
Study on observables carrying spin
information in the tt̄H → bb̄ process with

the CMS detector

Master Thesis

von

Victor Serrano Herreros

vorgelegt der

Fakultät für Mathematik, Informatik und Naturwissenschaften der
RWTH Aachen

im März 2025

erstellt im

I. Physikalischen Institut B

bei

Prüfer: Prof. Dr. Lutz Feld
Zweitprüfer: Prof. Dr. Johannes Erdmann



Contents

1 Introduction 1

2 The Standard Model 2
2.1 The top quark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 The Higgs boson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Higgs production in association with a top quark pair . . . . . . . . . . . 6

3 The Large Hadron Collider 8
3.1 Compact Muon Solenoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.1 Coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Spin and angular variables of tt̄H system 13
4.1 Top quark pair dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.1.1 Spin and polarization variables . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Boson decay variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 tt̄+X system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5 Simulated Samples 19
5.1 Monte-Carlo simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.2 Particle Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.3 Object reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5.3.1 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.3.2 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.3.3 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.3.4 Missing transverse momentum . . . . . . . . . . . . . . . . . . . . . . . . 23

6 Event selection 24
6.1 Polarization and spin observables in dileptonic events . . . . . . . . . . . . . . . 25
6.2 Quantifying the statistical separation power of observables . . . . . . . . . . . . 26
6.3 Distributions of observables for the tt̄H , tt̄Z and tt̄ + bb̄ processes . . . . . . . 27

7 Event reconstruction 35
7.1 Jet assignment and neutrino regression with the SPANet model . . . . . . . . . 35

7.1.1 Network training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
7.1.2 Jet assignment and neutrino regression performance . . . . . . . . . . . 39
7.1.3 Particle reconstruction efficiency . . . . . . . . . . . . . . . . . . . . . . . 41

7.2 Distributions of observables after particle reconstruction with SPANet . . . . . 44

8 Results and discussion 47

References 49

A Events used in SPANet training 56

B Data paths of simulated samples 56

i



C Separation power for the tt̄Z process 57

D Anti-neutrino regression with SPANet 58

E Two-dimensional plots for (anti-)neutrino regression 59

F Top anti-quark reconstruction with SPANet 60

G Observable reconstruction 61
G.1 Additional reconstructed observables with SPANet . . . . . . . . . . . . . . . . 61
G.2 Ideal reconstruction of observables . . . . . . . . . . . . . . . . . . . . . . . . . . 64

ii



Abstract

The associated production of a top-antitop quark pair with a Higgs boson (tt̄H) pro-
vides a direct measurement of the top Yukawa coupling, which is crucial for precision
tests of the Standard Model (SM). However, distinguishing the tt̄H(→ bb̄) process from the
dominant tt̄+ bb̄ background remains challenging due to their kinematic similarities. This
work explores the novel use of spin and angular observables of the tt̄H system as discrim-
inators between signal and background. A novel machine learning technique based on
symmetry-preserving attention networks is employed on parton-jet assignment and neu-
trino regression with special focus on the signal process, enabling the reconstruction of the
intermediate particles and, consequently, the relevant observables. This is the first time
the above architecture is applied to the dileptonic channel of the signal process. Results
are presented on the statistical separation power of these observables and their potential to
contribute to the measurement of tt̄H during LHC Run 3.
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1 Introduction

The study of top quark properties and their interactions with the Higgs boson provides a
unique window into the Standard Model (SM) and potential physics beyond it [1, 2]. The
associated production of a top-antitop quark pair with a Higgs boson (tt̄H) is particularly sig-
nificant, as it directly probes the Yukawa coupling of the top quark to the Higgs field. This
interaction is of special interest due to the top quark’s exceptional mass and highlights its
unique role among elementary particles [3].

This thesis investigates the tt̄H(→ bb̄) process in the context of proton-proton collisions at the
Large Hadron Collider (LHC) with the top quarks decaying leptonically. The decay channel
where the Higgs boson produces a bb̄ pair is chosen due to its relatively high branching ratio
and its relevance in testing the SM predictions for heavy flavor physics [4]. However, the anal-
ysis of this process faces significant challenges, primarily due to the overwhelming associated
top pair QCD background, particularly from tt̄ + bb̄ production. The kinematic similarity be-
tween the signal and background makes their separation non-trivial, necessitating advanced
methodologies to enhance the discrimination.

Previous studies have largely focused on improving signal extraction through multivariate
analyses [5–7], but the potential of spin-based observables remains unexplored in this specific
context. A promising approach explored in this work involves studying said observables car-
rying spin information of the tt̄ system. The top quark, due to its short lifetime, decays before
hadronizing, preserving its spin information in the angular distributions of its decay prod-
ucts. This characteristic allows the extraction of spin correlation and polarization observables,
which can be used.

The core objective of this thesis is to exploit these spin-sensitive observables, in addition with
some angular observables as well, that could be used as powerful discriminators between
the signal and background processes. The analysis strategy involves defining a fiducial phase
space through rigorous event selection criteria to enhance the identification of tt̄H events while
suppressing backgrounds. Spin correlation and polarization observables are calculated at the
particle level and adapted to include additional variables sensitive to the Higgs in the tt̄H pro-
cess. These are reconstructed from objects such as leptons, jets and missing transverse energy
using SPANet, a state-of-the-art machine learning framework that addresses key challenges
in jet-parton assignment and neutrino reconstruction. Finally, the separation power of the ob-
servables is quantified, and the implications for the tt̄H measurement are discussed, providing
valuable insights for studies of the Higgs sector.

This work represents a novel exploration of spin observables in the tt̄H(→ bb̄) channel, in-
tegrating theoretical insights with advanced computational tools to address the challenging
signal extraction. The findings aim to contribute to the broader effort of precision testing the
SM, in concrete on the measurement of tt̄H during Run 3.
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2 The Standard Model

The Standard Model is one of the most remarkable achievements in modern physics, providing
a unified framework to describe three of the four known fundamental forces and the particles
that mediate them. It was not until the late 20th century that the SM was finally established,
when all the necessary concepts were developed and combined into a single theoretical frame-
work; such as the gauge theory formalism of Yang and Mills [8], the discovery of asymptotic
freedom by Gross, Wilczek, and Politzer [9, 10], the renormalization of gauge theories by ?t
Hooft and Veltman [11], and the systematic classification of elementary particles into quarks,
leptons, and bosons, among otherss. All these, alongside the unification of quantum mechan-
ics and relativity into Quantum Field Theory, laid the foundation for the realization that matter
at the smallest scales behaves very differently from what was expected in classical physics.
The earliest steps towards the SM were taken in the 1920s and 1930s when quantum mechan-
ics was developed to explain the behaviour of particles at the atomic and subatomic levels.
In 1928, Paul Dirac introduced the Dirac equation, which combined quantum mechanics with
special relativity and predicted the existence of the positron -the first example of antimatter.
As quantum theory advanced, it became clear that particles could be treated as excitations of
fields that permeate space; and allowed to describe interactions between particles through the
exchange of the "force-carrying" particles, giving birht to Quantum Field Theory.

One of the first successes in this new understanding was Quantum Electrodynamics (QED),
which described the electromagnetic force. Developed by Richard Feynman, Julian Schwinger,
and Sin-Itiro Tomonaga (among others) in the 1940s, QED provided a highly accurate theory
of how electrons and photons interact. This was the starting building block towards the Stan-
dard Model. The strong nuclear force and weak nuclear force were much more challenging
to understand. The strong force binds protons and neutrons together in the atomic nucleus,
while the weak force is responsible for processes like radioactive decay. In the 1960s, Murray
Gell-Mann and George Zweig proposed the existence of quarks that combine to form pro-
tons, neutrons and other hadrons, through strong force mediation. This was explained within
the framework of QCD, which describes the interactions between quarks via the exchange of
gluons; QCD also explains why quarks are never observed in isolation but are always bound
together in hadrons, a phenomenon known as confinement. Around the same time, Sheldon
Glashow, Abdus Salam, and Steven Weinberg worked on unifying the electromagnetic and
weak force into what is known as the electroweak theory (EW).

By the early 1970s, the last pieces of the theory were put together. The EW theory and QCD
were combined into a single theoretical framework under the group SU(3)C×SU(2)L×U(1)Y ,
that describes the interactions of all known elementary particles: quarks, leptons, and bosons.
Nevertheless, a crucial component remained absent, namely the explanation of mass. In gauge
theories, the local symmetries prevents the presence of a mass term in the equations. Indeed,
gauge vector bosons such as the W and Z —mediators of the weak force– are substantially
massive [12, 13]. A solution to this problem came in the 1960s with a theoretical proposal put
forward by Peter Higgs, François Englert, Robert Brout, and others [14, 15], introducing the
concept of the Higgs field. The idea under this mechanism, also known as Brout-Englert-Higgs
(BEH) mechanism, is to maintain the symmetries but rather to change the vacuum state.
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The BEH mechanism relies on the concept of spontaneous symmetry breaking (SSB) to solve the
issue of mass generation while preserving the gauge invariance of the theory [16, 17]. SSB
occurs when the vacuum state of the system does not respect the symmetry of the equations.
In the Standard Model, the Higgs field is a scalar field with a potential of the form

V (φ) = −µ2|φ|2 + λ|φ|4, (1)

where µ2 > 0 and λ > 0. This potential exhibits a “mexican hat” shape, leading to a non-zero
vacuum expectation value (VEV) for the field, v =

√
µ2/λ. This VEV breaks the SU(2)L×U(1)Y

symmetry of the electroweak theory down to the U(1)EM symmetry of electromagnetism.

The SSB mechanism is responsible of giving the particles mass in different ways. In the case
of fermions, their masses arise through Yukawa interactions, which couple the fermion fields
to the Higgs field. These interactions take the form yfφψ̄LψR, where yf is the Yukawa coupling
constant. Because of SSB, the Higgs field acquires its VEV, which is responsible of generating
mass terms of the formmf =

yfv√
2

. The specific value of yf determines the mass of each fermion,
explaining the observed mass hierarchy in the particle spectrum [16].

For gauge bosons, the W and Z bosons acquire mass by "absorbing" the degrees of freedom
associated with the would-be Goldstone bosons resulting from SSB. The Higgs field, initially
described by four degrees of freedom, leaves one as a physical scalar particle (the Higgs boson)
while the remaining three provide the longitudinal components of the W± and Z bosons. The
masses of these gauge bosons are given by MW = gv

2
and MZ = MW

cos θW
, where g is the gauge

coupling constant and θW is the Weinberg angle. The photon, associated with the U(1)EM
symmetry, remains massless, consistent with experimental observations of the electromag-
netic force.

Over time, experimental evidence gradually confirmed the predictions of the Standard Model
and played a fundamental role in measuring the free parameters of the model. The discovery
of the W and Z bosons at CERN in 1983 [12, 13] was a major triumph for electroweak theory.
Meanwhile, experiments confirmed the existence of all six quarks [19–22]: up, down, strange,
charm, bottom and top, as well as the various types of leptons [23–25] (such as muons, taus
and neutrinos). In 2012 the final puzzle piece fell into place, when the discovery of the Higgs
boson was announced [26], validating the existence of the Higgs field and confirming the BEH
mechanism as the process through which the particles acquire mass.

While the Standard Model is incredibly successful, it is not a complete theory, yet many unan-
swered question remain to be unravelled. It does not incorporate gravity, which is described
by Einstein’s General Theory of Relativity, nor does it explain dark matter, dark energy, the
neutrino mass origin or the observed imbalance between matter and antimatter in the uni-
verse. Nevertheless, many active work trying to extend the SM has been done in the last
decades, in order to develop a more comprehensive framework that addresses all these unre-
solved questions.
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Figure 1: Illustration of the particles of the Standard Model. On the left are placed the fermions:
the six quarks label with u, d, c, s, t and b, with the up-type quarks in red shell and the down-
type in a blue shell, the three quark generations are illustrated with the blue, green and red
inner colours. Also the six leptons in the bottom left, are drawn in blue for the charged one
while the neutrinos are in grey. The scalar Higgs boson is placed in the center of the image.
Gauge boson are on the right, with the weak force mediators in tree colours (in accordance
with their charge), and the photon and the gluon with a dark background (massless particles).
The gluons are also illustrated as containing colour charge. From [18]

2.1 The top quark

In the SM, the top quark holds a special place due to its unique properties, especially its large
mass. The left-handed top quark is part of a weak-isospin doublet of the SU(2)L group -which
describes weak interactions-, along with the bottom quark; it has an electric charge of Q = +2

3

and an isospin component T3 = +1
2

[2]. Conversely, the right-handed top quark is a singlet
state. The mass is a parameter from the theory that depends on the Yukawa coupling and the
vacuum expectation value. For the top, such given mass is mt ≈ ν√

2
, with ν = 246 GeV the

VEV of the Higgs field; and therefore, a Yukawa coupling to the Higgs of the order of unity,
reflecting explicitly the strong relation between the top quark and the Higgs boson.

What makes the top remarkable with respect to other quarks is that it is the only quark
that is heavier than the W boson. As a result, it can decay weakly into a on-shell W boson
and a bottom quark. Its decay width is amply dominated by this channel, t → Wb, with
|Vtb| >> |Vtd|, |Vts|. 1 With a short lifetime of about ∼ 5× 10−25 seconds, it is expected to decay
before strong interactions have time to form bound states, behaving almost as a free particle
during its brief existence. 2

1Vij refers to the elements of the Cabibbo-Kobayashi-Maskawa matrix [16], which gives the strength of the i-
flavour quark decaying to a j-flavour quark via weak interaction. These flavour-changing currents are exclusively
between up-type and down-type quarks.

