses.

3.5.5. Missing transverse energy
By definition, the missing transverse momentum (Missing Transverse en-

ergy (MET)) is the negative vectorial sum of the transverse momenta of all
reconstructed particles in the event:
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pmiss = _ Z Pri. (3.7)

The observable is especially important for SUSY and other BSM searches,
where dark matter candidates or other weakly interacting particles may leave
no signal in the detector, appearing only as an imbalance in the transverse
momentum. In CMS, MET is typically reconstructed from particle-flow (PF)
candidates, which combine information from all subdetectors to provide the
most accurate event description.

Pile-up interactions can degrade the MET resolution by contributing addi-
tional, uncorrelated transverse momentum. To mitigate this effect, advanced
algorithms such as Pile-up per particle identification (PUPPI) [75] are em-
ployed to suppress or downweight contributions from particles not associated
with the PV, thereby improving the MET resolution under high pile-up con-
ditions.
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4. 15, lepton reconstruction and
identification

4.1. 13, lepton reconstruciton via HPS algorithm

4.1.1. 13 lepton properties

The 7 lepton is the heaviest lepton in the SM, with a mass of 1776.86 +
0.12 MeV/c? [[76]. Among the leptons it couples most strongly to the Higgs
boson through the Yukawa interaction, making the H — 77~ channel the
most sensitive purely leptonic probe of the Higgs sector.

Due to its short lifetime of t = 2.9 x 107!* s, corresponding to a decay length
of ¢t =~ 87 yum, the 7 lepton decays well before reaching the inner layers of
the CMS tracking system (beam pipe radius ~ 3 cm). As a consequence, 7
leptons cannot be reconstructed directly but are instead identified through
their visible decay products. At higher energies, the relativistic time dilation
extends the mean decay length: for example, at E ~ 200 GeVthe decay length
increases to about ¢7 = 10.2 mm, though still short compared to the tracker
dimensions.

In the H — 77 process, the subsequent 7 decays retain the spin information
of the 7 leptons. This property makes it an excellent probe of the spin and
CP structure of the parent Higgs boson. In the following, the discussion will
focus on hadronically decaying 7 leptons (75,), which represent the majority
of 7 decays and provide distinctive experimental signatures.

The main 7 decay modes and their branching fractions are summarized in
Table Approximately 35% of r decays are leptonic, producing an electron
or a muon together with two neutrinos. The remaining ~65% are hadronic de-
cays, in which the 7 decays into one or more charged hadrons (predominantly
pions) accompanied by neutrinos. The hadronic decays are dominated by
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so-called “1-prong” channels, in which a single charged track is reconstructed,
and “3-prong” channels, which yield three charged tracks, often from the
decay of an intermediate a; resonance. Rare multi-prong modes contribute
only a small fraction of the branching fraction.

Table 4.1.: Main 7 lepton decay modes and their branching fractions [76].

Decay mode Branching fraction (%)
Leptonic decays (r — e ve v;) 17.8
Leptonic decays (1 — pv, v;) 17.4
Hadronic decays (1-prong, mostly n*v,, p*v;) ~49.5
Hadronic decays (3-prong, mostly a;v;) ~15.2
Other hadronic decays (rare multi-prong modes) ~0.1
Total hadronic decays ~65
Total leptonic decays ~35

Experimentally, the leptonic 7 decays are relatively clean, since the final-
state electron or muon can be reconstructed with high purity. In contrast,
the hadronic 7 decays produce narrow, low-multiplicity jets that must be
distinguished from the abundant QCD jet background. This makes 7p,q
identification both experimentally challenging and particularly important,
since hadronic decays constitute the majority of all = decays.

4.1.2. HPS reconstruction algorithm

Hadronic 7 reconstruction in CMS is performed using the Hadron-Plus-Strip
(HPS) algorithm [77]).

First, the reconstruction starts from jet seeds. The seeding jets are clus-
tered from all particles reconstructed by the PF algorithm using the anti-
kr algorithm with a distance parameter of R = 0.4. For the subsequent
steps of 73, reconstruction, all particles located within a cone of radius AR =

v (An)? + (A¢)? = 0.5 around the jet axis are considered.

In the next step, the algorithm searches for neutral pion (7°) constituents.
Neutral pions decay into two photons, 7° — yy, which have a high probability
of converting into e*e™ pairs in the detector material. The algorithm clusters
electrons and photons with pt > 0.5 GeVinto strips. During Run 1, a fixed
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strip size of 0.05 X 0.2 in X ¢ was originally used. Later in Run 2, a dynamic
strip reconstruction method was adopted, in which the strip size depends on
the energy of its constituents. The four-momenta of electrons and photons
are added.

After forming the strips, the algorithm combines them with the charged con-
stituents of the jet, i.e., charged pions 7*. The four-momenta of 7, candidates
are formed the following way:

p= )L ph+ D P (4.1)

iecharged JEstrips

where the four-momenta of the 7;, candidate, p,", are obtained by summing
the four-momenta of the charged hadrons and the strips included in the
reconstruction according to the selected Decay Mode (DM).

Then HPS algorithm rejects all candidates whose masses are not compatible
with those of mesonic resonances expected in the 7 decay chain, namely the
p(770) and a;(1260) mesons [78}|79].

Figure [4.1|shows the distribution of the reconstructed visible invariant mass
of 7, candidates.
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Figure 4.1.: Distribution of the reconstructed visible invariant mass of 7 candidates for various
DMs. For DMO, the 7 mass corresponds to that of a charged pion, resulting in a peak around
1.4 GeV(close to the charged pion mass of approximately 1.39 GeV) [80].
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Depending on the number of strips and charged hadrons, the HPS algorithm
reconstructs the following DM:

DMO: one charged hadron and no strip candidates, with 0 < m,, <
1GeV

DM1: one charged hadron and one strip, with

0.3 GeV — Am,, < my, < 1.3 GeV - {/p7 /(100 GeV) + Am,,

for the h* 7° mode. The mass window is enlarged for high-pr 7, candi-
dates to account for resolution effects. The upper limit is constrained
to lie between 1.3 and 4.2 GeV.

DM2: one charged hadron and two strips, with

0.4 GeV — Amy, < mg, < 1.2 GeV - {[p /(100 GeV) + Amy,

for the h*7°7° mode. The upper limit is restricted to lie between 1.2
and 4.0 GeV.

DM10: three charged hadrons and no strips, with 0.8 < m,, < 1.5 GeV
for the h*h*h* mode.

DM11: three charged hadrons and one strip, with
0.9 GeV - Am;, < my, < 1.6 GeV + Amg,

for the h*h¥h* 7° mode.

The DM number is defined by the formula:

DM=5- (Nprong - 1) + Nstrip> (42)

where Nprong is the number of charged hadrons and Ny, is the number of
reconstructed neutral pions (r°).

In practice, DM2 is often merged into DM1, as their reconstructed masses are
close to each other, making a reliable separation difficult.

Figure 4.2/ shows the confusion matrix representing the reconstruction effi-
ciency of 7, candidates across different DMs.
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Figure 4.2.: Distribution of the reconstructed visible invariant mass of 77, candidates for various
DMs. For DMO, the 7 mass corresponds to that of a charged pion, resulting in a peak around
1.4 GeV(close to the charged pion mass of approximately 1.39 GeV) [_80].

