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Abstract

A search for nonresonant Higgs-boson pair production (HH) in the bb 77~ final state
is presented at v/s = 13 TeV using the 2018 CMS proton-proton dataset corresponding
to 59.8 fb™! after a common re-optimization of the reconstruction and calibration of the
data by the CMS Collaboration. The resolved topology is targeted and three ¥z~ final
states 7y, pth and ery are taken into account, where 7y, refers to the decay of the
lepton into hadrons. Object reconstruction and identification are based on Particle Flow,
DEeEPJET and DEEPTAU v2.5 algorithms. A multi-class classification neural network is used
for event discrimination and category definition. The background from QCD multijet
events is estimated from data via an ABCD method using the charges and DEEPTAU vs]et
discriminants to define corresponding control regions. The di-r invariant mass, a key
observable for discriminating signal from background, is reconstructed using the FASTMTT
algorithm.

Expected upper limits are derived from a profile-likelihood fit to the Asimov dataset.
The median expected 95 % CL upper limit on the signal strength y = o(pp — HH) /osm
is found to be ,uggp = 10.9, about 2% weaker than the result obtained when considering
only statistical uncertainties (,u;';p = 10.7). Projections obtained from scaling rates with
integrated luminosity while keeping shapes and the size of nominal systematics yield
median expected 95 % CL limits of ,ugzp = 7.2 for the full Run 2 corresponding to an
integrated luminosity of 138 fb~' and ﬂ;});p = 4.7 for a Run 2 + Run 3 scenario with
500 fb".
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1. Introduction

Particle physics asks simple questions with deep impact: What are the basic building blocks
of matter and how do they interact? The Standard Model (SM) of particle physics answers
much of this by unifying the electromagnetic, weak, and strong interactions in a quantum
field-theoretic framework. The 2012 discovery of the Higgs boson [2, 3] completed the
SM particle content and established the mechanism of electroweak symmetry breaking
experimentally, fixing the Higgs mass of my; ~ 125 GeV. But key parts of the Higgs sector
are still not measured directly. In particular, we do not yet have a precise experimental
measurement of the Higgs boson self-coupling. Measuring it tests the shape of the Higgs
potential and is therefore a central check of the SM.

This thesis uses data from the Compact Muon Solenoid (CMS) detector. CMS is a large,
general-purpose particle detector installed at the Large Hadron Collider (LHC). The LHC
is the proton—proton accelerator at CERN, the largest European laboratory for particle
physics. CMS surrounds one of the LHC collision points with tracking, calorimetry and
muon systems, all inside of a 3.8 T magnetic field [4].

Higgs-pair (HH) production gives direct access to the Higgs self-coupling. At the LHC,
the main production mode is gluon—gluon fusion (ggF). Two leading-order diagrams
contribute: a “box” diagram with a top-quark loop and a “triangle” diagram with the
trilinear self-coupling. These amplitudes interfere destructively, which makes the total
cross section very small (about 31fb at /s = 13 [5]). Because the rate is tiny, any
improvement in analysis sensitivity has high impact.

Among all accessible final states, HH — bb r*7~ provides a good balance between
branching fraction and purity. One Higgs boson decays to a b-quark pair (bb) and the
other to a r-lepton pair (r*77), giving a combined branching fraction ~ 7.3 %. After data
recording, events are reconstructed and particles are identified using a set of algorithms
and neural networks (NNs).

On the following pages I study nonresonant HH production via ggF in the bb 77~ final
state using Run 2 Ultra Legacy (UL) data from 2018 based on an ultimate re-reconstruction
of the data performed by the CMS Collaboration. Three final states of the r*7 ™ pair are
considered: full hadronic 7,7, and the two semi leptonic channels pr, and er,, resulting
in a statement about the 95 % confidence level (CL) upper limit on the signal strengths
o(pp — HH)/0theory at /s = 13 TeV. This thesis evaluates only the expected sensitivity of
the analysis. All fits are performed on an Asimov dataset [6] to obtain the median expected
limits in the absence of the process.






2. The Standard Model

The SM is a quantum field theory to describe the dynamics of elementary particles and
three of their fundamental interactions: the strong, weak and electromagnetic interactions.
Its underlying gauge symmetry is

SU3)e xSU(2)L xU(1)y. (2.1)

Matter is built from quarks and leptons, arranged in three generations. Quarks carry color
charge and interact via all three forces. Leptons are color neutral and therefore do not
participate in the strong interaction. Forces are transmitted by gauge bosons: eight gluons
related to the SU(3)¢, the W* and Z bosons related to the SU(2);, and the photon for the
U(1)em symmetry, after electroweak symmetry breaking. The Higgs boson is the quantum
excitation of the Higgs field ®. Through the Higgs mechanism, particles that couple to ®
acquire mass. Figure 2.1 gives an overview of the elementary particles in the SM.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| I 1
mass  ~2.16 MeV/c? ~1.273 GeV/c* ~172.57 GeV/c* 0 ~125.2 GeV/c*
charge | % % % 0 0
spin | u V2 C v t 1 0 H

up charm top gluon higgs
~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0
YA -1 -4 0
2 d V2 S V2 b 1

down strange bottom photon

fe]re

~0.511 MeV/c* ~105.66 MeV/c? ~1.77693 GeV/c* !
=1 =il =i 0
1

V2 e Y2 u e T

electron muon tau Z boson

91.188 GeV/c?

L\N

<0.8 eV/c? <0.17 MeV/c* <18.2 MeV/c? ~80.3692 GeV/c?

*1

0 0 0
» Mo |- ¥ |I» ¥9 || QM

4
eIectl:on muon tau' W boson
neutrino neutrino neutrino

Figure 2.1.: Elementary particles in the SM. Quarks are shown in purple and leptons in
green. Together they form the elementary matter particles. The gauge bosons
(shown in red) carry the fundamental forces. The Higgs boson is the quantum
excitation of the Higgs field ®. Through the Higgs mechanism, particles that
couple to ® acquire their mass. [7]

The SM took shape in the 1960s-1970s. The quark model, developed by Murray Gell-
Mann [8] and Georg Zweig [9], and the introduction of color led to Quantum Chromo-
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dynamics (QCD) as an SU(3)¢ gauge theory. Electroweak unification resulting in the
symmetry SU(2); X U(1)y was formulated by Glashow [10], Weinberg [11] and Salam [12].
The Brout-Englert-Higgs mechanism [13-15] gave masses to the weak gauge bosons and,
via Yukawa couplings, to fermions. The Glashow-Iliopoulos—Maiani (GIM) mechanism
[16] predicted the charm quark, discovered in 1974. Key milestones include the discovery
of the W* and Z 1983 [17-20], the top quark 1995 [21] and finally the Higgs boson 2012
[2, 3], consolidating the SM as a consistent theory of elementary particle interactions
potentially up to the Planck scale.

Today the SM has been tested to high precision. At the same time, established phenom-
ena such as neutrino oscillations, the baryon asymmetry of the Universe and the presumed
existence of dark matter point beyond the SM and call for precise studies of the Higgs
sector.

2.1. Higgs Mechanism

A central challenge in constructing a gauge theory of the weak and electromagnetic
interactions is to generate particle masses without explicitly breaking the gauge invariance.
Proca mass terms for the weak gauge bosons violate local symmetry and Dirac mass terms
for chiral fermions are not gauge invariant under electroweak group transformations. The
Higgs mechanism provides a consistent solution: a scalar field with a nonzero vacuum
expectation value. This triggers the spontaneous breaking of the electroweak symmetry
and thereby generating masses for the weak gauge bosons, and via Yukawa interactions
for the fermions, while preserving the gauge invariance.

The electroweak sector of the SM is a gauge theory invariant under the SU(2);, X U(1)y
gauge symmetry with couplings g and ¢g’. The symmetry is broken by a single complex
scalar doublet field with hypercharge Y = 1,

O(x) = (¢O(x))' (2.2)

The dynamic behavior of ® is described by the Lagrangian density

) T i ., Y
Ly = (D,®)(D'D) — V(®), D,=9,—i g5 Wi—ig By, (2.3)
with the scalar potential
V(@) = 2070 + A (0TD)2 A>0, pi<o. (2.4)

Here, A > 0 ensures that the potential is bounded from below and therefore stable.
Choosing p? < 0 makes the symmetric point at ® = 0 unstable and induces a nonzero
vacuum expectation value. The potential is minimized at (®T®) = v?/2 with v = /= 2/ ~
246 GeV and it is convenient to choose

@) = — (0) (2.5)
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which spontaneously breaks the SU(2);, X U(1)y to the U(1)gy symmetry. The unbroken
generator is the electric charge Q, ensuring a massless photon.

Before electroweak symmetry breaking, the complex doublet @ carries four real degrees
of freedom. When & acquires its vacuum expectation value, the symmetry of the vacuum
is reduced and three of these degrees of freedom become the would-be Nambu-Goldstone
modes [22] [23] [24]. Because the electroweak symmetry is local, these modes are not
observed as particles. Instead they are absorbed by the weak gauge fields W/¢ and
provide the longitudinal polarizations of the massive vector bosons. The remaining scalar
fluctuation can be identified with the physical Higgs boson H.

The gauge fields that appear naturally in the symmetry bases, W', W2, W3 for the SU(2);
and B for the U(1)y symmetry, are not yet the particles to be observed in detectors. The
charged bosons W* arise from specific linear combinations of W! and W2. The neutral
fields W* and B are mixed by the Weinberg angle to form the massive Z boson and the
massless photon y. Electromagnetism remains unbroken, so the photon has no mass, while
the W and Z bosons acquire masses set by the gauge couplings and the Higgs vacuum
expectation value.