2Some studies [27] propose that toponium (tt̄-quarkonium-states) can be form with a tt̄ binding time closer to
the top lifetime, resulting in a peak in e−e+ scattering at the tt̄ production threshold.
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All these features make the top quark an excellent candidate to probe the theory. The large
mass and Yukawa coupling to Higgs, give important loop contribution to precise measure-
ments, such as the W boson mass which is correlated with the top and Higgs mass values and
make substantial predictions to the vacuum stability. Additionally, it can be used to test the
SM at the EW symmetry breaking scale and beyond. Precise measurements of its properties
—mass, couplings, production cross sections, decay branching ratios, etc.) [2]—, can be used
to search for deviations that may hint at new physics, and improve constraints on theoretical
parameters. Although achieving precise measurements requires a high production rate of top
quarks, hadron colliders such as the LHC, with their high energy and luminosity, enable a
large production of top quark pairs necessary for these studies.

2.2 The Higgs boson

The Higgs boson, is a scalar particle with spin 0 and CP-even symmetry [1]. Its mass is a free
parameter of the Standard Model (SM) and is given by mH ≈

√
2λν, where λ represents the

self-coupling parameter in the SM scalar potential (Eq. 1). In 2012, the discovery of a particle
consistent with the Higgs boson was announced, with a measured mass ofmH ≈ 125 GeV [26].

The strength of the interactions between the Higgs boson and other particles is governed by
Yukawa couplings, which are proportional to the mass of each particle. For gauge bosons, this
relationship is quadratic in their mass, with a coupling of gHV V =

2m2
V

ν
, while for fermions, the

coupling is linearly proportional to the mass, given by gHff̄ =
mf

ν
. Consequently, particles like

the W , Z, and the top quark exhibit stronger couplings to the Higgs field compared to lighter
quarks and leptons.

The Higgs boson is primarily produced in high-energy proton collisions at the Tevatron and
LHC colliders, with the main production mechanisms[3] being gluon-gluon fusion (ggF), vector-
boson fusion (VBF), production with an associated weak gauge boson (VH), production with a
top-quark pair (ttH), and single-top associated production (tH). The center-of-mass energy

√
s

of the collision influences the cross sections for each production channel[1], with ggF being the
dominant mechanism at the Tevatron and LHC due to the high density of gluons in protons at
these energies.

Given that the branching ratios of the Higgs boson, i.e. the probabilities of decay into specific
particles, depends on the mass of the Higgs itself (approximately 125 GeV), its decay channels
can be predicted for this value. Ranking from the highest to the lowest as follows[4]: H →
bb̄ and H → WW ∗, followed by H → gg, H → τ+τ−, H → cc̄, and H → ZZ∗3. Decays
with smaller branching ratios, yet accessible in experiments, include H → γγ, H → γZ, and
H → µ+µ−. In experimental analyses, a combination of production and decay channels is
measured, providing critical insights into the Higgs boson couplings with SM heavy particles.
This information is contained in the signal strength (µ), which quantifies the agreement between

3The “*” accounts for off-shell particles
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observed rates and SM predictions, thereby serving as a benchmark for potential deviations
from the SM.

2.2.1 Higgs production in association with a top quark pair

One of the most important processes for probing the interaction between the Higgs boson
and the top quark is the associated production of the Higgs boson with a top-antitop quark
pair. This process, pp → tt̄H , provides a direct probe of the top-Higgs Yukawa coupling.
This coupling is of great interest because the top quark, being the heaviest particle in the
Standard Model, has the strongest interaction with the Higgs field, and its large mass suggests
a special role in electroweak symmetry breaking and in the dynamics of the Higgs mechanism.
Additionally, the cross section has been extensively studied, with next-to-leading order (NLO)
QCD and NLO electroweak corrections contributing to a more precise measurement of the
top-Higgs interaction.

Figure 2: Feynman diagram at tree-level of the associated production of a Higgs with a top
quark pair, gg → tt̄H .

The decay tt̄H(→ bb̄) is particularly significant, as it allows a direct measurement of the tt̄H
production cross section. The inclusive NNLO in QCD cross section[28] is σtt̄H = 0.5070+0.9%

3.0%

[pb] at
√
s = 13 TeV, and a branching fraction of the Higgs decaying to bottom quark pair of

approximately BR = 58% [29]. These measurements are challenging due to the large QCD
background, particularly the tt̄+bb̄ process, which closely matches the signal due to its similar
final state configuration. The background is especially problematic because it is enhanced by
higher-order QCD effects[3].

To mitigate these background contributions, advanced techniques are employed in several
studies[5, 30], including the use of multivariate analysis (MVA) and machine learning algo-
rithms. These kind of methods enhance the signal-to-background discrimination by identify-
ing subtle differences in kinematic distributions between the signal and background processes.
Another approach to improve the signal extraction involves studying additional Higgs decay
channels[6], such as multilepton final states from H → WW ∗, ZZ∗, or τ+τ−, which have lower
branching ratios but are less affected by the tt̄bb̄ background. Combining these channels with
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tt̄H(→ bb̄) in a global fit improves the precision of the tt̄H coupling measurement and reduces
the systematic uncertainties.

Lastly, the tt̄H(→ bb̄) process is not only crucial for measuring the top-Higgs Yukawa coupling,
but also plays a key role in understanding the top quark singular role in the Standard Model.
Deviations in the measured tt̄H cross section or the H → bb̄ branching ratio could indicate
physics beyond, such as modifications to the Higgs sector or new interactions with the top
quark.
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3 The Large Hadron Collider

The Large Hadron Collider, located at CERN in Geneva, is the largest and most advanced par-
ticle accelerator in the world [31]. It lies 100 meters underground in a 27-kilometer circular
tunnel, where protons and heavy ions are accelerated to nearly the speed of light [32]. The ac-
celerator uses 1232 superconducting dipole magnets to steer particle beams along the circular
trajectory and 392 quadrupole magnets to focus the beams tightly to a nominal trajectory [33].
These magnets are cooled to −271.3◦C using liquid helium, achieving a temperature of 1.9
Kelvin, which allows for superconducting operation with zero electrical resistance [34]. This
enables the generation of magnetic fields up to 8.33 T, essential for steering particles at ener-
gies nearly 7 TeV per beam [31, 33].

The LHC’s design incorporates a hierarchy of pre-accelerators, which increase particle en-
ergies before injection into the main ring. These include the linear accelerator (LINAC2 for
protons and LINAC3 for heavy ions), the Proton Synchrotron Booster (PSB), the Proton Syn-
chrotron (PS), and the Super Proton Synchrotron (SPS), see Figure 3. Each stage is vital for
optimizing beam quality and energy [35].

Figure 3: Schematic representation of the LHC (blue ring) with detectors indicated by yellow
dots. Pre-acceleration stages include the SPS and PS rings. Image source: CERN.

The LHC operates with particle bunches containing approximately 1.15×1011 protons, spaced
by 25 ns, resulting in a bunch crossing rate of 40 MHz at the interaction points [32]. The beams
collide at four main detectors –ATLAS, CMS, LHCb, and ALICE–designed to investigate di-
verse phenomena ranging from Standard Model physics to potential discoveries beyond it,
such as supersymmetry, dark matter candidates, and extra dimensions [31, 36].
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To reach such high energies, the beam pipes are maintained at an ultrahigh vacuum of 10−13 atm,
to prevent interactions between particles and residual gas molecules [37]. Managing the large
data from the collisions, where up to 109 interactions per second can occur, requires advanced
triggering systems and a specific designed computing infrastructure, to analyze petabytes of
data annually [38]. This system is essential for handling the enormous data flow, allowing to
focus on the most relevant events for further analysis.

Planned upgrades, including the High-Luminosity LHC (HL-LHC), aim to increase its lumi-
nosity by a factor of 10, enabling more precise measurements. For example, it is expected to
produce 15 million of Higgs per year, compared to the three million from 2017 [39].

3.1 Compact Muon Solenoid

The CMS detector is built around a large superconducting solenoid magnet, which provides a
magnetic field of 3.8 T, enabling the precise measurement of the momentum of charged parti-
cles. The solenoid is covered by a steel flux-return yoke, which contributes to the total weight
of 14, 000 t. The detector is compact, compared to others such as ATLAS [40], measuring 21 m
in length and 15 m in height and width [41]. It has a modular design including and arrange-
ment of specialized subsystems, each of one designed for the detection of different particle
types and kinematic properties. A radial view of the detector layout is shown in Figure 4.

The CMS detector is composed of several key components, each designed to measure differ-
ent types of particles and properties [41]. [These include the tracker, which precisely records
the trajectories of charged particles; the electromagnetic calorimeter (ECAL), which measures
the energy of photons and electrons; the hadronic calorimeter (HCAL), for detecting hadrons
like protons and neutrons; and the muon system, which surrounds the other layers and iden-
tifies muons as they penetrate through the entire detector.] Together, these components are
arranged around the solenoid magnet, enabling CMS to reconstruct complex collision events
with high precision and cover a wide range of interactions. In Figure 4 a radial section of the
CMS detector is shown with all the corresponding modules.

The CMS detector consists of a series of specialized subsystems, each optimized to detect spe-
cific particle types and measure their properties [41]. These include (from the innermost to the
outermost layer in the detector) the tracker, the electromagnetic calorimeter (ECAL), the hadronic
calorimeter (HCAL), and the muon system. Together, these subsystems are arranged around the
solenoid magnet –except the muon system which lies outside–, in a structure by layers that
enables the CMS detector to reconstruct the complex events produced in the collisions. This
modular design allows a coverage of a wide range of particle interactions.

Inner tracker

The inner tracker of the CMS detector, located closest to the beamline, is a system designed
to track the paths of charged particles originated from the collision points. It consists of two
main sub-detectors: the silicon pixel detector (SPD) and the silicon strip tracker (SST).
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Figure 4: Radial section of the CMS detector, with the main subsystems and their arrange-
ments. From CERN, for the bene?t of the CMS Collaboration.

• The silicon pixel detector, the innermost layer of the tracker, standouts in vertex recon-
struction, providing precise spatial measurements essential for differentiating collision
vertices and identifying secondary vertices from decays such as b-quarks. It is composed
of modular silicon sensor arrays, with each module containing 160× 416 pixels. The in-
dividual pixel size is 100× 150µm2, which allows for an exceptional spatial resolution of
approximately 10µm [41]. The SPD architecture is divided into a barrel section, which
consist on four concentric cylindrical layers, and forward disks, three on each side, with
a pseudorapidity of |η| < 3.0. The barrel’s innermost layer is situated at 29 mm from
the beamline, making it highly sensitive to particles produced immediately after a colli-
sion. The pixel detector provides precise information on the transverse impact parame-
ter, which plays a big role for tagging long-lived particles such as B-mesons [42].

• Covering the pixel detector lies the silicon strip tracker, responsible for measuring the
momentum and paths of charged particles. It covers an acceptance range of |η| < 2.5 and
has a total active area of 198 m2 [41]. The SST is designed with a barrel-endcap geometry,
comprising 10 barrel layers in total, divided into two groups: the inner barrel with four
layers and the outer barrel with six. In addition, the endcap regions has three inner disks
and two outer disks on each side of the barrel. Each silicon strip module includes series
of micro-strips oriented at precise angles for an optimal spatial resolution in both the
radial and longitudinal directions, which is critical for reconstructing high-momentum
tracks in complex events [41]. The SST is crucial for maintaining tracking efficiency in
regions of the detector where the pixel resolution diminishes [42].

The combination of the pixel and strip detectors enables the inner tracker to perform in a
high-luminosity environment, ensuring efficient track reconstruction in events with high par-
ticle multiplicities and significant pile-up [42]. The entire tracker is housed within a hermetic
structure that minimizes material interactions, reducing effects such as bremsstrahlung radia-
tion and secondary scattering [41].
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Electromagnetic calorimeter

The ECAL is the next module outwards from the tracker. It is constructed from lead tungstate
(PbWO4) scintillating crystals, chosen for their high density and excellent optical properties
[41]. The ECAL is divided into a barrel section and two endcaps, collectively covering a pseu-
dorapidity range of |η| < 3.0. Photons and electrons deposit their energy within these crystals,
producing scintillation light that is converted into an electrical signal by silicon photodiodes
(in the barrel) and vacuum phototriodes (in the endcaps). The ECAL has an excellent energy
resolution, which is a key feature for identifying and reconstructing photons and electrons
with high precision [42].

Hadronic calorimeter

Surrounding the ECAL is placed the HCAL, responsible of measuring the energy of hadrons
such as protons, neutrons, and pions. The HCAL is designed with alternating layers of brass
absorber and plastic scintillator tiles. The light produced in the scintillators is guided through
wavelength-shifting fibers to hybrid photodetectors, enabling energy measurements with good
resolution [42]. The HCAL consists of a barrel section, endcaps, and additional forward
calorimeters that extend the coverage to 3.0 < |η| < 5.2. These forward calorimeters play
an important role in the precision measurement of the transverse energy, particularly in high-
energy jet events. Additionally, an outer hadron calorimeter, located outside the solenoid,
helps capture the shower tails of energetic jets and helps improving the rejection of certain
(hadronic) backgrounds in events involving muons [41].