The fraction of non-reconstructable 7, candidates ranges from 11% for DMO to
25% for DM1. The overall reconstruction efficiency is primarily limited by the
ability to reconstruct tracks from charged hadrons, which is approximately
90%. The best-identified DM is DMO0, with a reconstruction efficiency of 80%,
due to its simple topology: a single charged pion track and no neutral pions.
It is followed by DM1, consisting of one charged pion and one neutral pion,
with an identification efficiency of 57%.

DM10, characterized by a clear signature of three charged pion tracks, reaches
an efficiency of 61%, while DM11, which includes three charged pion tracks
and one neutral pion, has a lower efficiency of 36%. In both DM10 and DM11,
there is a possibility that one of the charged pion tracks is not reconstructed
due to inefficiencies in the PF algorithm. As a result, the object may be
misidentified as a two-prong 7, candidate instead of a three-prong one.

These misreconstructed two-prong 7, candidates contribute to the two-prong
row of the confusion matrix. However, such DMs were generally not con-
sidered in Run 2 analyses due to poor charge assignment and the ambiguity
associated with these configurations [80].

This chapter described the reconstruction of hadronically decaying 7 leptons
(zp) in CMS using the HPS algorithm. The reconstruction performance varies
across DMs, with efficiency primarily limited by charged track reconstruction.
Misidentification, particularly in complex modes like DM11, is illustrated
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through a confusion matrix, highlighting the appearance of two-prong candi-
dates due to track loss. Overall, the HPS algorithm achieves a good balance
between efficiency and background rejection and plays a central role in 7
identification at CMS.

4.1.3. 713 identification using convolutional neural network

Following the reconstruction of 7, candidates with the HPS algorithm, the
identification of genuine hadronic tau decays is performed using the DeepTau
algorithm [|80]]. DeepTau is a deep convolutional neural network trained to
distinguish real 7;, decays from background objects such as quark and gluon
jets, electrons, and muons. It performs multiclass classification using both
low-level and high-level input features.

Low-level inputs include information about individual PF candidates,such
as tracks and energy deposits,within a fixed-size n X ¢ grid centered on the
reconstructed 7, direction. These inputs are processed through convolutional
layers that exploit the spatial correlations between PF objects in the vicinity
of the 73,. High-level variables, such as the transverse momentum, energy, and
pseudorapidity of the 75, candidate and its constituents, are passed through a
set of fully connected layers.

Figure [4.3|illustrates the architecture of the DeepTau algorithm. The input
consists of low-level PF candidates,such as charged hadrons (%), neutral
pions (°), photons (y), and electrons (e*),organized in an n-¢ grid centered
on the HPS candidate. These features are passed through a series of convolu-
tional blocks that learn spatial correlations and patterns specific to genuine
7, decays. Simultaneously, high-level features like the transverse momentum
and total energy (E) of the HPS candidate are processed through fully con-
nected layers. The network outputs class probabilities, which are later used
to construct final discriminants against background objects.
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Figure 4.3.: Schematic representation of the DeepTau algorithm used for 7 identification in
CMS. The input to the network consists of low-level PF information distributed in a fixed-size
n—-¢ grid around the HPS candidate, including charged hadrons, photons, and electrons. This
spatial information is processed through convolutional blocks. In parallel, high-level variables
such as the transverse momentum and energy of the HPS candidate are passed through fully
connected layers. The outputs are class scores used to distinguish genuine 7 decays from jets,
electrons, and muons.

The output of the network is a set of probabilities,

Yprob = (yrh: Yiet> Yu> ye),

representing the likelihood that the input corresponds to a genuine 7y, jet,
muon, or electron. These values are used to construct binary discriminants

against each background class. For instance, the discriminant against jets is

defined as
Yz,

Da(y) = ——,
Y Yo * Yo

(4.3)
where a € {jet, p1, e}.

WPs (e.g., loose, medium, tight) are defined by applying thresholds to these
discriminants. The 7, candidates are required to pass particular Working Point
(WP) of the vsJet, vsMu, vsEle discriminant to suppress jet, muon and electron
misidentification respectively while retaining high signal efficiency.

4.1.4., DeepTauv2.1vs DeepTauv2.5

DeepTau v2.5 is an improved version of its predecessor DeepTau v2.1.
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The most important change - is an introduction of domain adaptation tech-
niques - a process of training the network on a mixture of Monte Carlo (MC)
simulated samples and detector data to mitigate data/MC mismodelling. This
is implemented by an introduction of a parallel neural network that distin-
guishes data from simulation while the main part classifies 7, candidates.

The DeepTau architecture, illustrated in Figure is designed to optimally
use both low-level and high-level features for 7, identification. Low-level
inputs are taken from PF candidates in two concentric grids around the HPS
7p axis: an 11x11 "inner" grid and a 21x21 "outer" grid in n—¢ space. Each
cell contains categorized inputs from electrons/photons, muons, and hadrons.
These grids are processed separately by convolutional layers to extract spatial
features.
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Figure 4.4.: Architecture of the DeepTau algorithm used in CMS for 7 identification. The
network combines multiple inputs: high-level variables, as well as low-level PF information
from inner and outer cells centered around the HPS 7;, candidate. The low-level inputs are
arranged into 1 X ¢ grids (11x11 for inner cells, 21x21 for outer cells), containing PF candidates
categorized as e* /y, u*, and h* /h°. These are processed by convolutional layers and combined
with high-level features (such as pr, , and energy). The resulting outputs are passed through
dense (fully connected) layers to produce final class scores for electron (y.), muon (yy), tau (y.),
and jet (yjet) hypotheses. An additional adversarial output y,q4y is used to improve robustness
against simulation mismodeling. Both forward propagation (gray arrows) and backpropagation
(orange arrows) are shown. [81]

In parallel, high-level features such as the 7, candidate’s transverse momen-
tum, energy, and isolation variables are processed as a separate input branch.
The outputs of the convolutional and high-level branches are concatenated
and passed through fully connected layers. The network produces four class
probabilities corresponding to e, p, 71, and jet hypotheses. Additionally, an
adversarial branch predicts a simulation-specific output ya,qy, trained with
a separate loss to reduce dependence on simulation features and improve
agreement with data. Forward and backward passes are indicated by gray
and orange arrows, respectively.
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Mathematically, domain adaptation in DeepTau is implemented via a modified
loss function:

Lot = kl * Lelass — kZ - Lagv, (44)

where k; and k; are hyperparameters that control the contributions of the
classification and adversarial components, respectively. In the final training
configuration, these are set to k; = 1 and k; = 10. The negative sign in
front of L,g4y ensures that the main network is optimized to maximize the
adversarial loss, thereby preventing the adversarial branch from effectively
distinguishing between data and simulation. This mechanism encourages the
network to learn features that are insensitive to domain-specific discrepancies,
thus improving generalization to real data.

The impact of domain adaptation can be observed in Figure
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Figure 4.5.: Comparison of distributions before and after domain adaptation. An improved
agreement between data and simulation is particularly visible in the last bin, as the neural
network was trained to focus on high vsJet discriminant values [81].

An additional improvement introduced in comparison to DeepTau v2.1 is
the use of the Shuffle and Merge (S&M) procedure. Since some training
samples are significantly larger than others, training directly on the full
dataset would result in a biased model, potentially leading to overfitting or
poor generalization.
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4.1. 7, lepton reconstruciton via HPS algorithm

To mitigate this, a S&M strategy is applied. The method assigns a sampling
probability to each 7, candidate, proportional to:

Prarget (xs(7n))

4.
N (bin, group)’ *5)

p(h) ~
where Pigrget(x5(75)) represents the desired frequency of the event in the
target distribution, and N (bin, group) is the number of events in the corre-
sponding bin and group of the input data. This weighting ensures that rare
events and underrepresented classes are sufficiently sampled and included in
the final training dataset.