P A Z,\ _ [cosby —sinby W;?
Wi = (W 7 W), (AH)_(sinHW cosOw ) \ B, |’ (2.6)

one obtains the masses

1 1
my = Eg v, my = Ex/gz +9g70, m, =0, (2.7)

with tan Oy = ¢'/g.

Weak interactions are parity-violating: the W* couple only to left-handed fermions and
right-handed antifermions, while the Z boson couples to both chiralities with different
strengths. Conseqety, the left-handed fermions form in SU(2); doublets, whereas right-
handed fermions are introduced as SU(2) singlets. Writing a Dirac mass term would
directly couple these fields and break gauge invariance. The SM avoids this by introducing
gauge-invariant Yukawa interactions: the Higgs doublet field bridges left-handed doublets
and right-handed singlets. When the Higgs field takes its vacuum value, these interactions
turn into fermion mass terms. The resulting masses are proportional to the corresponding
Yukawa couplings. The couplings of the physical Higgs boson to fermions are proportional
to the fermion masses.

For Quarks the Yukawa interactions are matrices in flavor space. Diagonalizing
the up-type and down-type mass matrices does not align the weak and mass eigen-
states. This mismatch shows up in the charged weak interactions as the unitary
Cabibbo-Kobayashi—-Maskawa (CKM) matrix [25, 26], which tells how quark flavors
mix and how likely transitions are. In the minimal SM, neutrinos have no right-handed
partners and remain massless.
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In the SM, the Higgs potential fixes the trilinear self-coupling to Agp = 3m12{ /v. This
trilinear term enters the triangle amplitude in ggF di-Higgs production and interferes with
the top-quark box amplitude, so measurements of pp — HH constrain ) = Agpn/ AEII}A{H

2.2. Gluon-Gluon Fusion Di Higgs Boson Production

Figure 2.2.: Nonresonant Higgs-boson pair production through ggF. Left: Triangle diagram,
where two gluons couple to a top-quark loop that produces a single off-shell
Higgs boson, which then splits via the trilinear self-coupling into two Higgs
bosons. Right: Box diagram, where the top-quark loop directly emits two
Higgs bosons. In the SM these amplitudes interfere destructively. [27]

The dominant production mode for both single-Higgs and Higgs-pair production at the
LHC is ggF. It is a loop-induced process: gluons couple to the Higgs boson through heavy
quarks, with the top quark giving the leading contribution. The strength of the interaction
is controlled by the top Yukawa coupling and by the Higgs self-coupling.

At leading order, two quantum amplitudes contribute with similar size but different
structure. The two diagrams are shown in Figure 2.2. A triangle diagram contains the
trilinear Higgs self-coupling and a box diagram contains two top—Higgs Yukawa couplings.
In the SM the two interfere destructively, which suppresses the total rate and changes the
kinematic properties of the decay products such as the invariant mass of the Higgs boson
pair.

For my = 125 GeV at /s = 13 TeV, the inclusive SM prediction for nonresonant gg — HH
is

oM(gg—HH) = 31.057%%, + 3% (PDF+a;) fb  (NNLO)[28] [29], (2.8)

For comparison, the inclusive single-Higgs boson production cross section via gluon

fusion at the same energy is about

oM(gg—H) = 48.5745% +3.2% (PDF+a) pb  (N’LO)[30], (2.9)

Numerically, the pair-production rate is tiny compared with single-Higgs boson pro-

duction:
o(gg—HH)  31.051b

= ~ 6.4x107%,
o(gg—H) 48.5 pb
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which means roughly one HH event per 1.6 x 10° single-Higgs boson events. This explains
why HHevents have not yet been detected.

2.3. Higgs Boson Decays

Table 2.1.: Branching fraction of the SM Higgs boson at my = 125.09 GeV [31, 32]
Decay mode Branching fraction [%]

H — bb 58.2
H—->WW 21.5
H—gg 8.2
H—- "t 6.3
H —cc 2.9
H— ZZ 2.6
H-—yy 0.23
H— Zy 0.15
H— pty 0.022

In the SM the Higgs boson couples proportionally to the mass of fermions, which leads
to a large branching fraction to bottom quarks. The branching fractions are summarized
in Table 2.1. Consequently, the most abundant HH final state is bb bb with about 34%. This
channel is not used here because, it suffers from very large QCD multijet backgrounds
and severe combinatorial uncertainties when pairing the resulting four b jets. Similar
issues affect HH — bb WW. On the other hand, modes such as HH — bb yy or HH — 4y
provide very distinctive signatures while suffering from its vanishingly small branching
fractions.

A practical compromise is the HH — bb 777~ final state: with a branching fraction of
approximately 7.3% it combines the large H — bb branching fraction with a distinctive
7 signature for background rejection.

Bottom-quark decay (H — bb). At my = 125 GeV, H — bb is the dominant decay.
Bottom quarks cannot be measured directly. Instead they hadronize into jets. Jets that
likely come from bottom quarks are experimentally identified (“b-tagged”) e.g. through
the small displacement of their decay tracks. A Higgs boson candidate is built from
two b-tagged jets. The strength of the b tags and the mass of the jet pair, together with
characteristic properties from the remaining decay of the 7+7~system, are used to separate
the signal from any remaining backgrounds. The main backgrounds are top—antitop
quark (tt) and Z+jets production, including cases where light-quark or gluon induced jet
is mistakenly tagged as a b quark induced jet.

Also the 7 pair cannot be measured directly due to the short lifetime of the 7. The
branching fractions of 7 pair decay modes are shown in Table 2.2. For the analysis the
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Table 2.2.: 7+7~ final states sorted by branching fraction [32].
Final state Branching fraction [%]

ThTh 42.0
e, 23.1
UTh 22.5
ey 6.2
ee 3.2
Hp 3.0

following decay modes are used:
HH — bbr'r™  with 7' € {mm, pth, em},

which cover 87.6 % of all 7*7~ decays while providing good background control. A tau decay
always includes at least one neutrino. Therefore the visible four-momenta underestimate
the true 7 energy, and the event’s missing transverse momentum (p7"*°) carries information

about the neutrinos.

Fully hadronic (r,7,). Both taus decay to narrow hadronic jets plus neutrinos. This decay
is giving the highest 7+7~ signal rate among the decay modes. The dominant backgrounds
are tt and Drell-Yan Z/y*+jets. In the this analysis the 7, candidates are classified in decay
modes (DM). The most important single hadronic 7 decay are:

+ 1-prong (net charge +1):

-t > 1y, (1-prong 07°, DM=0)
- 5 b, [p*ortn®] (1-prong 17°, DM=1)
- = - 15 1%7%, (1-prong 27°, DM=2)

« 3-prong (net charge +1):

- >ttty [a] = 37] (3-prong, DM=10)

- 1 = ¥ty (3-prong 17°, DM=11)

Semi Leptonic (£, with £ € {y, e}). One 7 decays leptonically to a prompt, isolated muon
or electron (r~ — ¢~ ¥, v;) with a clean signature in the detector. The other 7 decays
hadronically. The leading background is tt with additional contributions from Z — 7*7~
and jet— 7, fakes. Tight lepton isolation and 7, identification criteria help reducing these
backgrounds.



3. The Experiment
3.1. The Large Hadron Collider (LHC)

The CERN accelerator complex
Complexe des accélérateurs du CERN

Neutrino |
Platiorm

:

LHC

TT42

SPS

™ | 1976 7 km) | AWAKE
HiRadMat
k66
MEDICIS
AD
ISOLDE
...................
RIBs H H
™10 REX/HIE- i [EastArea
ISOLDE H :
H /»C H
H H
—<d H
N PS H ;
"""""""""" !
LINAC
> 7 | CLEAR
N \ LEIR
| 1994 |
p H (hydrogen anions) ) ions D RIBs (Radioactive lon Beams) ) p (antiprotons) ) e (electrons) P p (muons)
LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator / CLEAR - CERN Linear

Electron Accelerator for Research / AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
// HiRadMat - High-Radiation to Materials // Neutrino Platform

Figure 3.1.: Overview of the accelerators and detectors at CERN. Protons are produced by
ionizing hydrogen gas. Before injection into the LHC, the beam is accelerated
in smaller accelerators: LINAC4, the Proton Synchrotron Booster (PSB), the
Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) [33].

The LHC is a 27 km circular proton-proton collider at CERN with two counter-rotating
beams that intersect at four interaction points hosting the experiments ATLAS, CMS, LHCb,
and ALICE. During Run 2 it was operated at a center-of-mass energy of v/s = 13 TeV with
25 ns bunch spacing. Protons are extracted from a hydrogen source, accelerated in the linear
accelerator (LINAC), and then boosted stepwise through the Proton Synchrotron Booster
(PSB), the Proton Synchrotron (PS), and the Super Proton Synchrotron (SPS). From the SPS
they are injected into the LHC at a momentum of 450 GeV and subsequently ramped to
the collision energy by superconducting dipole magnets and RF cavities. Superconducting
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quadrupole magnets guide and focus the beams. High instantaneous luminosity leads to
multiple pp interactions per bunch crossing, which affects reconstruction.

3.2. The CMS detector

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m
Magnetic field  :3.8T

—

Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
~ Silicon strips ~16m” ~137,000 channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3.2.: Schematic structure of the CMS detector [4]

The Compact CMS is a general-purpose detector built to study high-momentum par-
ticles at the LHC. The subdetectors are arranged in a barrel around one of the LHC
interaction points, providing nearly complete 47 solid-angle coverage. A 3.8 T supercon-
ducting solenoid magnetic field surrounds a silicon pixel and strip tracker that measure
charged particles close to the beam line with high precision. Next to the tracker are two
calorimeters: a crystal electromagnetic calorimeter (ECAL) for electrons and photons and
a sampling hadron calorimeter (HCAL) to measure the energy of hadrons. Additional
forward calorimeters are extending the reach at small angles to the beam. Beyond the
solenoid coil, muons are detected in dedicated gas chambers embedded in the steel return
yoke, providing robust muon identification and momentum measurements.