Muon system

The muon system consist on the outermost layer of the CMS detector, designed to identify and
measure muons, which penetrate the calorimeters and the solenoid. This subsystem is embed-
ded within the steel flux-return yoke, which also confines the magnetic field of the solenoid.
The muon detection system is built of three types of detectors: drift tubes (DTs) in the bar-
rel region, cathode strip chambers (CSCs) in the endcaps, and resistive plate chambers (RPCs)
which can be found both regions, the barrel and the endcap. The DTs and CSCs provide spatial
resolution, which enables to reconstruct the muon trajectories, while the RPCs provides fast
timing information vital for triggering. Together, all these systems ensure high efficiency and
excellent momentum resolution for muons across the detector’s acceptance range of |η| < 2.4
[42]. Recent upgrades, including the addition of gas electron multiplier (GEM) chambers, have
further improved performance in the forward regions, where higher particle fluxes implies ad-
ditional challenges [41].

3.1.1 Coordinate system

The CMS coordinate system is chosen taking the origin as the nominal collision point inside
the CMS detector. The x-axis is pointing to the center of the LHC circumference, the y-axis
pointing upwards, and the z-axis in the direction of the beam according to ẑ = x̂ × ŷ. The
spherical coordinates are standard: r is the radial coordinate, the azimuthal angle, φ, is mea-
sured from the x-axis and confined in the x-y plane, and the polar angle θ starts from the z-axis
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in the z-y plane. A more convenient coordinate, instead of the polar angle, is defined as the
pseudorapidity, η ≡ ln tan(θ/2). Transverse quantities to the beam direction as the energy or
momentum are denoted as ET and pT , respectively; inequality in the measured energy in such
transverse plane is namedEmiss

T or MET (missing transverse energy). A common variable used
to defined angular distances between two objects is ∆R ≡

√
(∆φ)2 + (∆η)2.

Figure 5: CMS coordinates system taking as origin the nominal collision point at CMS detector.
x-axis pointing to the center of the LHC circumference, y-axis pointing upwards, and the z-
axis in the direction of the beam given ẑ = x̂ × ŷ components. Transverse momentum (~pT ) is
confined to the x-y plane. From [43]
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4 Spin and angular variables of tt̄H system

Spin, as the intrinsic quantum angular momentum of particles, is not only a fundamental
characteristic of matter but also a direct manifestation of the underlying symmetries of the
quantum field theories describing the SM [44]. Its study provides insights into the structure of
interactions, linking particle dynamics to conserved quantities such as total angular momen-
tum and parity. Furthermore, spin observables are highly sensitive to the helicity structure of
the interactions, making them a powerful probe for testing the chiral nature of electroweak
couplings [45].

In particular, spin correlations between particles are sensitive to the production and decay of
such. They encode valuable information about the mechanisms acting during these processes,
which may provide singular footprints characteristic of each [46]. Moreover, the spin has a
major role when transferring information to decay products, especially for unstable particles
such as top quarks. Due to the short lifetime of the top, its spin state is preserved until its
decay, transferring the information to the angular distributions of its decay products. This
unique feature allows the reconstruction of the initial spin state from experimental data, en-
hancing the capability of using the spin to characterize complex processes [47].

The study of spin correlation in systems involving top quark pairs has been deeply researched
in the literature [48, 49]. In particular, the associated production of a boson with a top quark
and antiquark can be significantly different considering the spin of the boson itself. Thus,
studying the spin information of a system could highlight possible differences between pro-
cesses with similar topologies but involving distinct intermediate particles.

In this work the associated production of a boson with a top quark pair (tt̄X —whereX can be
any type of boson) is decoupled as two independent systems consisting on the two top quarks
(tt̄) and the boson itself decaying to two bottom quarks (X → bb̄). Within this framework, rel-
evant variables are defined sensitive to each sub-system, featuring the information contained
in each type of particle. A complete study of the spin correlation involving the production and
decay of the gg → tt̄Z system (considered as one unified system) can be found in [??], however
the complexity of the analysis is significantly increased.

Concerning the process tt̄H(→ bb̄), the large background of tt̄ with heavy-flavour jets [50]
obscures the signal extraction due to the similar final state, i.e. heavy-flavour jets and lep-
tons. In the work of [5], this is already treated using a boosted decision tree to select the more
prominent variables with highest background reduction. In this work, a new set of variables
is proposed focusing on spin-related and angular observables, where differences between the
production mechanisms of the resonances (tt̄H and tt̄Z) and the former background could
manifest through the reconstructed final state particles.
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4.1 Top quark pair dynamics

Top quark properties have been intensively studied at the LHC collider, which produces a
large number of these particles [22]. The top quark-antiquark pair spin correlation provides a
unique test for the Standard Model and opportunity to search for potential deviations. This
correlation can be described through spin-information variables (see Eq. 5), which can be used
to probe the interactions within the tt̄ pair. Moreover, recent studies in ATLAS [51] and CMS
[52] have reported the observation of quantum entanglement in top quark-antiquark pair pro-
duction, using observables derived from the spin correlation matrix, thus highlighting the
importance of spin-based measurements in understanding quantum properties and testing
fundamental theories of particle interactions.

The brief lifetime of the top quark (∼ 10−25 s), which is shorter than both the time-scale for
QCD hadronization, 1/ΛQCD ∼ 10−24 s, and the spin decorrelation time, mt/Λ2

QCD ∼ 10−21 s, al-
lows for the direct measurement of the top quark’s spin properties from its decay products
[47]. The top quark predominantly decays via electroweak interactions into a W+ boson and a
b quark (or aW− boson and a b̄ quark for the top antiquark), with theW+ (W−) decaying either
hadronically into a qq̄′ pair or leptonically into `+ν (`−ν̄), where ` represents electrons, muons,
or taus. The channel with both W boson decaying to leptons, dileptonic, is of special interest
because for the leptons the spin analyzing power [53], which amounts for the top spin infor-
mation preserved in its decays, is κ`+ ≈ 1 (with opposite sigh for the antiparticles), providing
the most sensitive channel to top spin effects. Allowing the study of top spin correlation prop-
erties through the angular distributions of the leptons.

At the LHC, top quark pairs are mainly produced via gluon-gluon fusion (gg → tt̄), with a
smaller contribution from quark-antiquark annihilation (qq̄ → tt̄) [2]. In the SM, top quarks
are unpolarized at leading order (LO) due to the parity-conserving nature of QCD interactions,
which implies no preferred spin direction (longitudinal polarization), and the approximate
time invariance of these interactions, which suppresses transverse polarization. Nonetheless,
electroweak corrections and absorptive terms at one loop introduce minor contributions to
both longitudinal and transverse polarizations, each below 1% [48].

Although the top quarks are initially unpolarized—production via strong interaction—the
spins of the tt̄ pair are strongly correlated. The nature of these correlations depends on the
invariant mass of the pair, mtt̄. Near the production threshold (mtt̄ ∼ 2mt), gluon-gluon fu-
sion predominantly produces tt̄ pairs in maximally entangled spin-singlet states (Bell states),
characterized by anti-parallel spins along any chosen axis. Conversely, quark-antiquark an-
nihilation at threshold produces separable tt̄ pairs with no definitive spin correlation. As a
result, the physical state of tt̄ pairs at threshold is a mixed state, with the degree of entangle-
ment determined by the relative contributions of the gg and qq̄ production channels. While
the behavior of tt̄ pairs near threshold has been extensively studied and is well understood
[51, 52], the broader picture over the full phase space remains more intricate. At low trans-
verse momentum (pT < mt), tt̄ pairs are primarily produced via gg fusion in an s-wave state,
resulting in maximally anti-correlated spins along any axis. At high pT , however, the pairs
are produced through chiral mechanisms, with their spins becoming aligned (parallel) along
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the direction of the tt̄ system. The interference effects of these distinct spin configurations are
captured in the off-diagonal elements of the spin-correlation matrix. These features not only
make the study of tt̄ spin dynamics necessary, but also offer a sensitive testing ground for the
associated top pair production with additional particles.

4.1.1 Spin and polarization variables

To quantify the polarization and spin correlation strength of the tt̄ system, it is essential to
establish a clear understanding of the production dynamics and define an appropriate refer-
ence basis for measuring the relevant observables. Given the narrow width of the top quark,
the production and decay of the tt̄ pair can be effectively treated as independent processes,
enabling the factorization of their respective spin density matrices. Under this approximation,
the squared matrix element for tt̄ production (via gluon-gluon fusion and/or quark-antiquark
annihilation) followed by decay into two leptons (after spin and color summation) can then be
expressed as [47]:

|M{gg/qq̄ → tt̄→ (`+νb)(`−ν̄b̄)}|2 ≈ tr [ρRρ̄], (2)

where ` denotes either electrons or muons. Here, R is the spin density matrix describing the
tt̄ pair production, encapsulating the spin correlations between the top quark and antiquark,
whereas, ρ and ρ̄ are the spin density matrices associated with the decay of the top quark and
antiquark, respectively.

The production spin density matrix, R, can be further decomposed into a basis for the top
quark and antiquark spin states. Using the Pauli matrices σi as a spin operator basis, this
decomposition takes the following form:

R ∝ AI⊗ I +
3∑
i=1

(
B+
i σ

i ⊗ I + B−i I⊗ σi
)

+
3∑

i,j=1

Cijσi ⊗ σj. (3)

Here, I is the 2×2 identity matrix, and σi are the Pauli matrices, which form a natural basis for
spin states aligned with the polarization axes of the top quark. The first matrix in the tensor
product acts on the top spin space, while the second operates in the top antiquark spin space.
The coefficient A is a scalar function related to the spin-independent tt̄ production rate, en-
coding contributions to the total cross section and top kinematics. B±i represent three-vectors
of functions that quantify the degree of polarization of the top quark (+) and antiquark (−)
along each axis of the chosen reference frame. Lastly, Cij is a 3 × 3 tensor of functions that
characterizes the correlation between the t− t̄ spins.

The choice of spin basis is not unique, but it is common in the literature [48] to adopt a specific
orthonormal basis that simplifies the decomposition of A, B± and C. The basis is defined in
the zero-momentum frame (ZMF) of the tt̄ pair, where all particles are boosted into this frame.
The direction of the incoming parton, p̂, and the outgoing top quark in the ZMF, k̂, are used
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to define the perpendicular direction to the scattering plane, n̂. To complete the set, the third
element r̂ is constructed as the vector orthogonal to both n̂ and k̂; together, these three vectors
form a right-handed orthonormal basis:

{k̂, n̂, r̂} : n̂ =
1

r
(p̂× k̂), r̂ =

1

r
(p̂− yk̂) with y = k̂ · p̂, r =

√
1− c2 (4)

The variables r and y correspond to r = sin Θ and y = cos Θ, where Θ is the scattering angle
of the top quark. Figure 6 illustrates this coordinate system, which is employed to define the
spin coefficients.

Figure 6: Reference system used to define the polarization and spin-correlation observables,
from [47]. The direction of the incoming partons is (dashed black lines) p, k̂ is chosen as the
in the direction outgoing top quark (solid red line). n̂ (blue circle with a dot/cross) is build
as the orthogonal direction to the scattering plane define by p and k̂. The r̂ vector (solid blue
line) is the cross product of k̂ and n̂. The set k̂, n̂, r̂ form a right-handed orthonormal basis.

In this basis, the functions expand as follows:

B±i = b±k k̂i + b±r r̂i + b±n n̂i,

Cij = ckk k̂ik̂j + crr r̂ir̂j + cnn n̂in̂j

+ crk(r̂ik̂j + k̂ir̂j) + cnr(n̂ir̂j + r̂in̂j) + ckn(k̂in̂j + n̂ik̂j)

+ cn(r̂ik̂j − k̂ir̂j) + ck(n̂ir̂j − r̂in̂j) + cr(k̂in̂j − n̂ik̂j).

(5)

In total, the expansion yields 15 independent coefficients with symmetric and antisymmetric
components in C. These coefficients depend on the center-of-mass energy squared of the par-
tons, ŝ, and the top quark scattering angle y.

As suggested in [47], the Bose-Einstein symmetry of the gg initial state imposes specific con-
straints on the definitions of the r̂ and n̂ axes, as these axes are odd under this symmetry. To
account for these constraints and enable measurements of non-vanishing values for the cor-
responding coefficient functions, a redefinition of the axes is necessary. The modified basis is
defined as follows:

(k̂, r̂, n̂)→ (k̂, sign(cos Θ)r̂, sign(cos Θ)n̂), (6)
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where the sign of cos Θ, which is odd under Bose-Einstein symmetry, establishes a consistent
“forward” direction for each event. This redefinition ensures that the axes align correctly with
the symmetries of the tt̄ production process. In Figure 6, this “axis per event” adjustment is
illustrated by the flipping of the signs of r̂ and n̂ at Θ = π/2. It is important to account for this
feature when constructing the observables for the coefficient functions introduced in Section
6.3.