Another crucial step is the feature standardization process, which is applied
to suppress numerical artifacts. All input features are scaled to lie within
the range [—1, 1], ensuring consistent feature magnitudes and improved
numerical stability during training.

Overall, the introduction of these improvements results in a significant re-
duction of the fake 7, background, by approximately 30% for a given 73
identification efficiency . This effect is clearly visible in Figure
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Figure 4.6.: Comparison of my;s distributions using DeepTau v2.1 and v2.5 as discriminants. The
fake 7y, rate is reduced by approximately 30% with DeepTau v2.5, particularly in the W+jets
background [_81].

The improvements demonstrate enhanced robustness and generalization of
the 73, identification performance with the updated version of the algorithm.
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4.2. Limitations of the standard reconstruction and
identification in a boosted regime

Although the HPS reconstruction algorithm and the DeepTau identification
technique demonstrate high efficiency under standard conditions, their per-
formance becomes limited in scenarios involving two boosted hadronically
decaying tau leptons (z3).

Let us consider the process illustrated in Figure[2.5] where a jet recoils against
a Higgs boson. In such a configuration, the Higgs boson acquires a significant
transverse momentum, which leads to a boost of its decay products. As a
result, the two tau leptons produced in the Higgs decay are highly collimated
, their separation in angular space (AR) becomes small due to the Lorentz
boost of the mother particle.

A schematic view of this boosted topology is shown in Figure

-
rec.
jot .> —

Figure 4.7.: [llustration of a boosted Higgs boson decaying into two tau leptons , one decaying
hadronically (73 ), the other leptonically into a muon (y), in the presence of a jet recoiling against
the Higgs boson.

In this topology, the decay products of one tau lepton may spatially overlap
with those of the second tau lepton. This overlap poses a challenge for the
standard 73, reconstruction algorithms, such as HPS, which are designed to
identify isolated and well-separated decay products. As a result, in boosted
regimes, where isolation criteria are not fulfilled and multiple tau candidates
share the same jet cone, the efficiency of standard algorithms is significantly
reduced.

To improve reconstruction in such complex environments, dedicated tech-
niques that account for tau overlap and boosted decay topologies are re-
quired, often involving jet substructure analysis or machine learning—based
taggers.
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4.3. Boosted 7, tagging using ParticleNet algorithm

ParticleNet is a Graph Neural Network (GNN)-based algorithm developed
for jet tagging, i.e., identifying the origin of jets (for example, distinguishing
jets initiated by quarks or gluons) [82]. The key idea behind the algorithm is
to take jets reconstructed using standard anti-k7 algorithms (AK4 or AKS)
and predict their origin based on the internal structure of their constituent
particles.

There are several advantages to using ParticleNet over traditional algorithms,
particularly for tagging boosted topologies such as highly energetic 7 lep-
tons:

« In boosted regimes (e.g., decays of high-pr Higgs bosons), resolving
the internal substructure of jets is crucial for distinguishing signal
from background.

« ParticleNet’s graph-based architecture is specifically optimized to ex-
ploit the spatial and relational information among jet constituents.

The network architecture is based on the Dynamic Graph Convolutional
Neural Network (DGCNN) framework [83]] and employs Edge Convolution
(Edge-Conv) layers to capture relational information between particles. A
schematic illustration of the Edge-Conv operation is shown in Figure

Figure 4.8.: Illustration of the Edge-Conv operation on a particle jet [82].

The algorithm treats each jet as a set of unordered particles in space,referred
to as a "particle cloud",where each particle is described by a vector of features,
such as transverse momentum (pr), pseudorapidity #, and azimuthal angle ¢.
The input to the network consists of the PF constituents of the selected jet.
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For each particle, the DGCNN constructs a graph by identifying its k-nearest
neighbors in feature space and applies the Edge-Conv operation to define an
"edge feature" between the central particle and its neighbors:

he (xi, xij) = he(xi, xij — x;), (4.6)

where x; denotes the feature vector of the central node (e.g., a particle in the
jet), x;; is the feature vector of its neighbor in the graph, hg is a learnable
function defining how edge features are computed, and g is a reformulated
function that operates on both the central particle’s features and their relative
difference.

To ensure permutation invariance, the edge features from neighboring parti-
cles are aggregated using a symmetric function, such as summation, mean,
or maximum. This aggregation guarantees that the learned representation
is independent of the ordering of particles within the jet, which is required
given the unordered nature of particle clouds.

Furthermore, ParticleNet is designed to capture both local and global struc-
tures within jets. Local structures,i.e., fine-grained correlations among nearby
constituents,are learned through successive Edge-Conv layers. Global fea-
tures are extracted through pooling operations that combine information from
all particles, enabling the network to form a comprehensive representation
of the jet. This combination of local and global feature learning significantly
improves the network’s ability to classify complex jet substructures.

4.4. Properties of Boosted 7, via ParticleNet

4.4.1. ParticleNet discriminants

In the boosted regime, ParticleNet provides three discriminants corresponding
to the final states uzy, e, and 7,7, These vsJet discriminants are specifically
trained to distinguish genuine boosted di-7 signatures from generic QCD
jets. They are designed to identify the visible DMs of a highly boosted di-7
system within a single AK8 jet, where one or both 7 leptons decay visibly.
The distributions of these discriminants are shown in Figure [4.9]
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Figure 4.9.: Distributions of the ParticleNet vsJet discriminants for tagging boosted di-7 final
states: uzy, ety, and 73 75. The contribution from the H — 77 process is enhanced by a factor
of 50. A cut of ParticleNet score > 0.995 is applied to the p7y discriminant, while no cuts are
applied to the remaining two.

The prj, vset discriminant shows a sharp rise near unity, which is attributed
to numerical effects at extremely high selection efficiencies. A large fraction
of events accumulates in the final histogram bins, indicating that this score is
highly discriminative for signal-like boosted uzj, topologies.

These discriminants are trained to distinguish genuine z-lepton signatures
from QCD-like jets using both the particle-level structure and correlations
captured by the graph neural network. The availability of separate discrimi-
nants allows for dedicated selection strategies for different decay channels,
enabling improved signal sensitivity in analyses targeting various 7 final
states.

As discussed above, ParticleNet operates on reconstructed AKS8 jets,commonly
referred to as fatjets,and attempts to determine whether such jets are con-
sistent with the collimated decay products of a di-7 system. This tagging is
particularly relevant in scenarios where the Higgs boson is produced with
high transverse momentum, resulting in the visible r decay products being
contained within a single large-radius jet.

It is worth noting that although the discriminants target distinct final states,
some overlap between them may occur due to similarities in the jet substruc-
ture of uzy, ety, and 73,73, decays, especially at low resolution or in presence of
detector effects. Therefore, careful tuning of thresholds and cross-validation
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with generator-level information is essential when applying these scores in
analysis selections for event categorization.

To assess the idealized performance of the tagger independent of reconstruc-
tion effects, a Receiver Operating Characteristic (ROC) curve is constructed
based on generator-level matching. The ROC curve is a graphical representa-
tion of the classifier’s ability to discriminate between signal and background
by plotting the true positive rate (signal efficiency) against the false posi-
tive rate (background misidentification rate) as the discriminant threshold is
varied. The Area Under the ROC Curve (AUC) quantifies the overall discrimi-
nating power of the classifier, with an AUC of 1.0 corresponding to a perfect
separation of signal and background.