CMS uses a right-handed coordinate system with origin at the interaction point, the z

axis along the beam, the x axis pointing to the LHC center, and the y axis upward. The
azimuthal angle ¢ is measured in the x-y plane from the positive x axis, while the polar

10
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angle 0 is measured from the positive z axis. The pseudorapidity is defined as

n=-In (tang) . (3.1)

The absolute pseudorapidity |7| of a subdetector means it can cover particles with —pma.x <
N < Nmax. Small 6 (forward direction) corresponds to large ||, while 8 — /2 (central)
gives n — 0. For highly relativistic particles, 7 approximates the true rapidity. The angular
distance AR measures the separation between two objects in the detector and is defined as

AR = /(An)2 + (Ag)Z. (3.2)

Tracker [34] The silicon tracker is used to reconstruct charged-particle trajectories and
interaction vertices with high precision. It comprises an inner pixel detector and an
outer strip detector, both covering |n| < 2.5. Pixel sensors (about 100 ym X 150 ym) give
three-dimensional hits with typical resolutions of around 10pum transversely and 20-40 ym
along z. This precision enables robust identification of the primary interaction vertex
and secondary vertices. Around the pixel detector there is the strip system which uses
100-200 pm pitch sensors, including stereo layers to recover 3D information. It reaches a
hit resolutions of about 15-45 ym.

ECAL [35] The ECAL is a homogeneous calorimeter made of ~ 75,000 PbWOQO, crystals
that measure the energy of electrons and photons. Its barrel covers |5| < 1.479 and the
endcaps extend to |n| < 3, with a preshower in front. There is a small transition gap at
1.479 < |n| < 1.653. Silicon avalanche photodiodes (APDs) are used in the barrel and
(vacuum phototriodes) VPTs in the endcaps to readout the relatively low light yield of the
PbWO, crystals.

HCAL [36] The HCAL is a sampling calorimeter with brass absorbers and scintillator tiles
that measures particles which were not fully absorbed by the ECAL, mainly hadrons. Its
information is primarily used for jet reconstruction. It includes a barrel (|n| < 1.5), endcap
(1.5 < |n| < 3.0) and forward calorimeters (3 < |p| < 5) with an additional outer HCAL
outside the solenoid to catch late-developing showers. As a sampling device its resolution
is poorer than the ECAL.

Solenoid The superconducting solenoid coil surrounds the tracker and calorimeters and
provides an almost uniform 3.8 T magnetic field inside the coil. Charged particles follow
curved paths with radius r = pr/(gB) in the plane perpendicular to the beam axis, enabling
precise momentum and charge measurements. The coil is made of NbTi and operated near
4.6 K to achieve superconductivity. The magnetic flux is returned by a 12 kt steel yoke
outside the coil.

Muon System  [37, 38] The muon system lies outside the solenoid coil and measures muons
up to |n| < 2.4 using gaseous detectors embedded in the steel return yoke. Drift tubes (DTs)
in the barrel provide precise position measurements. Cathode strip chambers (CSCs) in the

11
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endcaps add excellent spatial and timing resolution. The resistive plate chambers (RPCs)
in both, the endcaps and barrel, offer fast timing for triggering. The combination provides
redundant coverage and robust standalone and global muon reconstruction. In combination
the muon detectors provide good coverage and allows standalone measurements of muons,
and they yield higher precision when combined with inner-tracker tracks (global muons).

Trigger [39] Events are selected by a two-tiered trigger system. A hardware Level-1 (L1)
trigger reduces the collision rate from 40 MHz to O(100 kHz) using calorimeter and muon
information. A software High-Level Trigger (HLT) then performs a fast reconstruction
resulting in an rate of interesting events of O(1 kHz) for permanent storage.
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4. Event Reconstruction and Identification

Collider detectors do not observe quarks, gluons or Higgs bosons directly. They only
record tracks and energy deposits from long-lived final-state particles in a high-pileup
environment. Event reconstruction converts these raw signals into a consistent, calibrated
set of physics objects with four-momenta. Object identification then assigns particle
hypotheses based on working points with quantified efficiencies and misidentification
rates. In other words: Object identification assesses how likely it is that a given candidate
is, for example, an electron.

The core ingredients for CMS event reconstruction are the Particle Flow (PF) algorithm
[40] and jet clustering [41] based on PF candidates. Lepton and heavy—flavor identification
are eventually applied to these objects.

4.1. Particle Flow

The PF algorithm combines measurements from the silicon tracker, ECAL, HCAL and
muon system to reconstruct a list of charged and neutral particles.

Electrons and Photons Electrons and photons are reconstructed together. As they pass
through the detector material, electrons radiate photons via bremsstrahlung, and photons
can convert into e*e” pairs. Electron tracks in the silicon tracker are therefore fit with a
Gaussian—sum filter (GSF) to handle this energy loss and possible track kinks. In the ECAL,
energy deposits are grouped into superclusters that collect the electromagnetic showers
caused by such radiation. This is needed because the electromagnetic showers often spread
over several nearby clusters, so a supercluster combines them to capture the full energy
and a stable direction estimate. The tracking and ECAL information are then linked to form
PF electron and photon candidates. A multivariate regression calibrates the supercluster
energy and improves the electron momentum estimate. After building electrons and
photons, their tracks and clusters are removed from the pool of not reconstructed data, so
they are not reused when reconstructing hadrons.

Muons Muon reconstruction in CMS is performed with the dedicated muon detectors
(DT, CSC, RPC) and is therefore built outside the PF algorithm. Three categories are used:
(i) standalone muons from muon-chamber hits only with lower momentum resolution, (ii)
global muons that match a tracker track together with muon hits with best momentum
resolution, especially at high pr and (iii) tracker muons built from tracker tracks that
are extrapolated outward to the muon system. If the extrapolated track matches at least
one muon segment or hit, the track is classified as a tracker muon. In practice, almost all
muons are global or tracker. PF then applies additional quality and isolation selections.
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4. Event Reconstruction and Identification

Hadrons After removing electrons, photons and identified muons, hadrons are recon-
structed from the remaining tracks and calorimeter clusters. Neutral hadrons are built
from HCAL energy deposits without matching tracks. Charged hadrons are formed by
linking tracker tracks to calorimeter deposits. For each PF charged-hadron candidate, the
track momentum and the calibrated ECAL/HCAL energy must match. If they do not, the
candidate is adjusted or split. In rare cases, a second pass of the muon reconstruction
recovers missed global muons, which are then added to the PF candidate list.

4.2. Jet Reconstruction

Quarks and gluons from the hard scatter do not appear as isolated particles in the detector.
As they lose energy, they hadronize into many hadrons that travel in roughly the same
direction. In CMS, jets are clustered from PF candidates with sequential-recombination
algorithms. The generalized distance measures are

2

AR,
dy = min(pl, pi) =L ARG = (5 -yt + (i - ) (1)

dig = pfl, (4.2)

and pairs are successively recombined until all d;; > d;p, at which point the remaining
pseudo—jets are declared as reconstructed jets. The parameter R sets the characteristic jet
size. In CMS, R = 0.4 (AK4) is standard for resolved topologies.

Specific clustering algorithms arise from the choice of n. The default anti-kt algorithm
[41, 42] uses n = —1. The inverse pt weighting pulls soft radiation in the direction of hard
seeds and yields jets that are close to conical in shape. This robustness makes anti-kt the
preferred choice for most analyses.

Although calorimeter clusters are already calibrated, reconstructed jets receive dedicated
energy—-scale and resolution corrections that vary with pseudorapidity n and transverse
momentum pt. These corrections are derived from momentum-balance techniques using
precisely measured reference objects like Z — pp/ee decays and isolated photons, so that
the measured pr of the Z or y is calibrating the recoiling jet. To extend the calibration,
especially for gluon-initiated jets, QCD dijet events are employed, transferring the scale
from one jet already anchored by the Z/y+jet method.

4.3. Electron Identification

Electron candidates from PF can be true prompt electrons, but also come from photon
conversions or from hadrons that were misreconstructed as electrons. To suppress such
backgrounds, quality selections are applied, most importantly an isolation requirement.
The isolation is the scalar sum of transverse momenta of PF candidates in a cone around
the electron (typically AR < 0.3), excluding the electron’s own deposits. The primary
vertex (PV) is defined as the reconstructed pp interaction point, chosen as the vertex with
the largest }; p% of its associated tracks. Charged particles are counted only if they are
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4.4. Muon Identification

associated with the PV, while neutral particles receive a pileup correction using the median
event energy density and an effective area.

In addition, a BDT-based electron identification [43] is used, fed by variables such as
track—supercluster matching, shower-shape information and the inferred bremsstrahlung
fraction. The BDT outputs a score in [—1, 1], where -1 corresponds to a misidentified
electron and 1 to a real prompt electron. For this thesis the working point WP90 is chosen
that keeps about 90 % of prompt electrons with a misidentification rate of roughly 3 %.

4.4. Muon ldentification

CMS muon identification [37] mirrors the electron case and uses PF-based isolation in a
cone of AR < 0.4, but with a different pileup correction. The isolation working point is
analysis dependent and may be loosened or tightened for specific final states. Independent
of the isolation, a dedicated muon ID defines working points from tracking and muon-
system quality variables. This thesis employs the medium WP, requiring a tracker or
global muon with a track through at least 80% of tracker layers, global-muon fit quality
(x? < 12 and y?/ndof < 3) and a kink-veto (y2 . < 20), yielding about 99.5% efficiency

split
for simulated W — pand Z — pp decays.