In addition, inspection of additional variables —which have been shown to also be sensitive
to tt̄ spin correlations [54, 55]— can help identify significant variations in the distributions of
processes involving a top-antitop pair. For instance, |∆η`¯̀| and |∆φ`¯̀|, measure the differences
in pseudorapidity and azimuthal angle between the two charged leptons in dileptonic final
states. Observations of tt̄ spin correlation have been reported [49] using the azimuthal angle
difference, |∆φ`¯̀|. The presence of a third body (X) can alter the angular distribution of the
leptons due to the mass of the associated particle.4

Another set of variables concerning the tt̄ system are chel and chan, although not completely in-
dependent of the former spin and polarization coefficients, can highlight differences between
states with distinct parity properties when produced with an intermediate particle X . Here,
chel is defined as the cosine of the angle between the two leptons in the {k̂, r̂, n̂} basis5. Mean-
while, chan is a linear combination of the spin correlation coefficients, designed to enhance
sensitivity to parity-violating effects.

4.2 Boson decay variable

The sub-system involving a boson decaying to a bottom pair (X → bb̄) is targeted using the
angular distance of the decay products, | cos θ∗|. This variable is defined as the magnitude
of the cosine of the angle between the X particle and one decaying quark in the ZMF of X .
With this, the intrinsic spin of the boson particle is targeted. Spin-0 particles will produce
isotropic angular distributions, while spin-1 particles will exhibit preferred directions in their
decay products. Since the bottom quarks are indistinguishable in the detector, it is necessary
a measurement independent of whether the quark or anti-quark is chosen. For this reason
the absolute value of the cosine is taken, | cos θ∗| = | cos θ∗|+| cos(θ∗+π)|

2
. Figure 7 illustrates the

definition of this variable.

4.3 tt̄+X system

Although the formalism described in Sect. 4.1 was derived for tt̄ production, it can be ex-
tended to ij → tt̄X topologies (2 → 3 processes), maintaining the same structure for the vari-
ables defined above. This approximation has proven to be a valuable framework for various
analyses in dileptonic and lepton-plus-jets channels [47, 48, 54]. In the context of associated
boson production (pp → tt̄X), the formalism applies directly to the tt̄ pair. However, addi-
tional observables sensitive to the boson can further be included in the study.

4These calculations are performed in the laboratory frame, making them independent of boosts to the tt̄ ZMF.
5It can be shown that chel is equivalent to the trace of the spin correlation matrix.
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Figure 7: Illustration of θ∗ as the angle between the X particle and one of its decay b-quarks
in the rest frame of X . The black dot represents the X particle at rest. The two quarks have
opposite directions in this frame.

In particular, the angular distribution between the three relevant particles is targeted in this
work with the min(∆R{t,t̄,X}) variable. It consist on the minimum ∆R value among all three
combinations of particles {t, t̄, X}. Although this variable is correlated with the angular dif-
ferences of the leptons, its inclusion is motivated as it provides a direct probe of the properties
of the X particle.

This variable, sensitive to the whole tt̄X system, has the same caveat as | cos θ∗|, which is
reconstructing the associated X particle . A detailed argument about how this is performed
is presented in Sect. 7, however the difficulties it presents justify the caution when choosing
variables that are dependent of the method used for the reconstruction of particles.
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5 Simulated Samples

For this work simulated samples of proton-proton collision at LHC with a center-of-mass en-
ergy

√
s = 13.6 TeV, are used, corresponding to Run 3 conditions. Three distinct processes are

analyzed: tt̄H(→ bb̄), which is the signal process of interest, where a Higgs boson is produced
in association with a top-antitop quark pair, with the subsequently decay of the Higgs to a
pair of b-quarks. Also, the pair production of top quarks with in association with jets, tt̄+jets,
as primary background process which closely resembles the topology of the signal. One last
sample, is the Z boson production is association with a top quark pair tt̄Z(→ QQ̄)—with the
Z boson decaying to any pair of quarks—, primary used as a control region process, that can
be used to validate background model.

The datasets are simulated under the data-taking conditions of the years 2022 and 2023, cor-
responding to the initial phase of Run 3. Each year is further subdivided into two periods
due to significant detector issues and changes in its operational configuration. These divisions
ensure that variations in detector performance are properly accounted for during the analysis.

The 2022 datasets are categorized as preEE and postEE, reflecting a critical issue with the
ECAL Endcap (EE) in September 2022 [56].Additionally, the 2023 datasets are also divided
into preBPix and postBPix, due to a problem affecting the Barrel Pixel Detector (BPix) after the
first technical stop in June 2023 [57].

5.1 Monte-Carlo simulation

The simulation of the signal and background processes in this analysis is performed using
general-purpose MonteCarlo (MC) generators [58].

The event generation is performed at next-to-leading order (NLO) in QCD using the event gen-
erator POWHEG[59] for the signal tt̄H and background tt̄ samples, and MADGRAPH5_AMCAT-
NLO [60] for tt̄Z. These event generators calculate the matrix element (ME) of the hard scat-
tering and the relevant parton distribution functions (PDFs) are chosen accordingly. For all
the samples the PDFs from the NNPDF3.1 set is employed [61].

The former simulation of the hard scattering is then interfaced with the hadronization pro-
cess. For this task, PYTHIA8 generator is used [62], which simulates the fragmentation of
quarks and gluons into hadrons, including both initial (IFR) and final state radiation (FSR).
The hadronization process is modeled according to the QCD theory, ensuring that the gener-
ated particles match those observed in experiments.

Finally, the response of the detector is simulated using the GEANT4 framework [63], which
models the interactions of the simulated particles with the detector material. This step pro-
duces simulated detector data, allowing the same reconstruction algorithms applied to real
data to be used on the MC events. The detailed detector geometry and material properties are
incorporated in this step to achieve a higher level of accuracy.
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The MC samples are further adjusted to match the pileup conditions observed in the data.
Since the pileup distributions in the data and simulation may differ, an additional weight is
applied to the simulated events to match the pileup distributions. A list of all the simulated
signal and background processes, along with their respective cross sections and relevant event
generators, can be found in the Appendix B.

5.2 Particle Flow

The Particle Flow (PF) algorithm is designed to combine information from various detector
subsystems, such as the tracking system, the calorimeters (ECAL and HCAL), and the muon
system, to identify and reconstruct particles produced in collisions [64]. This multi-detector
approach enables more accurate and efficient particle reconstruction by leveraging the avail-
able data from all subsystems. The algorithm follows a sequential procedure, consisting of the
following steps:

1. Tracking and clustering: Charged particle tracks are reconstructed in the tracking sys-
tem using a combinatorial approach [65]. This algorithm builds trajectories by iterating
through the tracker layers, generating “seeds” from compatible hits, and performing a fit
to determine the momentum and direction of each track. In parallel, energy deposits in
the calorimeters are grouped into clusters using a topological clustering algorithm. This
process begins by identifying energy peaks (seeds) and combining adjacent cells that ex-
ceed noise thresholds. The clusters are then fitted under a Gaussian mixture model to
estimate their total energy and position.

2. Information matching: The PF algorithm correlates tracks with energy clusters and
muon system hits to identify particles. Tracks from the inner tracker are matched to
energy deposits in the ECAL and HCAL, as well as to signals in the muon chambers.
This matching reduces redundancies and guarantees an optimal performance of the sub-
detectors.

3. Particle identification: Here, the particle identification follows a hierarchical approach
based on the discriminability of particle signatures. Muons are firstly identified, as their
distinct signals in the muon system make them the most straightforward to classify.
Then, electrons are identified next, using the association between ECAL clusters and
tracks. The reconstruction uses bremsstrahlung effects by combining nearby clusters
into superclusters. Charged hadrons are assigned by matching the remaining tracks to
energy clusters in the calorimeters. Finally, neutral particles such as photons and neutral
hadrons are identified using residual calorimetric energy clusters not associated with
tracks.

4. Removal of used information: After each particle is identified, the corresponding infor-
mation from the subdetectors is removed from further consideration. This ensures that
subsequent steps operate on unutilized data, preventing duplication or misclassification.
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5.3 Object reconstruction

The reconstruction and identification of physical objects, such as particles, jets, and missing
transverse momentum, is essential for analyzing the data collected by the CMS detector. The
information from various subdetectors is processed to reconstruct the kinematic properties
and identities of the particles produced in each event.

To achieve this, the PF algorithm plays a central role in the reconstruction process. Once
PF blocks are formed, they are further analyzed to identify and reconstruct physical objects,
which includes matching the reconstructed particles to specific signatures required for the
analysis. In this step, criteria are optimized for each object type to enhance the precision of
the reconstruction process while minimizing misidentifications. The Particle Flow framework
helps streamline the identification and reconstruction of objects like electrons, muons, and
jets, and it provides a detailed event description that mirrors the physical processes in proton-
proton collisions.

In this subsection, key components and criteria involved in object reconstruction are intro-
duced, setting the stage for the detailed definitions and reconstructions necessary later in the
analysis.

5.3.1 Electrons

Electrons are reconstructed in the CMS detector by combining information from the track-
ing system and the ECAL. Due to their electric charge, electrons leave a distinct track in
the inner tracking system, which is associated with a corresponding energy deposit in the
ECAL, resulting from the electromagnetic shower they produce. This shower is influenced by
Bremsstrahlung radiation, causing energy loss, which is taken into account during reconstruc-
tion. To accurately identify electrons, several criteria are applied. The reconstructed track must
match the energy deposit in the ECAL, forming a supercluster (SC), and the shower shape in
the ECAL is used as a key discriminator, with electrons typically having a narrower, more
compact shower than hadrons. Isolation and identification cuts further reduce misidentifica-
tions, particularly from jets and photons, by requiring smaller energy deposits in the HCAL
relative to the ECAL and applying isolation requirements to minimize contamination from
nearby particles. Due to inefficiencies in the transition region between the barrel and endcap
sections of the ECAL, electrons with pseudorapidity in the range 1.4442 < |η| < 1.5660 are
excluded.

For the data taking period of Run 3, two main approaches for electron identification are pos-
sible in the CMS detector: a cut-based identification—used in previous years— and a novel
multivariate analysis (MVA) technique. In this work we use the MVA identification algorithm
[66]. This method uses a combination of multiple variables to assign a probability to each elec-
tron candidate being a true electron [67]. The MVA approach incorporates more information
and can provide better identification efficiency, particularly in cases where the separation be-
tween electron and non-electron particles is less clear. For the analysis, electron identification
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criteria including isolation requirements and a working point with an efficiency of 80% are
used [68].

5.3.2 Muons

Muons are primarily identified in the CMS detector using the inner tracking system and the
muon chambers, as they deposit minimal energy in the calorimeters. Tracks are independently
reconstructed in both subsystems and are considered “global muons” if their trajectories are
compatible. To ensure precise identification, global muons must meet several quality criteria,
including cuts on the fit to track measuring the goodness (χ2) and a requirement for the re-
constructed muon trajectory to intersect with multiple detection layers in the muon chambers,
minimizing misidentifications from hadrons that penetrate into the muon system. Addition-
ally, cuts on matched tracker and muon chamber hits help reduce muons from “in flight”
decays. To further improve accuracy, the position of the reconstructed track relative to the pri-
mary vertex is restricted, with transverse (dxy) and longitudinal (dz) distances (impact param-
eter) requirements to minimize pileup effects. Isolation conditions are also applied, ensuring
that the sum of the pT of hadrons and photons within a cone of ∆R < 0.4 around the muon,
divided by the muon pT , stays below a specified threshold. Corrections for pileup contribu-
tions are included in this calculation.

ID requirements are applied to candidates within the range 15 < pT < 200 GeV, and a recon-
struction acceptance of |η| < 2.4 [69]. For the "tight" identification, additional conditions are
imposed, such as a normalized χ2/ndof < 10 for the global track fit, more than one matched
station in the muon chambers, and more than five hits in the tracker. Isolation, vertex align-
ment, and other identification criteria are included when defining the working point. Muon
reconstruction efficiency for the tight ID and tight PF isolation (corresponding to a Particle
Flow isolation ∆R < 0.15) is about < 96% [70] for the 2022 and 2023 period at

√
s = 13.6 TeV.

5.3.3 Jets

The reconstruction of jets aims to identify quarks and gluons by clustering their associated
hadronic showers. In this thesis, the anti-kt algorithm [71] is used with a distance parameter
of ∆R = 0.4 to match particle candidates into jets. To account the high number of particles
per event during Run 3, the Pileup Per Particle Identification (PUPPI) algorithm is employed to
moderate the impact of pileup on jet reconstruction [72].

Only jets with a pT > 30 GeV and a pseudorapidity |η| < 2.4 are considered. Jets within
∆R < 0.4 of any selected lepton are vetoed to prevent overlap between leptons and jets. Ad-
ditionally, jet energy corrections (JEC) are applied. These corrections account for contributions
from pileup, detector response, and residual differences between simulation and data.

Jet ID requirements are applied to restrict the energy fractions and composition of jet con-
stituents, improving the purity of the reconstructed jets and reducing misidentifications. More-
over, events with jets in regions with irregular detector responses are excluded using veto
maps.
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b-tagging

Identifying jets originating from bottom quarks (b-tagging) is a fundamental task in analyses
involving top quark decays. This process relies on advanced multivariate algorithms that ex-
ploit a wide range of jet features, such as the position of secondary vertices and the particle
composition within the jet.

For Run 2, the state-of-the-art tagger was DeepJet [73], a deep neural network designed for
multi-classification tasks. It utilizes low-level properties of charged and neutral particle-flow
jet constituents, complemented by secondary vertex information, achieving excellent heavy
flavor tagging performance.