We focus on the uzy, final state, where a hadronically decaying tau is recon-
structed as a fatjet and the accompanying muon originates from the same
Higgs boson decay. Signal fatjets are defined as those from Higgs — 77 simu-
lated samples that are matched to a generator-level muon stemming from a
Higgs boson decay via an intermediate tau lepton, within an angular distance
of AR < 0.8 from that muon, and are positively tagged by the ParticleNet
vsJet uty discriminant, defined as having a discriminant score greater than 0.
Background fatjets are taken from simulated W+jets events and are defined
as those not matched to such muons but tagged by ParticleNet.

4.4.2. ParticleNet Tagging

While ParticleNet is a powerful tagging tool, it is important to consider its
limitations. For instance, Higgs or Z bosons are often produced in association
with recoiling jets. In some cases, such recoiling jets may mimic a di-7
topology and be incorrectly tagged by the discriminant.

To study this behavior, it is useful to examine the angular separation, A¢,
between the tagged fatjet and the generator-level ptj, system originating from
a common mother particle.

This observable is added as the angular separation A¢. It is defined as the
absolute difference in azimuthal angle between the reconstructed fatjet and
the generator-level pr;, system:

A¢ = |¢fatjet - ¢/g1;§n| , Age[o,rx]. (4.7)
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Here, ¢rajer denotes the azimuthal angle of the reconstructed AKS jet tagged by
the ParticleNet vsJet pry, discriminant, and ngI%in refers to the azimuthal angle
of the visible system formed from the generator-level muon and hadronic
tau originating from the Higgs boson decay. The absolute value ensures a
non-negative result, and the range is wrapped into [0, 7] due to the periodic
nature of angular coordinates. A value of A¢ = 0 corresponds to a collinear
configuration, which is expected when the tagged fatjet correctly matches
the direction of the boosted pzy system. Conversely, a value near A¢g ~ =«
indicates that the tagged fatjet is nearly opposite in azimuth to the generator-
level pty, system, suggesting a possible misidentification of a recoiling jet as
signal.

For this purpose, simulated Higgs boson events with pr > 200 GeVare used,
where one 7 decays hadronically and the other into a muon.

Figure shows both a sketch of the A¢ observable (left) and the corre-
sponding distribution between the fatjet (tagged by the ParticleNet vsJet uzy,
discriminant) and the generator-level pzy, system (right).

CMS Private work 2018 59.83 fb~! (13 Tev)

400
e fatjet 200
jet 0
S -4 -3 -2 -1 1 2 3 4

G A¢ (fat jet, gen ThadTu)
(a) Mlustration of A¢g) between the tagged fatjet (b) Distribution of A¢ between tagged fatjet
and the generator-level y17y, pair. and gen-level u7y, pair.

Figure 4.10.: Comparison of the tagged fatjet and generator-level uz, system. Left: schematic
illustration of the A¢ observable. Right: distribution of A¢ between the fatjet tagged by the
ptp, discriminant and the pzy, pair from Higgs boson decays. The central peak corresponds to
correct tagging, while the side peaks are due to recoiling jets being misidentified.

The distribution exhibits a pronounced peak at A¢ = 0, corresponding to
correctly tagged Higgs boson decays where the fatjet and the pz;, system are
collinear. In contrast, the side peaks near A¢ = x arise from cases where the
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4. 75, lepton reconstruction and identification

tagged fatjet is opposite in direction to the true di-z system, indicating that a
recoiling jet was mistakenly tagged.

The distributions shown above are obtained without applying any ParticleNet
discriminant. It is therefore reasonable to assume that imposing a tighter
ParticleNet selection would reduce the number of incorrectly tagged jets.

Figure illustrates the effect of the ParticleNet vsJet pry, discriminant on
the suppression of recoiling jets that were falsely identified as boosted pzy
pairs.
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Figure 4.11.: Distributions of the angular separation A¢ between the fatjet tagged by the Parti-
cleNet vsJet uzy discriminant and the generator-level pizy, pair, shown for different discriminant
thresholds. The upper row corresponds to Higgs boson events with pr > 200 GeV, and the
lower row to Z boson events with pt > 100 GeV. The plots illustrate how tighter WPs suppress
recoiling jets that are falsely identified as boosted p7j, candidates.

As expected, applying a stricter WP significantly reduces the number of
misidentified candidates. The upper row of the figure shows the distributions
of the angular separation A¢ for Higgs boson events with pr > 200 GeV,
while the lower row corresponds to Z boson events with pr > 100 GeV.
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4.4. Properties of Boosted 73 via ParticleNet

For the Higgs boson sample, applying a yi7;, discriminant cut of > 0.15 removes
approximately 77% of falsely tagged jets, and a tighter cut of > 0.9 removes
about 78%. In the case of the Z boson sample, a cut of > 0.15 eliminates 44%
of falsely identified jets, while a cut of > 0.9 removes 45%. This behavior
suggests that a moderately tight WP already provides effective suppression,
while more aggressive cuts yield diminishing returns in terms of additional
background rejection.

In this context, falsely tagged jets are defined as those not matched to a
generator-level uzy, system within a reasonable angular distance. The chosen
discriminant thresholds,0.15 as a loose WP and 0.9 as a tight one,are used
to study the trade-off between background rejection and signal retention.
Although stricter cuts reduce the background more effectively, they may also
suppress signal events. Hence, selecting the optimal WP requires balancing
tagging efficiency against background contamination.

4.4.3. Properties of boosted di-7 pair

The angular separation (AR) between the visible decay products of a di-t
system specifically, a muon and a hadronically decaying 7 lepton, decreases
as the transverse momentum of the parent particle increases. This behavior
is a direct consequence of Lorentz boosting, which causes the decay prod-
ucts to become more collimated at higher energies. The correlation between
AR(7y, 7,) and the transverse momentum of the reconstructed fatjet is illus-
trated in Figure The fatjet serves as a proxy for the parent boson’s boost,
and is tagged using the ParticleNet vsJet ur, discriminant.

65



4. 75, lepton reconstruction and identification

CMs Private work 201859.83 fb! (13 TeV)

3 10
=
<
% u
2 2
B 0% g
H &
é
c
&
2 0
o
<
ree fatjet N .
%0 300 400 500 00 700 @0 900 1000
jot D (Gev)
(a) Schematic illustration of the Lorentz boost (b) Scatter plot showing the angular distance
effect, where the decay products of a high-pt AR(7y, 71,) as a function of the transverse
parent particle become increasingly collimated. momentum of the tagged fatjet.

Figure 4.12.: Angular separation AR(zy, 7,) as a function of the transverse momentum pr of
the fatjet tagged by the ParticleNet vsJet uzy, discriminant. Events are selected from DY+jets
samples with generator-level pt > 100 GeV. The figure demonstrates the expected collimation
of decay products at higher pr.

This observation confirms that highly boosted pairs of 7 leptons become colli-
mated, a feature that can be exploited in the analysis. One direct consequence
of this collimation is seen in the angular separation between the fatjet and
the missing transverse energy (MET) in the event, as shown in Figure [4.13]
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Figure 4.13.: Distribution of the angular separation A¢(fatjet, MET) for signal (Higgs) and
background events. The fatjet is tagged by the ParticleNet p7p discriminant.
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4.4. Properties of Boosted 73 via ParticleNet

Since 7 leptons decay into neutrinos that escape detection, the missing trans-
verse energy (MET) is assumed to be primarily due to these neutrinos. In
signal events, where both visible 7 decay products are collimated and boosted,
the resulting MET tends to align with the fatjet direction. This is reflected
by the peak near A¢ ~ 0 in Figure for the signal (Higgs) sample. In
contrast, background events exhibit a broader distribution due to the lack of
such kinematic correlation.