4.5. b Identification with DEEPJET

The goal of b-tagging is to identify jets originating from b quarks. Compared with jets
initiated by light-flavor quarks, charm quarks and gluons, b quark induced jets typically
exhibit a long-lived b hadron whose decay leaves displaced tracks and often a recon-
structed secondary vertex. They also exhibit a higher charged-particle multiplicity and
larger track prwith respect to the jet axis, reflecting the heavy-hadron mass and harder
fragmentation. Additional signatures include occasional soft leptons from semileptonic
b-hadron decays and a larger jet mass. DEEPJET [44] is a neural-network tagger that
exploits low-level, per-particle information from the full jet to separate b jets from charm-
and light-flavor—-initiated jets.

Per-object features are first transformed with small 1 X 1 convolutional layers, with one
branch each for charged candidates, neutral candidates and secondary vertices. The objects
in each branch are then processed as sequences by recurrent layers to capture correlations
among constituents. The ordering is physics-motivated (not temporal): charged tracks
are sorted in descending order by impact-parameter significance, secondary vertices
in descending order by flight-distance significance, and neutral PF candidates by the
shortest angular distance to a secondary vertex, with a fallback to descending pr when no
secondary vertex is present. This places the most b-informative constituents first, allowing
the recurrent neural network to exploit long-range dependencies. The outputs of these
branches are combined with the global features in fully connected layers, and the final layer
produces six class probabilities corresponding to b, bb, leptonic-b (lepb), c, light-quark
and gluon jets via a softmax activation. The standard DEEPJET b-tagging discriminator
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4. Event Reconstruction and Identification

used in CMS is defined as the sum of the three b-like outputs, P(b) + P(bb) + P(lepb).

The model is trained on simulated jets (anti-k7, R = 0.4) from QCD multijet and fully
hadronic tt samples. Jets are labeled as followed: if a jet contains at least one b hadron it is
labeled as a b jet; if it contains no b but at least one c hadron it is labeled as a c jet; other-
wise it labeled as light flavor. During preprocessing, flavor and kinematic properties of
the jet are decorrelated so the tagger does not simply learn differences in pr or n differences.

Like in the p and e identification a working point is applied to balance signal efficiency
and mistag rate. In this analysis the medium working point of the DEEPJET b-tagger is
used, which means that about 1 % of all true light jets are incorrectly tagged as b jets. The
b-tagging efficiency depends on pt but is in the range of 75 — 85 %.

4.6. 7 ldentification with the DEEPTAU v2.5

Hadronic tau lepton (73,) identification in CMS has been significantly improved with
the introduction of the DEePTAU algorithm [45], a deep convolutional neural network
(CNN) that discriminates genuine 7, decays against background objects like jets, electrons,
and muons. In this analysis the latest version, DEEPTAU v2.5 [46], is used. This is an
enhanced iteration of the previous DEEPTAU v2.1 algorithm [45], providing better physics
performance and improved agreement between data and simulation. This section describes
the architecture, training and performance of DEEPTAU v2.5 and contrasts it with DEEpTAU
v2.1.

4.6.1. Input Features

The visible decay products of 7, are first reconstructed as PF candidates, which are then
clustered into anti-kt jets (Section 4.2). The Hadron-Plus-Strips (HPS) algorithm [47, 48]
runs on these jets and combines their constituents into 7, candidates. Each 7, candidate
provides a set of high-level features and is surrounded by many low-level detector signals
which DeepPTAU utilizes as inputs. It uses global features as well as detailed per-particle
information from the detector:

+ Global event and 7, candidate features: One global event variable, the average energy
deposition density in the event p is included to quantify the amount of pileup in the
environment. In addition, 42 high-level 7, features are used, like kinematic quantities
like p, n, ¢, the 1, charge, and number of charged/neutral hadrons in the 7 decay,
which are largely derived from the HPS reconstruction.

« Particle-by-particle low-level inputs: For each particle found within the 7, candidate’s
signal cone (AR < 0.1) or isolation cone (AR < 0.5), a set of detailed features is
provided. Depending on the object type, each particle contributes between 7 and
27 features per candidate, and 37 features for each fully reconstructed electron or
muon. These features describe the particle’s four-momentum, its spatial separation
from the tau axis (An, A¢ relative to the 7, direction), its identification information
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(e.g. track quality, number of hits, calorimeter energy deposits) and its relationship
to interaction vertices, like impact parameters and association with primary or
secondary vertices. Additionally, each particle’s likelihood of originating from pileup
interactions is included via the pileup per-particle identification (PUPPI) weight [49,
50].

« Geometric arrangement: To exploit spatial correlations as in image recognition, the
particles in the 7, signal and isolation regions are arranged into two structured grids
in the (1, ¢) plane. The inner grid covers the signal cone with fine granularity cells
of size 0.02 X 0.02 (11x11 cells) and is intended to capture the core 7 decay products,
typically one or three charged pions and up to several 7°’s. The outer grid covers
the isolation cone with cells of size 0.05 X 0.05 (21x21 cells) to capture surrounding
particles and energy deposits. For each grid cell and each particle type, the feature
vector of the highest-pr particle in that cell is used as input, while cells without
particles are zero-padded. In this way, the low-level inputs form two multi-channel
“images” centered on the 7;, candidate, one for the core and one for the isolation
region, allowing the CNN to analyze the spatial distribution of energy and tracks
around the 73, candidate.

4.6.2. Architecture

The neural network architecture of DEePTAU v2.5 is illustrated in Figure 4.1. It is a
deep CNN composed of multiple sub-networks that process different input streams.
First, the high-level 7, features are passed through a small stack of fully-connected
dense layers to extract a high-level feature vector. In parallel, each cell of the inner
and outer n-¢ grids is processed by a small fully-connected network (embedding layer)
to condense the per-cell information. These embedded cell features are then fed into
convolutional layers: the inner grid is processed by a set of 5 convolutional layers with
3 X 3 kernels, while the larger outer grid passes through 10 convolutional layers (also
3 X 3 kernels) to capture the broader isolation pattern. Each convolutional stack produces
a set of 64 output features. The outputs of the inner and outer convolutional blocks are
then flattened and concatenated together with the high-level feature vector, forming a
combined deep representation of the tau candidate. This combined representation is
propagated through a series of five fully-connected layers which integrate all information.
The network ends in an output layer that uses a softmax activation to produce four
output scores (probabilities) corresponding to the hypotheses that the 7, candidate is:
(i) a real 7y, (ii) an electron, (iii) a muon or (iv) a jet originating from a light quark- or gluon.

Like for DEEPJET (Section 4.5) CMS defines multiple working points such as VLoose,
Loose, Medium and Tight, by choosing thresholds on the DEepTAU outputs to achieve
certain efficiency or misidentification rates. The multiclass structure allows DEEPTAU to
simultaneously discriminate against all background types in one go, rather than needing
separate classifiers for electrons, muons, and jets as was common for earlier tau ID
approaches.
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Figure 4.1.: DEEPTAU v2.5 architecture. High-level features and the inner/outer n—¢ grids
are processed in separate branches with dense layers. The two grids then pass
through convolutional blocks that compress them to 1 X 1 feature vectors. All
streams are concatenated and fed to additional dense layers, followed by a
softmax function that returns class probabilities for electron, muon, 7,,, and
light quark- or gluon-induced jets [51].
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4.6. T Identification with the DEEPTAU v2.5

4.6.3. Training Strategy

The DeepTAU v2.5 model was trained using a large, diverse sample of simulated and real
data events from 2018 Run 2. This is a notable change from the previous version (v2.1),
which was trained exclusively on simulation.

The simulated training samples for v2.5 span multiple processes to cover each class of 7,
candidate: genuine 7, examples are taken from simulated H — 7%z~ events or dedicated
single-7 gun samples, with very high pr up to ~3 TeV to improve performance in the
boosted regime. Quark/gluon jet background examples are taken from simulated QCD and
tt events, electrons from Z/y* — e*e™ (Drell-Yan) events and muons from Z/y* — p*pu~
events.

The training dataset is balanced across m, pr, 17, decay modes and background types
by applying weighting, shuffling and merging procedures so that the network does not
over-fit to dominant kinematic regions. This balancing ensures that e.g. rare high-pt 7,
examples are sufficiently represented.

The network is trained to minimize a multi-part loss function that includes terms
for correctly classifying 7, candidates and for reducing data-MC discrepancies. The
primary component is the standard categorical cross-entropy loss Lejass = — 25, tiIny;,
which quantifies the error in predicting the true class i (zy, jet, e, or u). In DEEPTAU v2.5,
an additional adaptation term is incorporated to improve data/MC agreement. This is
implemented via an adversarial network attached to the main CNN. This auxiliary sub-
network takes as input the deep features from the CNN and attempts to distinguish whether
a given 1y, candidate came from real data or from simulation. It effectively learns a binary
classifier output y,qy With yaqy = 0 for data and 1 for MC, using a binary cross-entropy loss
Lagy. Crucially, during training the gradient from this adversarial component is reversed
so that the CNN is penalized if it produces features that allow the adversary to tell data vs.
simulation apart. This forces the CNN to learn features that are as data-MC-invariant as
possible. The total loss can be written as:

Liotal = Lelass + ALadv A<0 (4-3)

By tuning the hyperparameter A, one controls the strength of data-MC adaptation.
In practice, A is set via hyperparameter optimization to maximally suppress data/MC
differences without sacrificing classification performance.