For Run 3, new-generation algorithms have been introduced to further enhance b-tagging
performance. The ParticleNet algorithm [74], represents jets as unordered "particle clouds"
rather than ordered collections of constituents, preserving permutation invariance. It uses
a dynamic graph convolutional neural network to effectively incorporate low-level jet infor-
mation, excelling in heavy flavor tagging and hadronic tau identification. Additionally, the
RobustParTAK4 model employs a modified ParticleTransformer [75] architecture, which in-
troduces pairwise interaction features between jet constituents and secondary vertices. It also
incorporates Adversarial Training to improve robustness against mismodeling in Monte Carlo
simulations. This feature distorts input features during training to help the model classify jets
more reliably across varied input distributions.

The last two algorithms represent significant advancements in b-tagging, leveraging state-
of-the-art neural network architectures to enhance sensitivity and robustness in identifying
bottom quark jets. Their complementary designs enable optimized performance across a range
of jet topologies ensuring precise and efficient classification.

5.3.4 Missing transverse momentum

The missing transverse momentum (pmiss
T ), also called missing transverse energy or MET, is a

crucial observable in this thesis which dileptonic decays from W bosons. It is defined as the
negative vectorial sum of the transverse momenta of all detected final state particles:

pmiss
T = −

∑
i

pT,i.

Due to energy-momentum conservation and the very small transverse momentum of the col-
liding protons before the interaction, pmiss

T corresponds to the transverse momentum carried
by undetected particles. It is common, in processes such as top quark pair production, that
pmiss
T primarily arises from neutrinos escaping the detector.

However, mismeasurements of the pT of reconstructed particles can contribute substantially
to pmiss

T , which requires to be taken in consideration when calculating the MET and its uncer-
tainties. The recommendation from CMS is to use the PUPPI algorithm for the MET recon-
struction.
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6 Event selection

A baseline selection to target events containing the key particles needed for the analysis, is
build with a number of cuts applied to the data. These cuts define a specific phase space
carefully studied to optimize the object selection, as suggested in the work of K. Krasenbrink.
With this, non relevant events are filter-out providing a relatively clearer signal sample for
tt̄H(→ bb̄) dileptonic. In particular, the selection targets the decay products of the top quark,
the top antiquark, and a third particle, which may be a Higgs boson, a gluon, or a Z boson,
depending on the process under consideration.

1. At least four jets Njets ≥ 4, with minimum jet transverse momentum pT,jet > 30 GeV, and
maximum jet pseudorapidity |ηjet| < 2.4.

2. Exactly two oppositely charged leptons (any combination of electrons and muons is con-
sidered).

3. Muons within the range |η| < 2.4.

4. Electrons within the range |η| < 2.5.

5. A leading(subleading) lepton with pT > 25(15) GeV.

6. Invariant mass of e+e− and µ+µ− pairs: mee/µµ < 86 GeV or mee/µµ > 96 GeV.

7. Minimum invariant mass of same-flavor lepton pairs: mee/µµ > 20 GeV.

The first cut is the minimal requirement to select events with jets originating from the decay
of top quarks or boson —this plays a crucial role for the event reconstruction presented in
Sect. 7. While for a high signal purity it would be necessary to include at least three or four
b-tagged jets, statistical limitations for reconstruction—explained also in Section 7— led to a
more relaxed constraint, with no minimum number of b-tagged jets required. The requirement
for oppositely charged leptons, targets events where both top quarks decay through the dilep-
tonic channel. For same-flavor leptons, additional criteria on their invariant mass are imposed
to exclude the Drell-Yan window of Z boson production. Additional cuts are based on the
object reconstruction specifications for each type of particle following the IDs criteria.

On the following, the concept detector-level information will be used numerous times. It refers
to any process or object reconstruction with the information provided from the detector, i.e.,
objects presented in Sect. 5.3. For example, jets are the detector-level information of quarks
and gluons after parton showering. In the case of leptons, these correspond to the same object
before and after detector-level, however, additional challenges can arise, such as non-prompt
leptons which will increase the complexity of the identification process.

On the other hand, the particle-level information, describes the objects independent of the de-
tector effects; such as bare quarks, leptons and neutrinos among others. Accessing this kind
of information is one strength of using MC simulations, which allow the study of processes at
a elementary-particle stage. Whose results can help the understanding of observations made
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with experimental data and also provide useful information of detector effects. However,
particle-level analyses must be carried and interpreted with caution, since MC samples are
typically based on the SM and possible BSM effects will not be visible. Nevertheless, this type
of limitation is not expected to impact in the work.

Before continuing is important to clarify some aspects. Although the following analysis fo-
cuses exclusively at particle-level it is necessary to reconstruct the intermediate particles in
order to build the observables. For such task, some requirements are applied to the particles
which is a sort of "event reconstruction" at particle-level stage which is not common in the
majority of analysis. The idea of introducing the above event selection, which will be use later
in the following section with detector-level particles, is to make the reader familiar with ap-
plying a criteria to filter-out events that are not important for the signal extraction.

It would be possible to construct the observables directly from the particle-level information
of the top quarks and the associated gluon (depending on the process). However, to ensure a
meaningful comparison between particle- and detector-level results, the observables must be
built following the same reconstruction steps. Therefore, in the next sub-sections, the deriva-
tion will start from the decay products—quarks, gluons, and leptons—ensuring consistency
throughout the analysis.

6.1 Polarization and spin observables in dileptonic events

The treatment given in Section 4.1, where the coefficients function were defined and a specific
basis was presented, was mainly theoretical and using exclusively top spin states. From an
experimental point of view, to build the observables, a slightly different basis must be chosen
along with the particles used to reconstruct the top quarks.

As mentioned above, the focus relies on LHC tt̄ production with top quarks decaying in the
dileptonic channel:

pp→ tt̄X → `+`− + jets + MET, (7)

with ` = e, µ. The final products are described as detector-level objects, with the jets as the
result of hadronization of the bottom quarks and the MET as the visible neutrinos’ signal.

Since the polarization and spin observables cannot be measured directly using the top quarks,
the lepton directions are used instead due to its high spin analysing power (κ`+ ≈ 1). Addi-
tionally, for proton-proton collisions, a basis based on Eq. (4) is built, choosing p̂p = (0, 0, 1)
as the direction of the proton beam in the +ẑ direction in the CMS laboratory reference frame
(see Sect. 3.1.1), and constructing n̂p and r̂p accordingly.

With all these considerations, the four-fold angular distribution for the leptons can be derived
and obtaining the concerning observables [47]. The observables with their corresponding co-
efficient function are summarized in Table 1. The notation used here is lower-index of 1 and
2 for the positive and negative lepton, respectively. While θi1 and θj2 are the angles of such
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Table 1: Observables and their corresponding polarization and spin coefficient functions.

Observable Coefficient function

cos θk1 b+
k

cos θk2 bk
cos θr1 b+

r

cos θr2 br
cos θn1 b+

n

cos θn2 bn
cos θk1 cos θk2 ckk
cos θr1 cos θr2 crr
cos θn1 cos θn2 cnn
cos θr1 cos θk2 + cos θk1 cos θr2 crk
cos θr1 cos θk2 − cos θk1 cos θr2 cn
cos θn1 cos θr2 + cos θr1 cos θn2 cnr
cos θn1 cos θr2 − cos θr1 cos θn2 ck
cos θk1 cos θn2 + cos θn1 cos θk2 ckn
cos θk1 cos θn2 − cos θn1 cos θk2 cr
chel −(ckk + crr + cnn)/3

leptons with respect to the direction of the i and j axis (k̂p, r̂p and n̂p), in the rest frame of each
parent top quark.

6.2 Quantifying the statistical separation power of observables

In order to quantitatively assess the difference in shape between the signal and background
distributions, it is necessary to define a metric for their distinction. One widely used method
in multivariate analysis (MVA) [67] is the separation of a variable x, denoted by S2, which is
defined as:

S2 =
1

2

∫ (
f̂S(x)− f̂B(x)

)2

f̂S(x) + f̂B(x)
dx (8)

where f̂S(x) and f̂B(x) represent the probability density functions of the signal and back-
ground distributions of x, respectively. In this context, the separation S2 is zero when the
signal and background distributions are identical in shape, and it is one when the two distri-
butions do not overlap.

Equation (8) can also be expressed in terms of the histogram binning of the distributions,
allowing for a discrete calculation of S2. Additionally, the uncertainty on S2 can also be eval-
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uated. An expression for the discrete sum is given by:

S2 =
1

2

∑
i

(fi,S − fi,B)2

fi,S + fi,B

σS2 =
1

2

∑
i

fi,S − fi,B
(fi,S + fi,B)2

√
(fi,S + 3fi,B)2 σ2

i,S + (−3fi,S + fi,B)2 σ2
i,B,

(9)

where the index i runs over each bin of the histogram. Here, fi,S and fi,B denote the number
of events in the i-th bin for the signal and background, respectively, and σi,S and σi,B are the
associated uncertainties for each bin. The distributions are normalized following

∑
i fi,S =∑

i fi,B = 1.

6.3 Distributions of observables for the tt̄H , tt̄Z and tt̄ + bb̄ processes

An initial examination of the observables is performed at particle level (i.e., without applying
the event selection criteria from Sect. 6). This approach provides valuable insights to optimize
the analysis described in Sect. 7.2. Specifically, the spin correlation observables presented in
section 4.1 are evaluated alongside additional variables introduced in Sects. 4.2 and 4.3. By
analyzing these distributions, it is possible to discard variables that exhibit poor separation
between signal and background, allowing the subsequent study at detector level focusing ex-
clusively on the most discriminative observables.

The particle-level distributions, evaluated in the inclusive phase space, are presented in Fig-
ures 8, 9, and 10. Additionally, the transverse momentum (pT ) of the bottom quark pair closest
in ∆R is included in the analysis for comparison purposes (Figure 11). This variable ranks
among the most relevant in the BDT employed for signal-to-background enhancement [5].
Its inclusion here serves as a "standard candle," providing a benchmark for comparing the
separation performance of the variables from this work. The distributions consider the three
samples, with the signal process tt̄H , where the Higgs boson decays to a bb̄ pair. The only
requirement in this inclusive phase space the presence of dileptonic events, characterized by
two oppositely charged leptons of any flavour (e± or µ±), two neutrinos (νν̄), and four bottom
quarks. This setup allows the reconstruction of the necessary particles for calculating the ob-
servables.

Figures 8 and 9 display the polarization and spin correlation observables, respectively. These
observables are calculated by projecting the momentum of the lepton (l̂1) or antilepton (l̂2)
onto the coordinate axes {k̂, r̂, n̂}. Under the assumption that the top and antitop quarks
share the same polarization, the observables are expressed as sums and differences of the two
particles’ contributions. Additional angular observables are shown in Figure 10, including the
azimuthal (∆φ) and pseudorapidity (∆η) differences of the lepton-antilepton pair, the variable
| cos θ∗| (see Figure 7), and the minimum ∆R among any combination of the Higgs boson, top
quark, and antitop quark.

Distributions are normalized across the three samples, since the focus remain on the shape
comparison between signal and background, providing useful insights for the signal signif-
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icance. Such normalization is essential for evaluating the separation power of the variables
and improves the visualization of the distributions, given the substantial differences in cross
sections between the processes.
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Figure 8: Sum (left) and difference (right) of the polarization observables cos θi1 ± cos θi2 shown in Table 1, projected
on different axis. Three processes are included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and
tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio plots (below) are calculated for the background
and tt̄Z over the signal.
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Figure 9: Spin correlation observables from Table 1 projected on three basis axes. Three processes are
included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line).
Uncertainties are purely statistical. Ratio plots (below) are calculated for the background and tt̄Z over the
signal..
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Figure 10: Distributions of absolute differences in φ and η of the lepton-antilepton pair (top row). chel and chan spin infor-
mation variables (middle row). The | cos θ∗| (bottom left), is the angle between the bottom quark in the rest frame of a gluon
particle, and the direction of the gluon. The minimun ∆R (bottom right) of any combination from the top, antitop and Higgs.
Three processes are included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line).
Uncertainties are purely statistical. Ratio plots (below) are calculated for the background and tt̄Z over the signal.
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Figure 11: Transversal momentum of the two closest, in ∆R, bottom quarks. Three processes
are included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and tt̄Z(→ bb̄)
(yellow line). Uncertainties are purely statistical. Ratio plots (below) are calculated for the
background and tt̄Z over the signal.

Only statistical uncertainties are considered in this analysis, represented by the error bars in
the distributions. These uncertainties are calculated assuming Poisson statistics, with the stan-
dard deviation given by σ =

√
N , where N represents the number of counts in each bin. Addi-

tionally, ratio plots are included below each distribution, illustrating the fraction of events in
the background samples relative to the tt̄H signal process. These ratio plots provide valuable
insights into the discriminating power of the variables under study.