This property forms the basis of the collinear approximation [84], a technique
used to reconstruct the invariant mass of the di-z system by assuming that the
neutrinos are emitted in the same direction as the visible r decay products.
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5. H —r7ranalysis

5.1. Brief overview of previous boosted H— 7 7
analysis

The CMS Collaboration has recently released a paper [85]] reporting a mea-
surement of the Lorentz-boosted production cross section of the H — 777~
process. In this analysis, a different strategy for identifying boosted di-7 sys-
tems was employed compared to the one used in this work. The method relies
on declustering a large-radius CA jet with AR =0.8 (CA8) into two subjets,
each expected to contain a hadronically decaying 7 lepton reconstructed with
the HPS algorithm. The 7 reconstruction proceeds by applying the standard
HPS DM identification to the constituents of the subjets. Since the subjets are
built from non-overlapping collections of particles, the requirement that two 7
candidates do not share any common PF candidates is automatically satisfied
by construction. Following the reconstruction, additional discriminators are
applied to suppress backgrounds and select genuine 7 leptons.

The fiducial inclusive production cross section in the boosted phase space
was measured to be

Olfsre = 388755 fb,
which is compatible with the SM prediction of

o =236+ 0.51fb.

No significant deviation from the SM expectation was observed.
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5. H —7 7 analysis

5.2. Eventselection

The purpose of the event selection in this analysis is to identify high-quality
fatjets in the pr final state. This channel is chosen because it offers the
cleanest reconstruction among all 77 final states, primarily due to the high
efficiency and reliability of muon reconstruction.

Selected fatjets are required to be tagged by the ParticleNet vsJet ur tagger
and must satisfy a set of minimal quality criteria. These include:

« Transverse momentum pr > 175 GeV,
« Pseudorapidity || < 4.7,

« Passing the Tight Jet ID,

« Failing the Tight Lepton Veto.

Since the pr final state is not explicitly labeled in the samples, it is defined
based on reconstructed objects. Specifically, a fatjet is considered to belong
to the pr final state if exactly one good muon and no good electrons are
geometrically matched to the fatjet within AR < 0.8. This requirement
ensures a clean identification of the topology corresponding to a pr decay,
while rejecting final states like Z — pu or Z — ee, which typically feature
two reconstructed leptons.

A good muon or electron is defined as a lepton that satisfies a set of baseline
selection criteria, summarized in Table

Selection criterion Good muon Good electron

pT >10 GeV >10 GeV

[n] <24 <24

Identification loose ID mvaNolso WP80 ID

Impact parameters |dxy| < 0.05 cm, |d,| < | [dyy| < 0.05cm, |d,| <
0.2 cm 0.2 cm

Table 5.1.: Selection criteria applied to good muons and electrons.

The selection criteria listed in Table [5.1|are designed to ensure a high recon-
struction efficiency for genuine leptons while suppressing backgrounds from
misidentified objects and pile-up interactions.
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5.2. Event selection

The minimum transverse momentum requirement of pr > 10 GeVfor both
muons and electrons ensures that the leptons are efficiently reconstructed
and identified within the tracker and calorimeter systems. This threshold also
reduces the contribution from soft leptons originating from hadron decays in
flight or low-energy processes [86}[67]].

The pseudorapidity selection |n| < 2.4 reflects the geometrical acceptance
of the tracker and muon systems. Beyond this range, the reconstruction
efficiency and momentum resolution degrade significantly due to limited
detector coverage [87].

For particle identification, a loose identification working point is applied for
muons, while electrons are required to pass the mvaNoIso WP80 working
point. These working points are optimized by CMS experiment to provide
high efficiency for genuine leptons while effectively suppressing misidentified
hadrons and photon conversions [86}67].

Finally, the impact parameter requirements, |dy,| < 0.05 cmand |d,| < 0.2 cm,
ensure that the selected leptons originate from the primary interaction vertex
rather than from pile-up vertices or displaced secondary decays. This cut
significantly improves the purity of the lepton sample [87].

These requirements are consistent with standard CMS analysis practices and
provide a good balance between signal efficiency and background suppres-
sion.

Furthermore, the selected muon must be matched to a trigger object within
AR < 0.8 and must satisfy the requirements of the single-muon trigger
path HLT_Mu50, which targets high-pr muons. This ensures a consistent and
efficient trigger selection in the high-momentum regime relevant for the
boosted Higgs and Z boson decays under consideration.

In addition to the ParticleNet vsJet pr tagger, each fatjet is also evaluated
using the vsJet er and vsJet 77 taggers.

To enhance the purity of the selected ur final state, a requirement is imposed
that the ParticleNet vsJet pur score must be greater than both the er and 77
scores for the same fatjet:

vslet ur > vsJeter, vsJetpur > vsletrr
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5. H —7 7 analysis

This ensures that the tagging algorithm assigns the highest likelihood to the
ut hypothesis, thereby reducing contamination from events with electrons
or multiple hadronic taus that may otherwise mimic the signal topology.

The resulting Data/MC agreement after applying the event selection described
in this chapter is shown in Figure
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Figure 5.1.: Distribution of the soft-drop mass of the selected fatjets after the full event selection.
Data points are compared to the stacked MC prediction.

A generally good Data/MC agreement is observed across most of the phase
space, indicating that the selection is well-modeled by the simulation. De-
viations are visible only in the tails of the distribution, where the statistical
uncertainties are larger due to the limited number of events. The overall
agreement validates the applied selection criteria and provides confidence in
the modeling of the boosted pr topology.

5.3. Backgrounds

« W+jets: At the LHC, this process is produced at leading order (LO)
predominantly via quark-antiquark fusion. The W boson decays lep-
tonically via W — pv, providing a genuine muon, while one of the
accompanying jets is misidentified as a hadronically decaying tau (zj).
Due to its large production cross section and relatively high probability
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5.3. Backgrounds

for jet misidentification, this process constitutes one of the dominant
backgrounds in the p7 final state.

tf production: At the LHC, this process is primarily produced at LO
via ggF. Each top quark decays as t — bW, and the subsequent W
bosons may decay either leptonically or hadronically. Several configu-
rations can mimic the 7 final state:

« One W decays to a muon and a neutrino (W — pv), while a jet
from the hadronic W decay or a b-quark jet is misidentified as a
Th-

« One W decays to a tau lepton that subsequently decays hadroni-
cally, and the other W decays to a muon.

The large cross section, presence of real muons, and abundance of jets
make tf an important background in 7-based analyses.

QCD multijet events: Although QCD processes do not contain gen-
uine leptons, they can enter the signal region through double misiden-
tification:

« One jet is misidentified as a muon,
+ Another jet is misidentified as a 7,

« In addition, jets may contain genuine non-prompt muons from
semileptonic decays, typically with lower transverse momentum.

Despite the low probability for such double fakes, the extremely high
production rate of QCD events makes this background non-negligible,
particularly in regions with relaxed identification criteria.

Diboson production (WW, WZ, ZZ): These events can resemble
the signal if one of the bosons decays leptonically (e.g., W — pv) and
the other decays hadronically, with a jet being misidentified as a 7.
Additionally, real taus may be produced via decays such as W — v or
Z — 77, contributing to the background in a more signal-like manner.