The network was trained using modern deep learning libraries and techniques, and
care was taken to avoid over-training. The resulting DEEPTAU v2.5 model is of similar
computational complexity as v2.1, allowing it to be deployed in CMS data analyses and
even considered for real-time use in the HLT for Run 3.

4.6.4. Performance and Comparison of DEEPTAU v2.5 vs. v2.1

The performance of the 7, identification is quantified by the signal efficiency, defined
as the fraction of genuine 7y, that are correctly identified, versus the misidentification
probability, defined as the fraction of background objects that are mistakenly identified as
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Figure 4.2.: Receiver—operating—characteristic (ROC) curves for 7, identification evaluated
on tt events. Left: pT < 100GeV; right: p. > 100GeV. The blue curve
shows DEEPTAU v2.1 and the orange curve shows DEEPTAU v2.5. Compared
to v2.1, v2.5 achieves a significantly better rejection of jets, reducing the jet
misidentification by about 50% at fixed , efficiency [46].

7. Higher efficiency for a given misidentification probability or lower misidentification
probability for a given efficiency, indicates a better classifier. DEEPTAU v2.5 was found to
yield substantial improvements in 7y, identification performance compared to DEEpTAU
v2.1 across all major background categories.

Figure 4.2 shows representative Receiver Operating Characteristic (ROC) curves for
DEeEPTAU v2.5 and v2.1, evaluated on simulation, plotting the jet mis-ID probability versus
tau efficiency. For every working points, the v2.5 curve lies well below of the v2.1 curve,
indicating higher 7, identification efficiency at any given background rate. In particular,
the probability for a tt jet to be misidentified as a 7, is reduced by approximately 50 % at
the same signal efficiency with DEEPTAU v2.5, as compared to v2.1, significantly enhancing
the purity of 7, samples in analyses.

The performance of the discriminator against electron misidentification, where electrons
are misidentified as narrow one-prong 7, candidates, is shown in Figure 4.3. DEEPTAU
v2.5 performs similarly to v2.1 with only minimal differences. In the low-pt region, the
electron misidentification rate versus 7, efficiency is better in v2.5, while for electrons
with high pt (pr > 100 GeV) a small degradation in v2.5 is observed. This small loss at
high-pr is negligible for practical purposes.

For muon misidentification, the performance of v2.5 is essentially unchanged relative to
v2.1 for pr < 100 GeV and a little bit worse for pr > 100 GeV. But this is again negligible
because muons are already efficiently rejected by the dedicated CMS muon identification
(see Section 4.4)

In summary, the major gains of v2.5 lie in the 7, vs. jet separation, while 7, vs. electron
and 7, vs. muon was already very effective before. This results in significantly fewer QCD
jets misidentified as 7, in the selected data, improving the signal purity in the bbr*z~
final state. In analyses limited by jet— 7 fakes, such as H — 77~ or HH — bbr*r ™, a
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Figure 4.3.: ROC curves for 7, identification against electrons, evaluated on Drell-Yan
events. Left: pT < 100 GeV; right: p1 > 100 GeV. Overall, v2.5 maintains good
rejection with a small degradation at high pr.

30-50% reduction in misidentification rate can boost the attainable sensitivity or reduce
background systematics.

4.6.5. Scale Factors and Validation in Data

Any identification algorithm in CMS must be validated with real data and assigned scale
factors (SFs) to correct the simulation if needed. These SFs are defined as the ratio of
identification efficiency in data to that in simulation, SF = €qata/€mc, typically measured
in a clean sample of genuine 7 leptons (e.g. from Z — 7*7~ decays) using a tag-and-probe
technique. Thanks to the data-MC adaptation training, the data-to-simulation agreement
for 7, ID has markedly improved relative to v2.1. When tested on an independent 2018 data
sample (not used in training), the observed 7, identification efficiency with DEEPTAU v2.5
was found to agree with the MC-predicted efficiency to within about 10%, across multiple
working points. This is a notable improvement over DEEPTAU v2.1, where differences were
larger and required significant corrections.

CMS measures separate 7, ID scale factors in bins of 7, decay mode (DM) and pr to
account for any residual differences that might depend on the 7’s decay topology or
kinematic properties. For v2.5, the simulation-to-data correction factors (SFs) were found
to be much closer to unity (1.0) than for v2.1, indicating a smaller need for adjustments.
Figure 4.4 illustrates a comparison of the measured SFs for DEEPTAU v2.5 vs. v2.1 as a
function of 7, pr. One observes that for v2.1, especially at low pt (~ 20-40 GeV), the scale
factors deviate from 1 by a significant amount, reflecting that the MC overestimated the 7,
ID efficiency in that regime. In contrast, the SFs for DEEPTAU v2.5 are closer to 1.0 across
the entire pr spectrum.
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Figure 4.4.: Data-to-simulation scale factors (SFs) for 7, identification. The combined values
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are weighted by the 7 decay branching fractions and by the HPS reconstruction
efficiencies per decay mode (DM). DEePTAU v2.5 scale factors are closer to
unity than v2.1, indicating that the training improvements in v2.5 reduce the
sensitivity to differences between data and MC simulations. [46]



5. SearchforHH — bbrtr

5.1. Overview of Current Results

The latest CMS publication on nonresonant Higgs boson pair production in the HH —
bbr*7~ final state uses the full Run 2 data set recorded in proton-proton collisions between
2016 and 2018 at a center-of-mass energy of 13 TeV, corresponding to an integrated
luminosity of 138fb™!. [5]. It combines the three r*7~-decay channels mentioned in
Section 2.3 (ety, {Th, Th7h)- The analysis uses the DEEPJET algorithm for b-jet identification
(see Section 4.5), the DEEPTAU v2.1 algorithm (see Section 4.6) for r,-identification and
a deep neural network (DNN) based event categorization. In addition to the production
channel via ggF, described in Section 2.2, the production via vector boson fusion (VBF) is
used with a cross section of o = 1.7267903% (scale) + 2.1%(PDF + a;).

Using the combined 2016-2018 data, CMS sets an 95 % CL upper limit on oggrsver(pp —

HH) of 3.3 (5.2) times the SM expectation, where the value in parenthesis refers to the
expected median limit in the absence of signal. The dataset recorded in 2018, corre-
sponding to an integrated luminosity of 59.8 fb™! provides the single-year best sensitivity
with an observed (expected) upper limit of 5.5 (8.2). The 95 % CL upper limits and their
uncertainties are shown in Figure 5.1.
Interpreting the result in terms of coupling modifiers, the analysis constrains the trilinear
Higgs self-coupling to —1.7 < k; < 8.7 (95 % CL) and the contact interaction between two
Higgs bosons and two vector bosons to —0.4 < kzy < 2.6 (95 % CL), under SM assumptions
for all other couplings.

The CMS Run 2 publication establishes the benchmark sensitivity for (HH — bbr*77)
with current data and methods. For this thesis the 2018 data, the ggF production mode and
resolved topologies in the three (7777) channels are used. The CMS combination quoted
above (2016-2018, ggF+VBF) provides the reference against which the performance of this
analysis can be compared.

Furthermore, ATLAS published a study of nonresonant Higgs—boson pair production
[52, 53]. It combines the bbrtr, bByy, bbbb, multilepton and bbet + Ef;ﬁss channels using
the full Run 2 dataset at (v/s = 13 TeV) to constrain HH production via ggF and VBF. The
combined fit yields a observed (expected) 95 % CL upper limit on the signal strength of 2.9
(2.4). For the bbr*7~ channel, the observed (expected) 95 % CL upper limit is 5.9 (3.3) and
is shown in Figure 5.2.
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rate in the bbr*7~ final state, expressed as o(pp — HH)/osy. Results are
shown for the ey, ur,, 7,7, final states and their combination using the full
Run 2 data with an integrated luminosity of Li,; = 140 tb™! at /s = 13 TeV.
SM couplings are assumed (k) = k; = ky = kay = 1) [53]



5.2. Signal Process

5.2. Signal Process

The signal considered in this thesis is nonresonant Higgs-boson pair production via ggF,

pp — HH — bbr*r~ (5.1)

with my = 125 GeV. Of the 7-pair the final states, mentioned in Section 2.3, ery,, um,,
and m,7, are considered. The analysis targets the resolved regime of non-boosted Higgs
bosons, where the H — bb decay is reconstructed with two separate small-radius anti-kr
jets and the 7 decay products form isolated, narrow objects.

At leading order (LO) in the SM, gg — HH proceeds through two one-loop amplitudes: a
triangle diagram proportional to the trilinear Higgs self-coupling Ay and a box diagram
proportional to the top Yukawa coupling y; (see Section 2.2). The two amplitudes interfere
destructively, which reduces the total production rate. Near the kinematic threshold, the
Higgs bosons carry moderate transverse momenta, so their decay products are typically
well separated (AR > 0.4). So two b-tagged anti-kr jets from H — bb and two 7 objects
forming the H — 777~ candidate are expected.

5.3. Background Processes

The search for HH — bb r*7~ is affected by several SM processes that can mimic the
signal topology, either through genuine 7 leptons and b jets, through the misidentification
of jets as 7, and/or through the misidentification of light- or charm-flavor jets as b jets.
The relative background composition depends on the 7*7~ final state.

The background is estimated from multiple simulated samples normalized to their
theoretical cross sections at highest available accuracy. Background from QCD multijet
events, where purely light quark- or gluon-induced jets are misidentified as 7, or b jet,
further on referred to as QCD multijet production, is determined in a data-driven way
using the ABCD method [54].

5.3.1. Top-Antitop Production

Top-antitop quark (tt) production is the dominant background in the semileptonic chan-
nels of this analysis. At v/s = 13 TeV the inclusive cross section is about 832 pb, dominated
by ggF, with a smaller contribution from gq annihilation [55]. The LO Feynman diagrams
are shown in Figure 5.3.