Inspecting Figures 8 and 9, the polarization and spin correlation observables of the tt̄ system
exhibit nearly identical shapes for the signal and background distributions, with peaks cen-
tered around zero, as predicted by theory [48]. Minor discrepancies are observed in the tt̄Z
sample for the polarization observables and the diagonal spin correlation coefficients (Cii), al-
though these differences present a relative low separation power. However, these observables
offer limited separation power for distinguishing signal from background and will therefore
be excluded from further analyses in the subsequent section. Diagonal elements = chel

Regarding the angular variables in Figure 10, several distributions show greater discrimina-
tion. The angular differences of the lepton-antilepton pair (|φ`¯̀| and |η`¯̀|, top row) display
similar shapes across all samples, with minor variations at extreme values. The observables
chel and chan exhibit similar trends for the tt̄H signal and the tt̄ + bb̄ background (elaborar di-
ciendo que tienen mas predominancia hacia uno lo que refleja una mayor correlacion de los
top quarks), whereas the tt̄Z sample shows an opposite behaviour for chel.
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The variable | cos θ∗| stands out as the most distinctive when comparing shapes between the
tt̄H signal and the main tt̄+bb̄ background. This result aligns with theoretical expectations; the
Higgs boson, being a scalar particle with spin-0, decays isotropically into a bb̄ pair, resulting in
a flat angular distribution. In contrast, the background samples (tt̄Z and extra jets from tt̄+jets
production) involve vector bosons with spin-1, leading to characteristic angular distributions
for the bb̄ pair [16]. These differences are clearly observed in the simulated data.

Concerning the last observable in Figure 10 (bottom right), representing the minimum ∆R
among any combination of the Higgs, top, and antitop quarks, also shows significant separa-
tion between signal and background. For the tt̄H sample, events with lower ∆R values are
more frequent, indicating that the Higgs boson is often more collinear with the top quark com-
pared to other bosons such as the Z or jets from tt̄+jets production.

The reference variable used in the analysis [5] is presented in Figure 11. The distribution for
the tt̄ + bb̄ background peaks at lower pT values compared to the tt̄H and tt̄Z samples. It
is important to note that this variable is not entirely independent of min(∆R{t,t̄,H}), as both
are influenced by the kinematics of bottom quarks. However, pmin

T (∆Rbb) is closely tied to the
transverse momentum of the bosonic particles, whereas the new variable introduced in this
work focuses on the angular distance between the relevant boson and the top quarks.

Table 2 summarizes the calculated separation values for each variable, along with their cor-
responding statistical uncertainties. These values provide quantitative metrics to assess the
discriminating power of each observable in separating the tt̄H signal from the background
processes.

Based on these results, five variables are selected for further study at particle-level, ranked by
their separation power (from highest to lowest): | cos θ∗|, min(∆Rt,t̄,H), |∆η`¯̀|, |∆φ`¯̀|, and chel.
There is a difference of two orders of magnitude in separation power between the first two
variables and the lepton-pair observables. Nevertheless, the latter are included in the analysis
due to their independence from the reconstruction of the top quarks and the boson. Addi-
tionally, although chel has a relatively low separation power, it offers valuable information for
distinguishing the tt̄Z sample from the signal.

The motivation for including the tt̄Z process in the analysis was to use it as a control region,
orthogonal to the signal, to model the challenging tt̄ + bb̄ background. However, it has been
shown to provide relatively good separation power for the chel variable. Therefore, in future
analyses aiming to compare tt̄Z and tt̄H , incorporating this process could be beneficial. The
separation power of tt̄Z and the signal can be found in appendix C.

33



Table 2: Summary of S2 values with the statistical uncertainty for the tt̄ + bb̄ background and
tt̄Hbb̄ signal samples for each variable, in descending order. The last row contains one of the
best variables for the BDT used in the [5] analysis.

Variable S2± (stat.)

| cos θ∗| (1.0078± 0.0055)× 10−1

min(∆Rt,t̄,H) (9.840± 0.045)× 10−2

|∆η`¯̀| (2.554± 0.079)× 10−3

|∆φ`¯̀| (1.120± 0.055)× 10−3

cos θr1 cos θk2 + cos θk1 cos θr1 (1.22± 0.18)× 10−4

chel (5.1± 1.2)× 10−5

cos θn1 + cos θn2 (3.4± 1.1)× 10−5

cos θr1 cos θr2 (2.91± 0.88)× 10−5

cos θn1 cos θn2 (2.57± 0.84)× 10−5

cos θr1 + cos θr2 (2.24± 0.90)× 10−5

cos θr1 − cos θr2 (2.20± 0.89)× 10−5

cos θk1 cos θn2 − cos θn1 cos θk2 (2.18± 0.77)× 10−5

cos θk1 cos θk2 (2.07± 0.75)× 10−5

cos θk1 cos θn2 + cos θn1 cos θk2 (1.97± 0.73)× 10−5

cos θk1 + cos θk2 (1.80± 0.83)× 10−5

cos θr1 cos θk2 − cos θk1 cos θr2 (1.70± 0.68)× 10−5

chan (1.60± 0.66)× 10−5

cos θn1 − cos θn2 (1.23± 0.65)× 10−5

cos θn1 cos θr2 + cos θr1 cos θn2 (1.22± 0.58)× 10−5

cos θk1 − cos θk2 (1.13± 0.63)× 10−5

cos θn1 cos θr2 − cos θr1 cos θn2 (1.01± 0.52)× 10−5

pT [min(∆Rbb)] (2.1283± 0.0074)× 10−1
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7 Event reconstruction

Until this point, all observables have been calculated at particle-level. While these results are
important from a theoretical perspective, they cannot be directly compared to experimental
data. Instead, the analysis must be performed at detector-level, where physical observables
are derived from the objects identified by the detector (Sect. 5.3). This section details the pro-
cess of reconstructing all relevant particles from detector-level information and generating the
corresponding observables.

Reconstructing events from detector-level information poses significant challenges. In this
work, the focus is on the tt̄H signal, with two main problems of interest. The first concerns the
dileptonic decay channel, where the reconstruction of both neutrinos is required. At detector
level, the only measurable quantity related to neutrinos is the missing transverse momentum
(6 pT ). Typically, analytic approaches are used for this reconstruction [76], involving six param-
eters in total (three momentum components for each neutrino, assuming they are massless).
These methods use the known masses of the W -boson and the top quark to constrain the free
parameters and recover the neutrino kinematics.

The second major challenge is jet assignment. At detector-level, quarks and gluons cannot be
detected at its elementary state, leaving a trace of particles in a certain direction (jets). Com-
monly, designated scores like b-tagging, c-tagging, or light-flavor tagging are employed [77]
to identify the jets provenance, i.e. how likely they are originated from a specific quark. These
scores estimate the likelihood that a jet originates from a specific type of quark, using indirect
methods based on secondary vertex reconstruction, track information, and impact parameter
algorithms [78]. However, these approaches rely on limited information. Recent advance-
ments in machine learning have shown promising results in jet assignment tasks, leveraging
state-of-the-art techniques [79], [80].

This work employs SPANet, a deep learning architecture, to address both challenges in par-
ticle reconstruction. With the network is possible to assign jets originating from b-quarks to
their respective parent particles (top quark, antitop quark, and Higgs boson), enabling the cal-
culation of observables at detector level. The following sections describe the architecture of
SPANet and its performance in the dileptonic channel.

7.1 Jet assignment and neutrino regression with the SPANet model

Reconstructing heavy particles such as the top quark and Higgs boson presents significant
challenges, many of which can be addressed using machine learning techniques. SPANet [81]
is a specialized neural network architecture which target events involving top quarks, offer-
ing a novel approach to event reconstruction through symmetry-preserving attention mech-
anisms. These mechanisms explicitly incorporate the intrinsic symmetries of the problem,
providing an efficient framework for solving jet-parton assignment tasks.

Traditionally, jet assignment has been addressed using analytic methods such as χ2 fits [82] or
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kinematic likelihood methods [83]. However, these approaches face some limitations such as
the combinatorial explosion caused by the need to evaluate all possible jet permutations. In
high-energy physics experiments, such as those conducted at the LHC, processes with high jet
multiplicity and backgrounds with similar topology as signal, further degrade the efficiency
and accuracy of these standard methods.

SPANet overcomes these challenges by leveraging symmetries to significantly reduce the num-
ber of jet permutations required. Initially developed for the reconstruction of fully hadronic tt̄
(i.e. with the W from the top decaying exclusively to a pair of quarks, which produces six jets
in the final state), SPANet has been adapted to handle an arbitrary number of objects. More-
over, it incorporates auxiliary features such as regression for neutrino reconstruction in semi-
and dileptonic events, as well as signal-vs-background classification. By efficiently assign-
ing jets to their parent partons, SPANet not only enhances reconstruction accuracy but also
reduces computational complexity, making it a robust tool for reconstructing heavy particle
decays in high-energy physics.

Figure 12: Diagram of the SPANet architecture. Data flows from left to right: inputs are de-
noted by εi, assignment outputs by Pj , regression results such as ην andmtt̄, and a classification
output S/B. Components from previous implementations are shown in black, while newly in-
troduced elements are highlighted in blue. Taken from [84].

Figure 12 illustrates the SPANet architecture, with new added features (highlighted in blue)
enabling the reconstruction of dileptonic events. The input consists of vectors representing
the kinematic properties of detector-level objects, such as jets, leptons, and the missing trans-
verse momentum (pmiss

T ). These vectors are embedded into a high-dimensional latent space
and processed by a central transformer encoder [84]. This encoder integrates relative infor-
mation between all jets, capturing angular correlations, energy distributions, and global event
patterns. To ensure permutation invariance and avoid introducing an artificial order among
the inputs, positional embeddings are omitted.

Following the central encoder, SPANet employs individual transformers customized to each
resonance particle. These transformers extract relevant features for reconstructing specific par-
ticles, utilizing learned symmetries to optimize the jet assignment process. A key innovation
of SPANet is its ability to compute the joint probability of each jet being assigned to a given res-
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onance particle. This is accomplished through a symmetric tensor attention layer [85], which
embeds symmetry constraints directly into the attention mechanism. The resulting output is
a joint probability distribution over jets, reflecting their likelihood of being associated with
particular resonance particles.

To address the factorial growth of computational complexity associated with evaluating all jet
permutations, SPANet divides the network into separate branches for each resonance particle.
This design reduces the runtime complexity from O(N !) to O(Nkp), where kp represents the
number of decay products of the resonance particle. This efficiency enables SPANet to perform
robust event reconstruction even in scenarios with high jet multiplicity, making it particularly
well-suited for tasks such as dileptonic tt̄H reconstruction.

7.1.1 Network training

The training of SPANet is performed using the tt̄H sample, applying the event selection crite-
ria outlined in Sect. 6. The first step involves generating the true assignment labels, T , which
encode the particle-level information, specifically the provenance of b-quarks (i.e., whether
they originate from the top quark or the Higgs boson). This assignment process matches each
quark one-to-one with a corresponding detector-level jet, provided that their angular sepa-
ration satisfies ∆R < 0.4. This process enables the network to correctly associate jets with
their respective resonance particles, allowing it to learn essential features from the data, and
improving the performance to distinguish between jets originating from different resonance
particles.

Additionally, for leptonic events, neutrino information is crucial. SPANet is capable of recon-
structing both neutrinos (in dileptonic events) through a regression module introduced in the
latest version of the model [81]. The kinematics of the neutrino and antineutrino are derived at
the particle level and subsequently introduced into the regression part of the network config-
uration (see Fig. 13). The optimal set of variables for the regression are the three-momentum
components of the neutrino and antineutrino: px, py and pz.

The following information is used as input for the training process:

• Jets: pT , η, φ, M , b-tagging, ∆Rj,` and mj,`.

• Leptons: pT , η, φ, M and a lepton-flavour key.

• MET: pT and φ.

Here, pT , η, φ, and M (mass) represent the kinematic information of the objects. Additionally,
the b-tagging score (ranging from 0 to 1) is used to identify jets that are more likely to originate
from a bottom quark. Three b-tagging algorithms, as described in Sect. 5.3.3, are included as
inputs. Although these algorithms are correlated, they provide complementary information
that aids in identifying jets from resonance particles with high b-tagging scores. Additionally,
the ∆R of the jets with the leptons as well their invariant mass (jet and lepton), are included
in the network. This is behind the idea that jets coming from the top quark will have certain
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INPUTS EVENT REGRESSIONS
– Sequential: – Global: – t – Event:
— Jets: — Leptons: — b — ν, px
—— pT —— pT – t̄ — ν, py
—— η —— η — b — ν, pz
—— φ —— φ – H — ν̄, px
—— M —— M — b1 — ν̄, py
—— b-tagging —— flavour — b2 — ν̄, pz
—— ∆Rj,`+

—— ∆Rj,`− — MET PERMUTATIONS CLASSIFICATIONS
—— mj,`+ —— pT – H
—— mj,`− ——φ — [b1, b2]

Figure 13: Configuration of SPANet for training: The INPUTS include the kinematics of lep-
tons and jets, as well as the missing transverse momentum. Neutrino information is incorpo-
rated into the REGRESSIONS module. The event topology, describing the resonance parti-
cles and their decay products, is specified in the EVENT section. Symmetries are integrated
through the PERMUTATIONS module. A signal-to-background CLASSIFICATION task is
also supported, though not used in this work.

correlation to the leptons as it would be a "pseudo-top" reconstruction despite not including
the neutrino. While jets not coming from the top will have zero correlation with the leptons.
Thus introducing this information could help SPANet identifying correctly the provenance of
jets. For leptons, a boolean input is used to distinguish whether the lepton is an electron or a
muon, accounting for differences in reconstruction efficiencies and misidentification rates [68,
70]. This information allows SPANet to adjust its training for events with muons or electrons
(with reconstruction efficiencies of 99% and 80%, respectively), improving overall reliability.