Drell-Yan process Z/y* — t*r7: This is a background that is very
complicated to supress, as it produces the same final state as the signal:
two genuine tau leptons, with one decaying into a muon and the
other hadronically. Although the topology is identical to H — 7,
the kinematic properties, such as the invariant mass and transverse
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5. H —7 7 analysis

momentum of the 77 system, differ significantly from the Higgs boson
signal. These differences can be exploited in the analysis to enhance
signal-to-background separation.

The main background processes that can mimic the Higgs boson signal at
the LHC are illustrated in Figure These include W+jets production, top
quark pair (tf) production, diboson production, and Drell-Yan (Z boson)
production.

g

(a) W+jets production (b) Top quark pair (¢7) production

q

|4

(c) Diboson production (d) Drell-Yan (Z boson) production

Figure 5.2.: Representative Feynman diagrams for background processes that can mimic the
Higgs-boson signal at the LHC: (a) W+jets production; (b) top-quark pair (¢#) production; (c)
diboson (WW/WZ/ZZ) production; (d) Drell-Yan (Z/y* — t+7~) production.

Despite the efficient ParticleNet tagging, background processes still domi-
nate after applying the selection described in the previous section. Among
them, W+jets constitutes the largest contribution due to its high production
cross section and the relatively large probability of jets being misidentified
as hadronically decaying taus (7). A comparable contribution arises from
top-quark pair (¢f) production, which remains one of the most important
backgrounds in this final state. The relative fractions of the main processes
are shown in Figure
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Figure 5.3.: Fractional contributions of the main background processes after the full event
selection in 7 final state.

For the analysis, this dominance of backgrounds, especially W +jets, requires
the use of dedicated control regions to constrain the background normal-
izations directly from data. This approach reduces the dependence on MC
predictions and improves the accuracy of the background estimation in the
signal region.

5.3.1. Monte Carlo Simulation Samples

The H — r*7~ signal is simulated using the POWHEG 2.0 generator
in the gluon-fusion production mode. To enhance sensitivity to boosted

topologies, only events with p{atj ¢ > 200 GeVare selected.

The Drell-Yan background, Z/y* — t*77, is simulated with the MAD-
GrarH5_AMC@NLO v2.6.5 generator at next-to-leading order (NLO),
using the FxFx jet matching and merging scheme [90]. This procedure pro-
vides a consistent description of different jet multiplicities and improves the
modeling of additional hard QCD radiation. Similar to the signal selection,
only events with pZ > 100 GeVare considered to target the boosted regime
relevant for this analysis.
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5. H —7 7 analysis

The W+jets background is modeled at LO using MADGRAPH5_AMC@NLO v2.6.5
with the MLM jet matching and merging scheme [91]. HT-binned samples
(HT-100T0200, HT-200T0400, etc.) are employed to increase the statistical
precision in the high-pr tails, which are critical for this boosted topology.

Top-quark pair production (¢f) and single top processes are generated at NLO
using POWHEG 2.0, which provides an accurate modeling of the top-quark
kinematics and spin correlations [[92}[93].

Diboson processes (WW, WZ, and ZZ) are modeled using a mixture of NLO
generators:

« POWHEG 2.0 for ZZ — 4¢,

« MaDGraPH5_AMC@NLO with the FxFx scheme for ZZ — 2q2¢,
WZ — 2q2¢,and WZ — 3¢v.

QCD multijet samples are simulated at LO using PyTHIA 8.240 with the CP5
underlying-event tune. These samples are generated in pr-binned intervals
to improve statistical precision in the high-pr regions relevant for this analy-
sis.

The NNPDF 3.1 [94] Parton Distribution Functions (PDF) set is used for all
simulated samples. Parton showering, hadronization, and underlying-event
modeling are performed with PyTHIA 8.240 [90], using the CP5 tune [95],
which is optimized for LHC Run 2 conditions. Additional pile-up is overlaid
on all simulated events using PyTHIA, and the pile-up profile is reweighted to
match that observed in data. The simulated samples are processed with a full
simulation of the CMS detector based on GEANT4 [96]] and are normalized
to the integrated luminosity of the analyzed dataset using the best available
cross-section calculations.

In most H — 77 analyses, the QCD background is estimated using data-
driven techniques, such as the ABCD method or the Fake-Factor method [97]).
These approaches typically exploit control regions enriched in QCD events,
often defined by requiring two same-sign (SS) leptons. This strategy is moti-
vated by charge conservation: processes involving neutral resonances decay-
ing into two prompt SS leptons don’t exist in the SM, making the SS region
almost exclusively populated by QCD events with misidentified leptons.

However, in this analysis, the estimation of the QCD background is based
entirely on simulated samples. The reason is that it is not possible to reliably
define a SS control region in the boosted topology considered here. The
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ParticleNet tagger, which is used to identify boosted ur signatures inside
fat jets, does not provide information about the individual charges of the
reconstructed subobjects. It only classifies the jet as being consistent with a
ut decay, without distinguishing the charges of the muon or the hadronically
decaying 7 lepton. Consequently, the standard SS control-region strategy
cannot be applied, and simulated QCD samples are used instead.

The data used in this analysis originate from the SingleMuon primary dataset.
Specifically, events collected during the 2018 Run 2 data-taking period of the
LHC are analyzed, corresponding to an integrated luminosity of 59.8 fb~! [98]).
The choice of 2018 data is motivated by its well-understood detector perfor-
mance and stable operating conditions, which are crucial for studies involving
advanced tagging algorithms.

Since the performance of the PARTICLENET tagger in boosted di-7 topologies
has not yet been extensively validated, it is essential to rely on a dataset
with well-characterized reconstruction and calibration. The 2018 data-taking
period offers the most reliable reference for such studies, as it benefits from im-
proved detector calibrations, mature reconstruction algorithms, and extensive
cross-checks performed in previous CMS analyses.

5.4. Collinear mass as discriminating variable

In order to perform the measurement, one needs to define a suitable discrim-
inating variable. At first glance, the softdrop mass (Figure appears to
be a reasonable candidate. This is motivated by the fact that the softdrop
algorithm removes low-pr constituents, which is crucial for reconstructing
highly boosted resonances. However, as illustrated in Figure this variable
does not provide sufficient discriminating power, since the Higgs boson signal
cannot be easily separated from Drell-Yan and other background processes.

A more promising approach is based on the collinear mass approximation [|84].
The basic kinematics of this method are illustrated schematically in Fig-
ure
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5. H —7 7 analysis

Figure 5.4.: Schematic illustration of the collinear approximation. The visible 7 decay products
and neutrinos are assumed to be collinear, and the full 7 momentum is reconstructed from the
visible momentum scaled by the neutrino momentum fraction [[99].

The collinear approximation has been successfully used in H — 77 analyses.
Its application relies on the following assumptions:

« All MET originates from neutrinos produced in 7 decays;
« The neutrinos are collinear with the visible r decay products;
« The 7 lepton momentum is much larger than its mass (p, > m,).

Under these assumptions, the 7 lepton momentum can be written as

P(Ti) = (1 +xvv,i) p(yl)’ i= l52! (51)

where p(7;) and p(y;) denote the four-momenta of the 7 lepton and the visible
decay product (in this case, the muon), respectively, and x,,,; is the fraction
of the 7 momentum carried by the neutrinos. The missing transverse energy
is then expressed as

E’];}iss = Xyy,1 ﬁT(ﬂl) + Xyy2 ﬁT(,UZ)- (5-2)

Solving this system of equations yields the neutrino momentum fractions
Xyv,1 and x,, 2, which can then be used to reconstruct the collinear mass.