Each top quark almost always decays as t—bW, other modes are CKM-suppressed [56].
The two W bosons then decay either hadronically (W — gg’) or leptonically (W — ¢v).
For a t quark pair, this results in (i) a fully hadronic final state, (ii) semileptonic final states
with one leptonic and one hadronic W decay, and (iii) fully leptonic final states.

In the f7, channels, tt production is particularly abundant because a prompt e/u is
produced in the W — ¢v decay and a 7, can arise either from the W — rv decay or from
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P S

(a) gg — tt (s-channel gluon). b) gg — tt (t-channel top exchange
g t q t
g t q t
(c) gg — tt (u-channel top exchange). (d) qq — tt (s-channel gluon).

Figure 5.3.: Leading-order QCD diagrams for tt production at the LHC: ggF via s-, t-, and
u-channel (top/gluon exchange) and quark-antiquark annihilation via an s-
channel gluon.

a jet misidentified as 7y,. In the 7,7, channel the yield is smaller but still with Drell-Yan
resembles the biggest contribution: events enter through the W — 7v decay on one or
both top legs or through ¢, jet — 7, misidentification. Lepton vetoes, opposite-sign charge,
and the requirement of two identified 7, candidates reduce this background, but its large
cross section still leads to significant contamination in the baseline selection.

Despite the similar visible content (two b-jets + 7*7~decay products + p‘mss) tt produc-
tion exhibits characteristic features that differ from the signal:

« Resonance structure: In HH events the b-jet pair and the 77~ system each originate
from a Higgs boson, so they yield values of my, =~ my and m;; ~ my. Because of the
challenging neutrino reconstruction in the H — 77~ decay, the m;, distribution can
form a broad peak for signal events. In tt production, the b jets arise from different
top decays and any 7 leptons come from W bosons on separate legs; consequently
neither myy, nor m,; peaks at my.

« Global kinematics: variables like angular correlations (AR, AR,;) follow different
patterns in tt production due to the presence of two heavy top quarks and their decay

topology.

The analysis exploits these differences with multivariate discriminants (Neural Network).
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5.3.2. Drell-Yan Z/y" + jets

g q q b
b
+
. T
v'/Z "
vz
q T q T
(a) Compton process: qg — Zq with Z— t*77. (b) Z+bb from gluon splitting: qq — Zg,
g— bb.

Figure 5.4.: Representative DY Z/y"+jets topologies with Z/y* — 7777 (a) Compton
process qg — Zq; (b) Z+bb from gluon splitting g — bb. These illustrate
sources of light- and heavy-flavor jets in DY events.

At +/s = 13 TeV the cross section times branching fraction for Drell-Yan (DY) production
with subsequent decay into a pair of leptons is of order 6000 pb, produced dominantly
via g§ — Z with additional jets from QCD radiation. The production of genuine "7~
pairs, as well as ee and pu pairs, contributes when either a lepton or an additional jet is
misidentified as ,.

The b jets can arise from radiated gluons that split into a bb pair or from misidentification
of light-flavor, ¢ quark and gluon jets. Two representative Feynman diagrams are shown
in Figure 5.4.

After requiring two b-tagged jets, the DY rate is reduced but remains relevant, especially
in the 7,7y, final state. Like for the background from tt production, m,, provides separation,
since DY populates a broad peak near the Z mass (~ 90 GeV), while the signal prefers
values around my.

5.3.3. Single Top

Single top quarks are produced in electroweak processes with a summed cross section of
about 217 pb at v/s = 13 TeV [57]. The dominant modes are t-channel and the associated
tW production, which are shown in the Feynman diagrams in Figure 5.5.

At LO, t-channel production yields one top quark, one b jet and a characteristic forward
light jet, while tW production leads to a top quark together with a W boson. After the
t—>bWand W — q¢’ or W — ¢v (£ = e, 1, 7) decays, typical configurations contain one
b jet and either additional light-flavor or ¢ quark jets or a single prompt lepton. None
of these LO final states provide both a bb pair and a 77 pair, so the selection requiring
two b-tagged jets and a 777~ candidate suppresses single t quark more strongly than tt
production.

Leakage into the signal regions occurs mainly through:

« extra heavy-flavor radiation or gluon splitting that yields a second b jet,
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q q g \%
w
b t b t
(a) t-channel single top: bg — tq’ via (b) Associated production tW: bg — tW.

t-channel W exchange (forward light jet ¢’).

Figure 5.5.: Leading-order electroweak single-top quark production topologies: (a) t-
channel production with a forward light jet, (b) associated tW production.
Subsequent decays t — bW and W — gq’ /v (not shown) yield one b jet and
either additional light jets or a prompt lepton.

- misidentification of gluon, light-flavor or ¢ quark jets as b jets,

« W — v providing one genuine 7 in the ¢z, final state together with jet— 1,
misidentification.

Compared to the background from tt production and to the HH — bb 77~ signal, single
t production events typically show: lower jet and b-jet multiplicities, a forward light-flavor
or ¢ quark in the t-channel and myp, m;;, which do not peak at my. This reduces the
background from single t quark production to a subdominant level after the final event
selections.

5.3.4. W+jets

W boson production in association with jets (W+jets) is kinematically similar to DY
production but occurs with a substantially larger rate (about an order of magnitude
higher at /s = 13 TeV). It proceeds predominantly via quark-antiquark annihilation with
additional jets from QCD radiation, followed by the leptonic W — ¢v (£ = e, i, 7) decay.

For this analysis only the leptonic W decay is relevant. Because the selection requires a
777 candidate and two b-tagged jets, genuine W+jet production is strongly suppressed
and the contamination of the signal region is mainly driven by:

« jet— 7, misidentification, together with the prompt e/y from the W — ¢v decay,
mimics the ¢z, final states, and double jet— 7, fakes mimic the 7,7, final state,

« light-flavor and ¢ quark jets — b misidentification,

. genuine heavy flavor in W+bb or W + c¢ that yields b-tagged jets in otherwise
W+jets-like events.

Kinematically, the W+jets process is dominant at mr (¢, prTniss) values close to my. The
distributions of my}, and m,,; are not peaking. In the 7,7, channel the fact that two jets
would have to be misidentified as 7, reduces the yield to a minor level.
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5.3.5. Single Higgs

Single Higgs boson production (ggF, VBF, VH, ttH, and tHgq) yields final states with b jets
and 7 leptons that overlap with HH — bb ¥ 7™:

« ZH production with (H — 7¥7~, Z — bb) or (H — bb, Z — 7*7~) mimics the
two-resonance structure and can populate high-purity regions.

« ttH and tHq produce multiple b jets and leptons. Selections with exactly two b-tagged
jets and the resolved topology reduce these contributions.

Kinematically, single Higgs boson production events often feature only one mass peak
near my (mpp or my;), whereas the signal prefers both quantities peaking close to my.
Together with the low cross section, this process accounts for only a small proportion of

the background.

5.3.6. Other Backgrounds

Other, minor background processes are grouped here. After requiring two b tags and a
77 pair, their rates are very small:

» Diboson production (WW,WZ,ZZ): Events contribute when accompanied by,
occasionally heavy flavor jets or via object misidentification. In particular, ZZ —
bb r*7~ shares the same final state as the signal while it has a very small yield and a
different resonance pattern (both my}, and m,,; peak at mz).

« Triboson production ( WWW, WWZ, WZZ, ZZ7): These processes have very small
cross sections and negligible yields after selection and are therefore included only
for completeness.

+ Electroweak V + 2 jets: Events from electroweak vector boson production in asso-
ciation with two VBF-like jets are characterized by two forward/backward jets, large
dijet mass and rapidity separation, and very little heavy flavor jets. Requiring two
b-tagged jets suppresses the contribution of this background to a negligible level.

5.3.7. QCD Multijet Production

QCD multijet production enters the signal selection when one or more jets are misidentified
as 1. In the 7y, final state this appears as a single jet misidentified as 7,, with the
accompanying lepton possibly nonprompt or misidentified, while in the 7,7, final state
both 7, candidates may originate from jet— 7, misidentification. The necessary b tagged
jets come, either through gluon, light-flavor or ¢ quark to b misidentification or via genuine
heavy-flavor production (bb, cc).

The background from multijet QCD production is obtained from data with an ABCD
method based on two axes that are approximately uncorrelated: (i) the 7, identification
working point and (ii) the 7,7y, or £z, charges.

« Charge: same sign (SS) if g1q, > 0
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« Charge: opposite sign (OS) if g;q2 < 0
« 1, isolation (“Iso”): DEEPTAU VSjet Medium

« 7, anti-isolation (“Anti-Iso”): fails Medium but passes VVVLoose

Because jet charges are essentially random, SS and OS events occur at roughly similar
rates. The explicit definitions of the regions are given in Tables 5.1 for the 7,7, and in 5.2
for the f1;, final state.

Table 5.1.: ABCD regions for the ,7;, final state. Iso 7, pass the DEEPTAU VSjet Medium
working point; Anti-Iso 7y, fail the Medium but pass the DEepTAuU VSjet VVVLoose
working point.

Region  Charge 1,1 isolation 17, isolation
A (target) OS(q192 <0) Iso Iso

B (shape) OS(g192 <0) Iso Anti-Iso

C (norm) SS(q1g2 > 0) Iso Iso

D (norm) SS(gq1g2 > 0) Iso Anti-Iso

Table 5.2.: ABCD regions for the ¢7, final states. Iso 7, pass the DEEPTAU VSjet Medium
working point; Anti-Iso 7, fail the Medium but pass the DEEPTAU VSjet VVVLoose
working point. Lepton ID/iso follows the nominal selection.