The sample is divided into three subsets for the training process: a training set, a validation
set, and a test set. The training set is used to train the network’s parameter, while the valida-
tion set helps monitor and avoid overfitting. The test set is kept independent from the training
process and is used to evaluate the performance on unseen data. The number of events and
the corresponding fractions for each of these subsets are shown in Appendix A.

The hyperparameter tuning proposed by [85] was specifically optimized for the tt̄H (full-
hadronic) process and is applied in this work. These optimized values are provided in the
Appendix.

This analysis represents the first application of SPANet to a dileptonic sample, testing its capa-
bilities in a more complex environment. The results obtained are novel and provide valuable
insights into SPANet’s performance in reconstructing events with leptonic final states.
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7.1.2 Jet assignment and neutrino regression performance

The performance of SPANet is evaluated using the test sub-sample, focusing on fully-reconstructable
events. These are defined as events where all resonance particles can be fully reconstructed
because their decay products are identified. This distinction is crucial, as certain events may
contain four jets, but not all originate from the relevant particles; some jets may result from
extra processes, such as parton showers. By selecting fully reconstructable events, it is possible
to directly compare SPANet’s predictions with the complete particle-level information. This
allows an assessment of the network’s ability to correctly assign jets to their respective parent
particles. The efficiency (ε) of the jet assignment task is defined as the ratio of the number of
events with correct assignments to the total number of fully reconstructable events.

Jet assignment efficiencies are calculated separately for each resonance particle in the tt̄H sam-
ple. For the top and antitop quarks, the task involves assigning one jet originating from the b-
and b̄-quarks, respectively, since the W -bosons decay leptonically. For the Higgs boson, both
jets from the bb̄ pair must be correctly identified. The reconstruction efficiencies for each parti-
cle are presented in Table 3.

Table 3: Reconstruction efficiencies for the Higgs, top and antitop quarks using SPANet.

Efficiency (%)

Higgs (H) 38.4
Top (t) 65.5

Antitop (t̄) 65.2

SPANet achieves notable reconstruction efficiencies, particularly for the Higgs boson. The ef-
ficiency for H → bb̄ outperforms previous works using analytic methods for this production
and decay channel [86]. To further investigate the network’s performance, the Higgs invariant
mass and transverse momentum (pT ) are reconstructed and shown in Figure 14. The events are
categorized based on the number of jets correctly assigned: 2-correct (both jets assigned cor-
rectly), 1-correct (only one jet assigned correctly), and 0-correct (neither jet assigned correctly).

The 1-correct category constitutes the largest contribution, accounting for 52.8% of the events,
followed by the 2-correct category with 38.4% and the 0-correct category with 8.8%. These re-
sults highlight the potential of SPANet in achieving reliable Higgs reconstruction.

A key characteristic of SPANet is its neutrino regression capability. The network predicts the
momentum components of the neutrinos using the input variables provided during train-
ing (see Sect. 7.1.1). These predictions are compared against the true particle-level neutrino
kinematics to evaluate the network’s performance. Figure 15 shows the distributions for the
neutrino’s three-momentum components (px, py, and pz) and energy (E). The term ideal re-
gression refers to the scenario where the network’s predictions exactly match the particle-level
neutrino values. Similar results for the antineutrino are included in Appendix D, displaying
identical trends in their distributions.
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Figure 14: Invariant mass and transverse momentum of the Higgs boson reconstructed from
two jets using SPANet. The distributions are categorized by events where both jets are cor-
rectly assigned (green), only one jet is correctly assigned (orange), and no jets are correctly
assigned (red).

From Figure 15, it can be observed that the transverse momentum components (px and py)
exhibit narrower distributions centred around zero, with an excess of events with transversal
momentum closer to this value. It may be the caused for SPANet over-fitting events to the max-
imum of distributions as also happens with the energy near the peak around 50 GeV. More-
over, the regression for the longitudinal momentum pz would be the direct result of SPANet
predicting more events with low pT and therefore higher pz. However, the excess of events for
pz is not accumulated in the tails, instead, they are in a intermediate place between the peak
and said tails. This is in agreement with the network predicting, events with less energy as ob-
served in the bottom right of Figure 15. In general, SPANet seems to be biased towards "more
frequent" events, which gives robustness in the presence of outliers, but can aslo negatively
affect to the performance of the regression. The regression for the anti-neutrino produces the
same results and can be found in Appx. D.

Additionally, the two-dimensional distributions of SPANet prediction versus the true particle-
level for some neutrino and anti-neutrino variables are provided in Appendix E. The diagonal
red line corresponds to perfect agreement between predictions and true values, which can be
used as a reference for good performance. For most of the variables the agreement is good at
low values, however, the prediction is notably worse for high values. What is expected, given
that the network cannot learn many features (at high values) with a small number of events,
compare to the low values where most of the events accumulate.

40



-200 -150 -100 -50 0 50 100 150
px [GeV]

0

2000

4000

6000

8000

10000

12000

14000

16000

C
ou

nt
s 

/ b
in

CMSPrivate Work
√

s = 13.6 TeV
Neutrino

Ideal regression
SPANet regression

-200 -150 -100 -50 0 50 100 150
py [GeV]

0

2000

4000

6000

8000

10000

12000

14000

16000

C
ou

nt
s 

/ b
in

CMSPrivate Work
√

s = 13.6 TeV
Neutrino

Ideal regression
SPANet regression

-300 -200 -100 0 100 200
pz [GeV]

0

2000

4000

6000

8000

10000

12000

C
ou

nt
s 

/ b
in

CMSPrivate Work
√

s = 13.6 TeV
Neutrino

Ideal regression
SPANet regression

0 50 100 150 200 250 300 350 400
E [Gev]

0

2000

4000

6000

8000

10000

12000
C

ou
nt

s 
/ b

in
CMSPrivate Work

√
s = 13.6 TeV

Neutrino

Ideal regression
SPANet regression

Figure 15: Regression of the neutrino momentum components (px, py and pz) and energy (E)
with SPANet (blue histogram). Ideal regression is the distribution assuming a 100% efficiency
of the network (built with the particle-level neutrino information and without considering
detector effects).

7.1.3 Particle reconstruction efficiency

Once the jets are assigned and the neutrino momentum are obtained from the regression, the
top quarks and Higgs boson can be reconstructed. For the Higgs boson, only jets are required,
while the reconstruction of the (anti)top quark requires a jet, a positively(negatively) charged
lepton, and the (anti)neutrino.
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Unlike in the previous section, the reconstruction here includes not only fully reconstructable
events but also events where one or more jets from the resonance particles are missing. This
approach better reflects the conditions encountered when analyzing real data. The distribu-
tions for the Higgs boson and the top quark are shown in Figures 16 and 17, respectively. An
analogous distribution for the antitop quark is provided in Appendix F. These distributions
are categorized into three histograms:

1. Particle-level distribution: The true kinematic properties of the particles, derived without
detector effects.

2. Ideal reconstruction: Detector-level objects are used for jets and leptons, assuming 100%
jet assignment efficiency and perfect neutrino regression. This includes only fully recon-
structable events.

3. SPANet reconstruction: Jets and neutrinos are predicted by SPANet, while the lepton kine-
matics remain independent of the network.

To improve the reconstructed particle properties, jet energy regressions are applied to the jet
momenta. This ensures that the invariant mass distributions are centered around their respec-
tive pole masses. All histograms are normalized to unity for easier comparison.

Figure 16 shows the reconstructed distributions for the Higgs boson from two jets (coming
from the hadronization of of the bb̄ pair). The invariant mass distribution (top left) exhibits
similar mean values across all histograms, though the root-mean-square (RMS) values are
larger for the reconstructed cases. Due to the high resolution of the particle-level distribution,
a subplot focusing on the two reconstructions is included for clarity. Here, the SPANet re-
construction displays a leftward tail – with a smooth extended tail as well on the right side–,
mainly due to events in the 1-correct category (as shown in Figure 14). This broader distribu-
tion is entirely attributed to jet assignment inefficiencies.

For the transverse momentum (top right), the difference between the particle-level and ideal
reconstructions arises from detector resolution effects, though these are less pronounced than
for the mass. The SPANet prediction, influenced by the 1-correct category, also shows a slight
shift to lower values. Note that the 2-correct contribution from Figure 14 is equivalent to the
ideal reconstruction. The η and φ distributions (bottom row) are consistent with the particle-
level results within uncertainties. Differences in the η shape for the reconstructions are at-
tributed to detector smearing effects.

Figure 17 illustrates the reconstructed distributions for the top quark. Unlike the Higgs, the
reconstruction involves a jet, lepton, and neutrino, making the regression a critical factor in
the shape of the distributions. The invariant mass (top left) from SPANet exhibits a smaller
mean value compared to the ideal or particle-level cases, likely due to systematic biases in the
neutrino regression. The RMS is found to be narrower than the Higgs reconstruction, mainly
attributed to the higher jet assignment efficiency due to requiring only one jet.
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Figure 16: Reconstruction of the Higgs boson using SPANet. Distributions include invariant
mass (top left), transverse momentum (top right), pseudorapidity (bottom left), and azimuthal
angle (bottom right).

The transverse momentum distribution (top right) for SPANet shows a rightward shift com-
pared to the ideal case. This behavior cannot be explained by jet assignment, as only one jet is
used, but is instead linked to the neutrino regression. As observed in Figure 15, SPANet tends
to underestimate the transverse momentum components (px and py). This imbalance causes
an overestimation of the reconstructed pT for the top quark. In other words, when a top quark
decay in the top rest frame, the bottom quark and a W boson have the same transversal mo-
mentum in opposite directions. Also, the neutrino and lepton momentums are boosted in the
direction of the W boson. Hence, if the predicted neutrino pT is lower, the W boson will also
have a lower momentum and consequently the reconstructed top quark will have a not zero
momentum in its rest frame.

The η and φ distributions (bottom row) align closely with the particle-level results, with a
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Figure 17: Reconstruction of the top quark using SPANet. Distributions include invariant mass
(top left), transverse momentum (top right), pseudorapidity (bottom left), and azimuthal angle
(bottom right).

notable plateau in η. This feature, present in both the ideal and SPANet reconstructions, is not
only consequence of the neutrino but also from the resolution of the leptons.

7.2 Distributions of observables after particle reconstruction with SPANet

Once the resonance particles are reconstructed, the selected observables can be calculated at
detector-level. Following the preselection derived in Sect. 6.3, only variables with the highest
separation power are included in this analysis. The shapes of the reconstructed distributions
are expected to differ from their particle-level counterparts due to three main factors: (1) the
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use of detector-level objects (jets instead of quarks), (2) the performance of SPANet in jet as-
signment and neutrino regression, and (3) the fiducial phase space defined by the event selec-
tion criteria. The reconstructed observables are shown in Figure 18, alongside their particle-
level equivalents for comparison (dashed lines).6

From Figure 18, several interesting trends can be observed. The angular differences of the
leptons (|∆φ`¯̀| and |∆η`¯̀|, top row) remain unaffected by SPANet, as their reconstruction is
independent of jet assignment or neutrino regression. The minor deviations from the particle-
level shapes are attributed to lepton reconstruction efficiencies and the pT threshold applied
in the detector trigger.

More significant changes are observed in the chel distribution (middle left). For the tt̄H signal
and tt̄ + bb̄ background, the distribution shows increased slopes in all cases, while for the tt̄Z
background, the trend reverses compared to the particle-level shape. This behavior reduces
the discriminating power of chel between tt̄H and tt̄Z. Similarly, the | cos θ∗| distribution (mid-
dle right) exhibits a significant flattening for the tt̄+ bb̄ sample, losing the characteristic shape
associated with vector boson decays. For large | cos θ∗| values, a notable reduction in event
counts is observed, particularly for the tt̄H signal, where an isotropic decay is expected. This
behavior, already present at particle level, appears to be exacerbated by the reconstruction
process in the exclusive phase space.

Conversely, the minimum ∆R between any combination of particles (bottom left) remains con-
sistent after reconstruction. While the difference between the signal and background distribu-
tions has decreased slightly, the tt̄H signal still dominates at lower ∆R values, maintaining its
discriminating power. Lastly, the variable used for comparison with the analysis in [??] (bot-
tom right) shows a significant loss of separation power at detector level. The distinctive peak
of the tt̄ + bb̄ background at low pT is reduced, likely due to the pT thresholds applied to jets.
Additionally, the tt̄H distribution has lost its distinctive peak near the Higgs mass, instead
displaying a broader shape, which can be attributed to the limited resolution of jets compared
to quarks.

The separation power of these observables at detector-level is quantified in Sect. 8 (Table 4),
where the implications of these results are discussed along with potential avenues for improv-
ing the analysis.

6The particle-level distributions shown here differ from those in Figures 8, 9, 10, and 11 due to the phase space
selection. While the previous particle-level distributions correspond to the inclusive phase space, the ones in this
section are calculated within the fiducial phase space defined by the event selection criteria.

45



0.00

0.04

0.08

0.12

0.16

0.20

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
| | [Rad.]

0.75

1.00

1.25

Pr
oc

es
s

ttH
bb

0.00

0.08

0.16

0.24

0.32

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

0 1 2 3 4 5
| | 

0

2

Pr
oc

es
s

ttH
bb

0.00

0.04

0.08

0.12

0.16

0.20

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

-1.0 -0.5 0.0 0.5 1.0
chel 

0.5

1.0

1.5

Pr
oc

es
s

ttH
bb

0.00

0.05

0.10

0.15

0.20

0.25

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

0.0 0.2 0.4 0.6 0.8 1.0
|cos * | 

0.5

1.0

1.5

Pr
oc

es
s

ttH
bb

0.00

0.06

0.12

0.18

0.24

0.30

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

0 1 2 3 4
min( R{t, t, H}) 

0

2

Pr
oc

es
s

ttH
bb

0.00

0.08

0.16

0.24

0.32

0.40

A.
U

.