Since the individual kinematic properties of the 7 lepton and muon cannot
be disentangled inside a fatjet, subjets are used instead. A subjet is a smaller
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5.4. Collinear mass as discriminating variable

jet obtained by reversing the clustering sequence of a fatjet, effectively rep-
resenting one of its hard prongs after grooming or declustering. For this
analysis, one of the subjets is matched to the muon at generator level within
AR < 0.8.

The reconstructed collinear mass distribution is shown in Figure
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Figure 5.5.: Reconstructed collinear mass distribution using the subjet-based method. The Z and
Higgs boson peaks are clearly visible but shifted to higher masses with respect to their true
invariant masses. This shift originates from the use of subjets as proxies for 7 leptons: subjets
are groomed objects and thus lack low-pt constituents.

A clear shift of the reconstructed mass with respect to the true Z and Higgs
boson masses is therefore expected. The difference in pt between the muon
in the fatjet vicinity and the subjet matched to this muon is shown in Fig-
ure
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CMS Preliminary 2018_UL 59.83 fb~! (13 TeV)
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Figure 5.6.: Difference in transverse momentum between the muon reconstructed in the fatjet
vicinity and the matched subjet. The subjet pr is systematically larger due to grooming, which
removes soft radiation and low-pt constituents. This difference contributes to the observed
mass shift in Figure

Despite this systematic bias, the collinear mass distribution exhibits well-
separated peaks for the Z and Higgs bosons, as well as a distinguishable
background component. This demonstrates that the method provides suffi-
cient discriminating power for the measurement.

5.5. Fitting strategy

In order to constrain the background yields, dedicated control regions (CRs)
are defined, where the respective background processes dominate. The dom-
inant backgrounds are W+jets and tf production (approximately 50% and
43% of the total background, respectively), while other processes such as
diboson (2%), Z boson (0.8%), and QCD multijet events (3.7%) are negligible
in comparison.

A Wi+jets enriched region is defined by mr > 60 GeVand Nj_jets = 0, exploiting
the fact that leptonic W decays typically produce large transverse masses,
while vetoing b-jets suppresses top-quark contamination. A tf enriched
region is defined by mr < 60 GeVand Np.jets > 0, where the presence of b-jets
tags top-quark decays. The signal-enriched region, designed to select H — 77
events, is defined by mr < 60 GeVand Nj.jets = 0, which suppresses both
Wi+jets and tf contributions.
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5.5. Fitting strategy

The transverse mass is defined as

mr = \/2 pLERSS (1 — cosAg (£, EXss)), (5.3)

where p?. is the transverse momentum of the visible lepton, E?iss is the missing
transverse energy (MET), and A¢(¢, E?‘iss) is the azimuthal angle between
the lepton and MET.

The application of these optimized selection criteria significantly suppresses
the dominant backgrounds, thereby improving the expected signal signif-
icance. Figure [5.7| shows the soft-drop mass distributions before and after
applying the control region cuts.
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over the potential Higgs signal. pressed, improving the signal sensitivity.

Figure 5.7.: Comparison of soft-drop mass distributions before and after applying control region
cuts. The background suppression leads to an enhanced expected signal significance.

The control regions are included in a simultaneous maximum-likelihood fit
together with the signal-enriched region. The yields in the W+jets and ¢f
control regions are used to constrain the normalization and shape of these
dominant backgrounds, reducing systematic uncertainties and enabling a
more precise extraction of the H — 77 signal strength.

The pre-fit distributions of the control regions are shown in Figure[5.8] These
regions correspond to the W +jets-enriched, t#-enriched, and signal-enriched
selections defined in the previous section. The pre-fit represents the expected
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5. H —7 7 analysis

background and signal contributions before performing the statistical fit
to data. In this work, the pre-fit templates are derived from an Asimov
dataset, which provides the nominal expectation of event yields without
statistical fluctuations. This choice allows for a direct illustration of the
relative background composition and normalization in the different control
regions prior to the fit procedure.
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Figure 5.8.: Pre-fit distributions in the three control regions: (a) W +jets-enriched, (b) t#-enriched,
and (c) H — 77 signal-enriched region. The pre-fit is derived from an Asimov dataset, repre-
senting the expected event yields without statistical fluctuations.

5.5.1. Statisticalinference

The main goal of this thesis is to measure the cross section of the H — 77
process in the high-pr regime. To achieve this, a maximum-likelihood fit of
the simulated MC predictions to the observed data is performed.

The total cross section times branching fraction is defined as
OH—7r = 0(pp — H) X B(H — 17), (5.4)
where o(pp — H) denotes the Higgs boson production cross section and

B(H — 17) is the branching fraction of the Higgs boson decay to tau lep-
tons.

Maximum-Likelihood Fit. The extraction of the cross section is based on a
Maximum Likelihood Estimation (MLE) approach. The likelihood function is
constructed as
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5.5. Fitting strategy

L 0) = [ [Pl psi(0) +b:(0)) [ | (B0, (5.5)
i k

where

« u is the signal strength modifier, defined as the ratio of the measured
cross-section to the SM prediction,

« n; is the observed number of events in bin i,

« 5;(0) and b;(0) are the expected signal and background yields, respec-
tively for bin i,

« P(n;| us; + b;) is the Poisson probability of observing n; events, given
the predictions based on p, s; and b;,

« 0 = {0} are nuisance parameters representing systematic uncertain-
ties,

« 7(6k) are prior probability density functions (typically Gaussian or
log-normal) constraining the nuisance parameters.

The best-fit values of the parameters are obtained by maximizing the likeli-
hood function with respect to y and 6:

1, 6= argmax L(y, 0). (5.6)
"0

Nuisance parameters. The nuisance parameters 6 encode experimental and
theoretical systematic uncertainties affecting both the normalization and the
shape of the signal and background distributions. In the fit, these parameters
are profiled, meaning that for each tested value of the parameter of interest y,
they are set to the conditional maximum-likelihood estimates that maximize
the likelihood. This procedure allows the data to constrain the nuisance
parameters directly, thereby reducing the impact of systematic uncertainties
and properly propagating them to the uncertainty in .

Cross-Section Extraction. Once the best-fit value of i is determined, the
cross section times branching fraction is obtained as
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5. H —7 7 analysis

o(pp = H)XB(H — t7t7) = p-[a(pp — H) x B(H — r+r_)]SM. (5.7)

The fit is performed simultaneously in three categories: a W+jets-enriched
control region, a tf-enriched control region, and a signal-enriched region.
The inclusion of control regions constrains the background normalizations
and reduces the impact of systematic uncertainties, thereby improving the
precision of the signal extraction.

Asimov dataset. The fit is performed on an Asimov dataset, which represents
the statistically expected event yields without statistical fluctuations. This
approach provides the expected sensitivity and precision of the measurement
in the absence of real data fluctuations.

5.6. Uncertainty model

There are two main categories of systematic uncertainties considered in
this analysis: yield (normalization) uncertainties, which affect only the
overall normalization of the distributions, and shape uncertainties, which
can modify the shape of the distributions used in the maximum-likelihood
fit.

The baseline uncertainty model follows the recommendations of the CMS
analysis presented in Ref. 85].

Yield uncertainties. The following sources contribute to yield uncertain-
ties:

« Integrated luminosity: The total integrated luminosity of the 2018
data-taking period is known with an uncertainty of 2.5% [100].

« Muon trigger and identification efficiency: The efficiency of the
muon trigger and reconstruction is measured using the tag-and-probe
method [101]], resulting in a 2% uncertainty.