Region  Charge 1, isolation
A (target) OS(q192 < 0) Iso

B (shape) OS(q1q2 < 0) Anti-Iso

C (norm) SS(q1g2 > 0) Iso

D (norm) SS(g192 > 0) Anti-Iso

First, in each region X € {A, B, C, D}, non-QCD backgrounds (e.g. tt and DY production)
are subtracted from data:

QCD _  psdat P
NZP = Ngt - 3T ONE (5.2)
p#QCD
Assuming charge and isolation are nearly uncorrelated for events where the 7, candidate
results from a misidentified jet, the yield in the signal region A is calculated with
QCD ,,0CD
Ny Ng

QCD
N =B _C
A QCD
N f

(5.3)

The kinematic distribution of events from QCD multijet production of a observable x is
taken from region B and scaled to NSCD:

IN QCD dN QCD NQCD
(—) = «a (—) with o= ACD.
dx dx N]?

(5.4)

A B
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The resulting distributions are used in the final fit together with the simulated back-
grounds and the signal model.

5.4. Event Simulation

All processes apart from QCD multijet production are estimated from simulation. The
samples have been produced based on the 2018 Ultra Legacy conditions and are processed
through the full CMS chain: the hard scattering process at parton level, parton showering
and hadronization, a GEANT4-based detector simulation [58] and offline reconstruction
identical to data. The underlying event is modeled with the CP5 tune [59] and additional
inelastic interactions simulated with the pythia event generator [60] are overlaid. Simulated
events are reweighted to reproduce the pileup profile observed in data.

5.4.1. Matrix Element (ME) event generators

ME event generators compute the hard-scattering amplitudes at fixed order, LO and next-
to-leading-order (NLO) in perturbation theory, in QCD and EWK, integrate them over
phase space with PDFs at a chosen factorization scale and produce unweighted parton-
level events. Scale and PDF choices are provided as event weights. When extra jets are
taken into account already at the parton level, matching or merging schemes are used to
avoid double counting between partons in the final state of the ME calculation and the
subsequent parton shower.

The following ME generators are used in this analysis:

« MadGraph5 (LO) [61]: used for gg — HH — bbr*r~ and for W+jets production.
It generates tree-level amplitudes with optional extra partons in the ME. Multiple
jet multiplicities in the matrix element are consistently combined using the MLM
merging prescription, whereby, after parton showering, events are retained only if
each matrix-element parton can be matched to a reconstructed jet and no additional
jet above the matching scale is present. This avoids double counting between ME
and shower emissions and yields a smooth transition between their respective de-
scriptions. Without merging, additional jets beyond the matrix-element multiplicity
are produced purely through the parton shower model (see Section 5.4.2).

« MadGraph5_aMC@NLO (NLO+PS) [62]: shortened as aMC@NLO. Used for DY Z/y*+jets,
diboson, and triboson production. This event generator employs the MC@NLO
matching scheme to combine NLO matrix elements with the parton shower model,
which can introduce negative event weights, and provides per-event weights for
scale and PDF variations. When several jet multiplicities at NLO are combined, the
FxFx NLO merging procedure [63] is used, with a merging scale that separates ME
and shower emissions, preserving the inclusive NLO cross section and improving the
description of events with one or more hard jets. A significant fraction of negative
weights is expected.

« POWHEG (NLO+PS) [64]: used for tt, single t quark, and single Higgs boson production.
Implements NLO matching by generating the hardest emission directly from the
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real ME dressed with a Sudakov form factor. This usually leads to positive-weight
events and a controlled first-emission spectrum. Spin correlations in heavy-particle
decays are preserved, and process-specific damping parameters regulate very hard
radiation.

In this analysis, both LO and NLO simulated samples are used, while the NLO generators
provide an improved description of the kinematic distributions. Table 5.3 summarizes the
ME event generators and perturbative orders used for each process. In the column ME
generator, the merging scheme used to combine ME partons with the parton shower are
given in parentheses.

With POWHEG, the first (hardest) emission is generated directly from the real matrix
element and regulated by a Sudakov form factor that vetoes harder shower emissions.
Events therefore almost always yield a positive weight, and the first-emission tail is
often a bit harder (tunable, e.g. with h_damp). In MadGraph5_aMC@NLO, the MC@NLO method
makes two event types. S (“Born-like”) events start without an extra parton and let the
shower create the first emission. H (“hard”) events already include one extra parton
from the real matrix element. To avoid double counting, the shower approximation is
subtracted in the event weights, which may turn some weights negative. Combined, S and
H events reproduce the full NLO prediction. Typically, POWHEG gives a slightly harder first
emission, while aMC@NLO follows the shower more closely. Negative weights are rare for
POWHEG but may occur at a level of 10% for aMC@NLO and even higher with FxFx merging.
Both simulations provide per-event renormalization and factorization scale, and PDF
reweighting.

5.4.2. PYTHIA 8 parton shower and the CP5 tune

The event simulation program PyTHi1A 8[60] takes the parton-level events from the ME
generators and turns them into realistic final states made of stable particles. It does this in
a few steps: it adds initial-state radiation (ISR) from the incoming partons, adds final-state
radiation (FSR) from the outgoing partons, simulates extra semi-soft scatterings in the pp
collision (multiparton interactions, MPI) and finally hadronizes the partons into hadrons
using the Lund string model [65, 66]. Unstable particles are then eventually decayed. The
result is a collection of stable particles that are passed to the detector simulation.

The CP5 tune [59, 67] sets the many shower and underlying-event parameters used
by PyTHIA 8. It is a CMS Run 2 tune at v/s = 13 TeV, built to describe minimum-bias
and underlying-event data. In practice, CP5 controls the overall activity from MPI, the
amount and hardness of ISR/FSR, how color reconnection takes place, and details of the
beam-remnant treatment. Using one common tune for all samples keeps the modeling
consistent across processes.

5.4.3. Pileup, reconstruction and object calibration

Pileup from additional pp interactions in the same or nearby bunch crossings is included
by overlaying minimum-bias collisions to the hard-scattering event. The number of
interactions is reweighted to match the distribution measured in data. An uncertainty is
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Table 5.3.: Event generators and perturbative order in o, used for signal and background
samples in the 2018 UL simulation. All samples are showered and hadronized
with PyTHIA 8 using the CP5 tune.

Process Order ME generator
gg—HH — bbr*r~ LO MadGraph5

tt NLO POWHEG

DY+jets NLO  aMC@NLO (FxFx)
Single t NLO  POWHEG

WHjets LO MadGraph5 (MLM)
Diboson NLO  aMC@NLO (FxFx)
Triboson NLO aMC@NLO

Single H NLO  POWHEG

assigned by varying the assumed inelastic cross section and the effect is propagated to all
downstream observables.

Before reconstruction, the detector response is simulated with a detailed GEANT4-based
model [58]. Generator-level particles are transported through the full detector geometry.
GEANT4 simulates electromagnetic and hadronic showers, ionization energy loss, multiple
scattering and decays in flight in each subdetector. The resulting energy deposits and
hits are digitized with realistic electronics response, timing and noise. Run-dependent
conditions, like alignment, calibrations and dead/noisy channels, are applied so that
simulated events reproduce the data-taking conditions as closely as possible.

The events are then filtered in the triggers (L1 + HLT) and reconstruction follows the PF
approach (see Chapter 4). Data-simulation differences are corrected with per-object scale
factors and energy-scale/resolution calibrations, and their uncertainties are propagated to
the final observables.

5.5. Event Selection

5.5.1. 777 -Pair Selection

For this analysis three 777~ decay channels (er,, ur, and ,73,) in the decay modes 0, 1,
10 and 11 of 7, are used (see Section 2.3). Electron identification uses the BDT-based no-
isolation working point WP90 (Section 4.3) and muons must satisfy the cut-based Medium
ID (Section 4.4). For 7, candidates, DEEPTAU v2.5 working points are applied per channel
as listed in Table 5.4. The vsJet Medium point defines the well identified 7, leg, while
looser vsEle/vsMu points suppress misidentification from electrons and muons. Additional
working points are stored for control regions, e.g. the estimation of the background from
QCD multijet production, with the ABCD method.

Requirements on pr 1], |d;|, |dxy|, lepton isolation, and the transverse mass mr are
applied to select well-measured, prompt objects and to suppress backgrounds. For a visible
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object X € {e, y, 7}, mr is defined as

mT(X meSS) — \/sz pm1ss — cos A¢(PT pmwS)) (5.5)

where p%( and p%liss denote the magnitudes of the transverse-momentum vectors ﬁ%( and
p%mss and A(;S(ﬁ%( , ﬁ{mss) is the azimuthal angle between them. The |5| requirement con-
fines electrons, muons, and 7, candidates to detector regions with reliable tracking and
calorimeter coverage, reducing edge effects and mismodelling. The longitudinal and trans-
verse impact parameters, |d;| and |dy,|, enforce compatibility with the primary interaction
vertex and therefore suppress pileup tracks and nonprompt leptons from heavy-flavor
decays. The isolation requirement further reduces jets misidentified as leptons and leptons
produced inside jets by limiting additional activity in a cone around the object. For elec-
trons and muons a relative isolation requirement I] < 0.15 is used, while for 7, candidates
the DEEPTAU v2.5, vsJet Medium discriminator is used as an effective isolation criterion.
In the er, and p1y, channels, a transverse-mass requirement mf;” < 70 GeV is applied to
suppress W+jet events. Because genuine W — £v decays yield large values of mr up to
around myy, this criterion removes much of the W+jets background while keeping most of
the signal events.