CMSPrivate Work
√

s = 13.6 TeV
ttH(H bb) [Detector-level]
ttbb [Detector-level]
ttZ(Z bb) [Detector-level]

ttH(H bb) [Particle-level]
ttbb [Particle-level]
ttZ(Z bb) [Particle-level]

0 100 200 300 400 500
pmin

T ( Rbb) [GeV]
0

1

2

Pr
oc

es
s

ttH
bb

Figure 18: Observables reconstructed at detector level using SPANet (solid lines) and at particle level (dashed
lines) in the fiducial phase space defined in Sect. 6. Three processes are included: the tt̄H(→ bb̄) signal (blue line),
tt̄+ bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio plots (below) are
calculated for the background and tt̄Z over the signal.
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8 Results and discussion

Following the reconstruction of observables in the previous section, the separation power be-
tween the signal and the main tt̄ + bb̄ background was evaluated to identify variables that
could provide improvements tt̄H-signal analyses. The results are presented in Table 4, where
variables are sorted from highest to lowest separation power (the last row corresponds to a
variable used in the work of [5]).

Table 4: Summary of separation S2 ± (stat.) for the optimized selection.

Variable S2 ± (stat.)

min(∆R{t,t̄,X}) (2.906± 0.086)× 10−2

| cos θ∗| (5.69± 0.40)× 10−3

|∆φ`¯̀| (3.00± 0.30)× 10−3

|∆η`¯̀| (1.50± 0.21)× 10−3

chel (1.82± 0.77)× 10−4

pT [min(∆Rbb)] (9.51± 0.63)× 10−3

The highest separation power is achieved by min(∆R{t,t̄,X}), with only minor changes in its
shape from particle- to detector-level. However, its separation value is reduced by approxi-
mately a factor of three. For | cos θ∗|, the reduction is even more pronounced, decreasing by
two orders of magnitude. In contrast, the separation for |∆φ`¯̀| and |∆η`¯̀| remains largely un-
affected. These larger uncertainties stem primary from the smaller event sample used after
applying the event selection criteria. Regarding pT [min(∆Rbb)], its separation power is sig-
nificantly diminished at detector level, decreasing by two orders of magnitude. Notably, this
variable is independent of the SPANet jet assignment process, as it only involves b-tagged jets,
making its degradation purely attributable to detector effects.

The influence of SPANet on the shapes of the reconstructed observables (Figure 18) and the
separation values (Table 4) is a key aspect to consider. To disentangle the contributions from
SPANet efficiency and detector effects, the same distributions were replotted in Appendix
??, replacing particle-level shapes with ideal reconstructions (independent of SPANet). These
plots reveal that significant differences in shape are primarily due to SPANet efficiency. For
example, the | cos θ∗| distribution for the tt̄ + bb̄ background keeps its particle-level shape at
detector level. However, the jet assignment by SPANet flattens this distribution, reducing by
a large amount its discrimination power.

Regarding the potential bias of the observables toward tt̄H-like shapes, the separation power
with respect to the tt̄Z process has not been deemed a critical factor for this study and is there-
fore their values are advisedly not presented.

Despite these limitations, SPANet has proven an effective tool for reconstructing the resonance
particles necessary for the analysis. It successfully addresses the challenging task of jet-parton
matching and provides the necessary neutrino reconstruction for leptonic analyses. In fact, the
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Higgs reconstruction efficiency of 38% surpasses previous studies in this channel, achieving
this without compromising the reconstruction of top quarks. However, certain biases intro-
duced by SPANet are evident in Figure 18. For instance, the chel and | cos θ∗| distributions for
tt̄Z and tt̄ + bb̄, respectively, once noticeably different at particle-level, are reconstructed with
a shape more alike to the tt̄H signal. In the case ofchel, it changes the slope from negative
to positive, whereas for | cos θ∗| is predicted as a flat distribution. Hence, although using the
signal sample tt̄H for the training of SPANet to enhance the reconstruction of the Higgs, it
has this counterpart of introducing a leaning to the signal shape. These changes reduce the
ability of these variables to effectively separate signal from background, a direct consequence
of SPANet signal-focused training.

While this study demonstrates promising results in identifying new variables, some consid-
erations should be noted. First, no requirement was imposed on the number of b-tagged jets.
This would be relevant in the case of extending the analysis on real data where constrain-
ing the number of b-jets could enhance the separation between signal and backgrounds by
rejecting events that lack relevant information. This was not feasible here due to statistical
limitations, although SPANet training incorporated b-tagging scores to provide information
relative to the b-jets. Additionally, training SPANet on both tt̄H and tt̄ + bb̄ samples simulta-
neously could mitigate biases and improve reconstruction consistency across datasets. Such
an approach could restore the discrimination potential of variables like | cos θ∗| for the main
background.

Within this work, it has been explored the application of SPANet for the reconstruction of tt̄H
events, focusing on the identification and evaluation of spin-sensitive observables. The re-
sults demonstrate the utility of SPANet in addressing key challenges in jet-parton assignment
and neutrino reconstruction, achieving competitive performance compared to traditional ap-
proaches. While the efficiency in reconstructing the Higgs boson is noteworthy, certain biases
in the network’s predictions highlight areas for future improvement. Specifically, refining
training strategies to incorporate background samples and exploring alternative methods to
reduce bias will enhance the robustness of the reconstructed observables. These findings con-
tribute to advancing the precision analysis of tt̄H processes and highlight the potential for
SPANet to play a pivotal role in future high-energy physics experiments, particularly in prob-
ing the Higgs mechanism and its couplings with unprecedented accuracy.
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A Events used in SPANet training

Table 5: Number of events from the tt̄H sample for training, validation, and testing of SPANet.
The percentage represents the fraction of the total number of events in the sample.

Events

Training (75%) 468,000
Validation (5%) 25,000

Test (20%) 111,000

B Data paths of simulated samples

Table 6: Data paths of simulated samples for tt̄H , tt̄, and tt̄Z. Each sample corresponds to a
specific period and is identified by the name given in the data aggregation system employed
by CMS.

Sample Period Sample Path

tt̄H

2022 preEE /TTH_Hto2B_M-125_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer22NanoAODv12-130X
_mcRun3_2022_realistic_v5-v3/NANOAODSIM

2022 postEE /TTH_Hto2B_M-125_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer22EENanoAODv12-130X
_mcRun3_2022_realistic_postEE_v6-v3/NANOAODSIM

2023 preBPix /TTH_Hto2B_M-125_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer23NanoAODv12-130X
_mcRun3_2023_realistic_v14-v3/NANOAODSIM

2023 postBPix /TTH_Hto2B_M-125_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer23BPixNanoAODv12-130X
_mcRun3 _2023_realistic_postBPix_v2-v3/NANOAODSIM

tt̄

2022 preEE /TTto2L2Nu_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer22NanoAODv12-130X_mcRun3
_2022_realistic_v5-v2/NANOAODSIM

2022 postEE /TTto2L2Nu_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer22EENanoAODv12-130X_mcRun3
_2022_realistic_postEE_v6-v2/NANOAODSIM

2023 preBPix /TTto2L2Nu_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer23NanoAODv12-130X_mcRun3
_2023_realistic_v14-v2/NANOAODSIM

2023 postBPix /TTto2L2Nu_TuneCP5_13p6TeV_powheg-pythia8/Run3Summer23BPixNanoAODv12-130X_mcRun3
_2023_realistic_postBPix_v2-v3/NANOAODSIM

tt̄Z

2022 preEE /TTZ-ZtoQQ-1Jets_TuneCP5_13p6TeV_amcatnloFXFX-pythia8/Run3Summer22NanoAODv12-
130X_mcRun3_2022_realistic_v5-v2/NANOAODSIM

2022 postEE /TTZ-ZtoQQ-1Jets_TuneCP5_13p6TeV_amcatnloFXFX-pythia8/Run3Summer22EENanoAODv12-
130X_mcRun3_2022_realistic_postEE_v6-v2/NANOAODSIM

2023 postBPix /TTZ-ZtoQQ-1Jets_TuneCP5_13p6TeV_amcatnloFXFX-pythia8/Run3Summer23BPixNanoAODv12-
130X_mcRun3_2023_realistic_postBPix_v6-v2/NANOAODSIM
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C Separation power for the tt̄Z process

Table 7: Summary of S2 values with the statistical uncertainty for different variables for the
samples tt̄Z and tt̄H .

Variable S2± (stat.)

min(∆Rt,t̄,H) (3.940± 0.008)× 10−2

| cos θ∗| (1.29± 0.17)× 10−3

chel (1.178± 0.005)× 10−2

chan (3.082± 0.008)× 10−4

|∆η`¯̀| (1.749± 0.005)× 10−3

|∆φ`¯̀| (3.527± 0.009)× 10−4

cos θk1 − cos θk2 (1.616± 0.022)× 10−3

cos θk1 + cos θk2 (1.016± 0.018)× 10−3

cos θr1 − cos θr2 (0.734± 0.014)× 10−3

cos θr1 + cos θr2 (0.466± 0.012)× 10−3

cos θn1 − cos θn2 (0.861± 0.016)× 10−3

cos θn1 + cos θn2 (1.263± 0.019)× 10−3

cos θk1 cos θk2 (6.898± 0.038)× 10−3

cos θr1 cos θr2 (1.471± 0.019)× 10−3

cos θn1 cos θn2 (4.447± 0.031)× 10−3

cos θk1 cos θn2 − cos θn1 cos θk2 (0.224± 0.071)× 10−3

cos θk1 cos θn2 + cos θn1 cos θk2 (0.155± 0.059)× 10−3

cos θn1 cos θr2 − cos θr1 cos θn2 (0.122± 0.052)× 10−3

cos θn1 cos θr2 + cos θr1 cos θn2 (0.172± 0.063)× 10−3

cos θr1 cos θk2 − cos θk1 cos θr2 (0.078± 0.042)× 10−3

cos θr1 cos θk2 + cos θk1 cos θr2 (0.119± 0.052)× 10−3

pT [min(∆Rbb)] (3.216± 0.002)× 10−3
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D Anti-neutrino regression with SPANet
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Figure 19: Regression of the anti-neutrino momentum components (px, py and pz) and en-
ergy (E) with SPANet (blue histogram). Ideal regression is the distribution assuming a 100%
efficiency of the network (built with the particle-level neutrino information and without con-
sidering detector effects).

58



E Two-dimensional plots for (anti-)neutrino regression
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Figure 20: Two-dimensional plots for several kinematic variables of the neutrino. The x-axis
correspond with the true value of the neutrino (at particle-level) and the y-axis is the SPANet
prediction. The red diagonal line is the case when the prediction matches the true value.
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Figure 21: Two-dimensional plots for several kinematic variables of the anti-neutrino. The
x-axis correspond with the true value of the neutrino (at particle-level) and the y-axis is the
SPANet prediction. The red diagonal line is the case when the prediction matches the true
value.

F Top anti-quark reconstruction with SPANet
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Figure 22: Top anti-quark reconstruction

G Observable reconstruction

G.1 Additional reconstructed observables with SPANet
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Figure 23: Polarization observables reconstructed at detector level using SPANet (solid lines) and at particle level
(dashed lines) in the fiducial phase space defined in Sect. 6. Three processes are included: the tt̄H(→ bb̄) signal
(blue line), tt̄+ bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio plots
(below) are calculated for the background and tt̄Z over the signal.
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Figure 24: Spin correlation observables observables reconstructed at detector level using SPANet (solid
lines) and at particle level (dashed lines) in the fiducial phase space defined in Sect. 6. Three processes
are included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line).
Uncertainties are purely statistical. Ratio plots (below) are calculated for the background and tt̄Z over the
signal.
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Figure 25: chan spin information variable reconstructed at detector level using SPANet (solid
lines) and at particle level (dashed lines) in the fiducial phase space defined in Sect. 6. Three
processes are included: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and
tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio plots (below) are calculated
for the background and tt̄Z over the signal.

G.2 Ideal reconstruction of observables
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Figure 26: Polarization observables reconstructed at detector level using SPANet (solid lines) and assuming a per-
fect reconstruction with the network (dashed lines). Three processes are included: the tt̄H(→ bb̄) signal (blue line),
tt̄+ bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio plots (below) are
calculated for the background and tt̄Z over the signal.
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Figure 27: Spin correlation observables observables reconstructed at detector level using SPANet (solid
lines) and assuming a perfect reconstruction with the network (dashed lines). Three processes are in-
cluded: the tt̄H(→ bb̄) signal (blue line), tt̄ + bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line). Un-
certainties are purely statistical. Ratio plots (below) are calculated for the background and tt̄Z over the
signal.
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Figure 28: Spin-information and angular observables reconstructed at detector level using SPANet (solid lines) and
assuming a perfect reconstruction with the network (dashed lines). Three processes are included: the tt̄H(→ bb̄)
signal (blue line), tt̄+ bb̄ background (red line) and tt̄Z(→ bb̄) (yellow line). Uncertainties are purely statistical. Ratio
plots (below) are calculated for the background and tt̄Z over the signal.
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