+ Tau identification efficiency: The hadronic 7 identification is as-
signed a conservative uncertainty of 10%, following the recommenda-
tions for boosted topologies.
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5.6. Uncertainty model

+ Bin-by-bin statistical uncertainties: Statistical uncertainties of
the MC templates are incorporated using the so-called bin-by-bin
method. Each bin of the template is assigned an independent nuisance
parameter, allowing the fit to vary the predicted yield in that bin within
its statistical uncertainty. This approach prevents the fit from being
overly constrained by limited MC statistics and is particularly relevant
for low-yield regions [102].

Shape uncertainties. Shape-modifying uncertainties are implemented as
variations of the relevant physics objects in the simulation, propagated
through the full analysis chain. The following sources are considered:

« Jet energy scale (JES): Uncertainties in the calibration of the jet en-
ergy scale are applied by shifting the jet four-momentum up and down
by one standard deviation. The resulting changes in reconstructed
kinematic distributions are propagated to all derived quantities, in-
cluding j, reconstruction and the collinear mass [[103].

« Unclustered energy Variations in the MET are obtained by coherently
shifting the momenta of all reconstructed objects contributing to the
MET calculation. This uncertainty has a direct impact on variables
sensitive to missing transverse momentum, such as transverse and
collinear masses [75].

« b-tagging efficiency: The efficiency of identifying b-jets is varied
within its uncertainty by applying scale factor variations (up/down).
This uncertainty mainly affects the normalization and composition of
the tt background [[104].

All systematic uncertainties are incorporated into the maximum-likelihood fit
as nuisance parameters. Yield uncertainties are modeled using log-normal pri-
ors, while shape uncertainties are implemented through template morphing
based on up and down variations. Correlations between different processes
and categories are preserved whenever applicable, following CMS recommen-
dations. The nuisance parameters are profiled in the fit, allowing the data to
constrain their impact where possible. This procedure ensures a consistent
treatment of both statistical and systematic uncertainties in the extraction of
the signal strength and cross section.
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5. H —7 7 analysis

5.7. Results

The best-fit signal strength, obtained from the maximum-likelihood fit to the
Asimov dataset, is

_ q+1.4
- 1—1.5’

where y denotes the ratio of the measured cross section to the SM expecta-
tion. The sensitivity achieved in this analysis is compatible with the results
obtained in the y7 final state using the 2018 dataset from the previous CMS
analysis [[85]]. The measurement is limited by statistical uncertainties, and
the result quoted here corresponds exclusively to ggF production mode. This
outcome is statistically consistent with the SM prediction and shows no
significant deviation.
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Part IV.

Conclusion and Outlook






6. Summary and suggestions for
the future analyses

The primary motivation of this analysis is to probe the Yukawa structure
of the Higgs sector and to test the predictions of the SM in the boosted
regime. The H — 77 decay channel provides an excellent opportunity for
this purpose, as the 7 lepton belongs to the third generation and possesses the
strongest Yukawa coupling among all leptons. At the same time, the boosted
topology introduces specific challenges, particularly in reconstruction. To
address these, a novel approach based on machine-learning techniques was
employed: ParticleNet. This jet-tagging algorithm treats the 7 as a jet and
assigns a probability for each candidate to be identified as a 7 lepton.

A central difficulty arises in the reconstruction of the invariant mass, as
neutrinos from 7 decays remain undetected. To overcome this limitation, the
collinear mass approximation was adopted. This method provides a practical
mass observable that can serve as a discriminating variable in the statistical
analysis to separate signal from background.

The results demonstrate that ParticleNet shows good agreement with colli-
sion data and provides a reliable performance for boosted 7 identification.
The collinear mass approximation also exhibits useful discriminating power,
enabling efficient signal extraction.

Nevertheless, several limitations remain. For instance, the collinear mass
approximation reconstructs the peaks of the Z and Higgs bosons with notice-
able shifts relative to their true invariant masses. Furthermore, the kinematic
properties of muons and 7 leptons cannot be disentangled in this approach,
which motivates the use of subjet kinematics instead. Systematic uncertain-
ties also present a window for improvement. In particular, this work assumed
a conservative 10% uncertainty on boosted 7 identification efficiency. Em-
ploying more precise, data-driven estimates would enhance the robustness
and sensitivity of the measurement.
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6. Summary and suggestions for the future analyses

The methodology developed here is not limited to the Higgs sector alone.
Other analyses could benefit from these techniques, such as Z’ — 77 searches
or investigations within extended Higgs sectors, including the MSSM and
NMSSM . More broadly, improvements in boosted 7 reconstruction and mass
approximation methods strengthen the overall LHC program in searches for
new physics and precision tests of the SM.

Looking ahead, this work can be extended using Run 3 data, where the LHC
has already delivered a larger dataset than in Run 2. The increased luminos-
ity will significantly improve the statistical power of boosted analyses. In
addition, ongoing developments in detector technology (e.g. high-granularity
calorimeters) and next-generation machine-learning methods (such as graph
neural networks and domain adaptation) hold promise for further advances
in 7 identification and mass reconstruction. At the High-Luminosity LHC,
such techniques will be crucial for precision Higgs coupling measurements
and for exploring possible deviations that could point to physics beyond the
SM.

In conclusion, this thesis contributes to the understanding of Higgs boson
properties in the boosted H — 77 channel by demonstrating the applicability
of modern machine-learning methods and advanced mass reconstruction
techniques. While challenges remain, the results presented here represent
an important step toward unlocking the full potential of boosted analyses,
paving the way for more sensitive searches and more precise measurements
in the future.
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A. Appendix: Samples

A.0.1. MC and data

The analysis is based on the 2018 UL (Ultra Legacy) dataset of proton—proton
collisions recorded by the CMS experiment at the LHC, corresponding to an
integrated luminosity of approximately 59.7 fb™" at /s = 13 TeV.

DY+jets
« DYJetsToLL_LHEFilterPtZ-100To250 (NLO)
« DYJetsToLL_LHEFilterPtZ-250T0400 (NLO)
« DYJetsToLL_LHEFilterPtZ-400To650 (NLO)
« DYJetsToLL_LHEFilterPtZ-650ToInf (NLO)

o TTTo2L2Nu
« TTToHadronic
« TTToSemiLeptonic
Diboson
« WZTo3LNu
. ZZTo2Q2L
o ZZTo4L
Single top
« ST_t-channel_antitop_4f InclusiveDecays
« ST_t-channel_top_4f InclusiveDecays

« ST_tW_antitop_5f_inclusiveDecays
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A. Appendix: Samples

« ST_tW_top_5f_inclusiveDecays
Wijets
« WJetsToLNu (LO)
QCD
. QCD_Pt_170t0300
. QCD_Pt 300t0470
. QCD_Pt_470t0600
. QCD_Pt_600t0800
. QCD_Pt_1000t01400
. QCD_Pt 1400t01800
« QCD_Pt_1800t02400
. QCD_Pt_2400t03200
« QCD_Pt_3200toInf
Data
» SingleMuon_Run2018A-UL2018
« SingleMuon_Run2018B-UL2018
« SingleMuon_Run2018C-UL2018
« SingleMuon_Run2018D-UL2018
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A. Appendix: Samples

A.0.2. MC and Data agreement

In order to validate the analysis strategy, comparisons between data and
simulated samples have been performed. The presented MC/data agreement
plots are shown without including contributions from Higgs boson processes,
and correspond to the y7 channel in events containing a fatjet tagged as a 77
candidate by the ParticleNet algorithm. This provides a detailed validation of
the background modelling in the relevant signal-enriched phase space.
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Figure A.1.: MC/data comparison plots.
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