The thresholds on these quantities for each object type are shown in Table 5.5

Table 5.4.: Identification working points of DeepTauv2.5 used for 7, identification
Channel Object vsEle vsMu  vsjet

€Th Th Tight VLoose Medium
HTh Th VVLoose Tight Medium
ThTh 7, (each) VVLoose VLoose Medium

Table 5.5.: Per-channel object requirements used in the 7"z~ selection.

Channel Object pr[GeV] || |d;|[cm] |dyy| [cm] I:e/lu mt [GeV]

ety e > 33 < 2.1 < 0.2 < 0.045 < 0.15 <70
Th > 30 <23 < 0.2

L L >25 <21 <02 <0045 <015 <70
h >30 <23 <02

ThTh 7, (each) > 40 <21 <0.2

To keep the three 777~ channels mutually exclusive, a dedicated lepton veto is applied
using very loose “veto-lepton” definitions. Veto electrons and muons are required to
have pr > 10 GeV and a loose isolation requirement of Iree/I” < 4.0. These thresholds are
intentionally looser than the nominal selections so that almost any additional prompt
lepton in an event is caught by the veto. In the ez, final state, exactly one selected electron
is allowed and no extra veto electrons or veto muons may be present. In the uz, final state,
exactly one selected muon is allowed and no extra veto muons or veto electrons may be
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present. In the 7,7y, final state, no veto electrons nor veto muons are allowed. This strategy
prevents overlap between channels and suppresses backgrounds with extra prompt leptons
(e.g. dileptonic tt or Z — ££) while minimally affecting the signal acceptance.

5.5.2. bb Pair Selection

Compared to ref. [5] mentioned in Section 5.1, which is using a dedicated neural network
for assigning candidate jets to the Higgs boson decay, called HH-bTag, the bb pair selection
in this analysis is done in a simpler way.

Jets from b quarks are identified by the DEePJET algorithm when fulfilling the medium
working point (see Section 4.5). The selection is limited to the central tracker region with
pJTEt > 20 GeV and |pt| < 2.5.

The bb pair is constructed in two cases: (i) If at least two jets pass the Medium working
point, the leading b-tagged jet is taken as b; and b, is the first other b-tagged jet in pr
order that satisfies AR(by, by) > 0.4 (if the next-to-leading jet fails the separation, the next
one is tried, and so on). (ii) If exactly one b-tagged jet is found, this jet is by, and by is
chosen among the remaining jets with p¥'t > 30 GeV, |7P®!| < 2.5, as the one with the
largest DEEPJET discriminant value, again requiring AR(by, bz) > 0.4. If no such partner
exists, no b-jet pair is defined and the event is rejected.

5.6. 777~ Pair Mass Reconstruction with FastMTT

Reconstructing the %7~ mass is compromised by the fact that each 7 decay produces at
least one neutrino that is not detected. The visible decay products (e, 1 and 7,) therefore
carry only part of the original 7 momenta. The missing transverse momentum, ﬁ{niss,
provides partial information about the neutrinos in the transverse plane, but by itself does
not fully determine the event. FASTMTT [68] is a faster variant of the SVfit algorithm [69]:
it evaluates a likelihood that combines the measured visible objects, ﬁ%niss and the known
[)’{niss resolution to estimate the full 7 four-vectors and hence m,.

The fit uses three inputs: (i) the four-vectors p* and pJ* of the two visible 7 decay
products, together with the encoded decay mode for y; (ii) the measured missing transverse
momentum vector ﬁ%‘i“; and (iii) the 2 X 2 covariance matrix V that encodes the resolution
of ﬁ{ﬂmss in Cartesian coordinates. A r-mass constraint, m; = 1.777 GeV [32], and simple
models for the invisible part of each decay relate the unknown neutrino momenta to
a small set of fit parameters. In particular, two visible energy fractions z; and z; are
introduced so that

p(n) = leiViS, 0<zi<1l (i=12). (5.6)
1
The strictly collinear approximation is imposed (0g; = 0 [70]): the invisible system is taken
to be collinear with the visible decay products, and no additional angular parameters are
fitted.
With this, the neutrino transverse momenta ﬁT"V can be written as

2inv , 2inv inv

pr = Pty T P12 with  pi™ = p(z) _P;/is’ (5.7)
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so that p'" represents the sum of the unobserved neutrinos from both 7 decays: a single
v, for 7, and two neutrinos treated as one effective invisible system for leptonic 7 decays.
The FASTMTT algorithm defines a likelihood £(z;, z2), that factorizes into a term
describing the compatibility of the fitted neutrino system with the measured 5}“1“ and
a term encoding the 7-decay kinematics. The former is modeled as a bivariate Gaussian
in ﬁTW - f)}ni“ with covariance matrix V, while the latter, denoted I(zy, z;), represents the
decay mode dependent phase-space weight for the two 7 legs. This can be written as

L(z1,29) exp[_% (ﬁTvv _ﬁ’;niSS)TV_l (ﬁ%/v _f‘;%niss)] I(z1,20) . (5.8)

The fit scans over the physically allowed domain in (z1,2;), defined by 0 < z; < 1
and additional decay-mode—dependent constraints, and selects the point that maximizes
L(z1,z2). From the corresponding best-fit parameters, the algorithm reconstructs the 7
four-momenta p#(7;) and p#(73), and returns these together with the reconstructed di-r
mass

mfSNTT = (1)) + p(2) 59)

Compared to simple approximations such as the collinear approximation, FASTMTT
achieves a narrower and less biased m,,; distribution by using the full ﬁ%niss information
together with constraints on the 7-decay kinematics. The resolution improves with the
boost of the 777 system, i.e. for larger p?’f. In back-to-back configurations, where the
two 7 leptons are nearly opposite in the transverse plane and the system has low pr, the
collinearity assumptions are weaker and the reconstructed mass distribution becomes
broader. In this regime the ﬁ{ni“ covariance V is essential to keep the fit stable.

5.7. Control shapes

Figures 5.6 (m,,) and 5.7 (f1,) show two key control distributions for each final state:
on the left side the reconstructed di-r mass m:»™TT and on the right the transverse
momentum of the leading b-jet, pr(b;). Backgrounds are stacked in the categories DY
Z/y* — t¢, diboson, tt, single t, QCD multijet production, and minor sources. The grey
band shows the statistical uncertainty of the summed background. Data are shown as
points with error bars. The HH — bbr*z~ signal is overlaid and scaled by a factor of
5000 in the ¢y, final states and 1000X in the 7,7, final state to make the expected shape
visible. Ratio panels display the data divided by the background expectation with the
corresponding statistical uncertainties.

The pr(b;) spectrum peak at moderate pr and then fall smoothly, as expected for
resolved bb production. As defined in Section 5.5.2, only jets with pt > 20 GeV enter the
b-pair selection. Consequently the pr(b;) distributions start at 20 GeV. The agreement
between data and the expectation is generally good over most of the range. In the ez, final
state a modest overestimation of the expectation by about 10-20% is observed, mainly
attributable to the tt component. Differences at very high pr are limited by statistics. In
the ¢y, final states the dominant background is tt, whereas in 7,7, other processes (QCD
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5.7. Control shapes

multijet, Z/y* — 7¥17) are relatively more important. The overall event yield is largest in
uty, followed by er,, with the fewest events in 7, 7,.

For mEast™MIT "3 broad structure from Z/y* — 7~ appears near the Z mass and is well
reproduced, which validates both the 7 reconstruction and the 5™ modeling. In the
ety final state the total MC prediction is about 10-20% higher than the data, which is
again due to a small overestimation of the tt background. The HH— bbz*7~ signal peaks
around ~ 115 GeV rather than exactly at 125 GeV. This small downward shift is expected:
the 7%7~ mass is reconstructed with finite resolution and a likelihood regularization (see
Section 5.6). In the FastMTT algorithm a strictly collinear approximation is imposed for
each 7 decay, so only the transverse missing momentum is constrained by the fit while
the longitudinal neutrino components remain underconstrained. Detector effects (MET
scale/resolution and 7, energy scale) further smear the mass.

These figures are a small subset of the control plots used in the analysis. Other relevant
distributions are provided in the Appendix A.1.
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Figure 5.6.: 7,7, final state: Data-background comparisons. The stacked histograms
represent the expected contributions from DY Z/y*, diboson, tt, single t, and
other minor processes, while the QCD multijet production contribution is
taken from data control regions. The observed data are shown as points with
error bars. The HH— bb 77~ signal is overlaid and scaled for visibility. The
lower panel in each plot shows the data-to-background ratio, with the shaded
band indicating the statistical uncertainty of the total background prediction.
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5. Search forHH — bb r*7~
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Figure 5.7.: £, final states: Data—background comparisons. The stacked histograms
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represent the expected contributions from DY Z/y*, diboson, tt, single t, and
other minor processes, while the QCD multijet production contribution is
taken from data control regions. The observed data are shown as points with
error bars. The HH— bb r*7~ signal is overlaid and scaled for visibility. The
lower panel in each plot shows the data-to-background ratio, with the shaded
band indicating the statistical uncertainty of the total background prediction.



6. Analysis

6.1. Event Classification with Neural Networks

6.1.1. Architecture

For event classification a compact fully connected network is chosen. The network operates
on 20 high-level kinematic inputs which are shown in Table 6.1. In the control plots those
observables showed the best signal-background separation. All inputs to the NN are
standardized to zero mean and unit variance using the training sample and the same y, o
are applied to validation and test sets. The architecture is illustrated in Figure 6.1. It has
two hidden layers with 50 nodes each and rectified-linear (ReLU) activation functions,
together with batch normalization and dropout for regularization purposes.

The six output units correspond to the mutually exclusive event categories. The softmax
layer returns class probabilities

exp(zx)

— P k=1,...,6 (6.1)
Z?:l eXP(Zj)

ply=k[x) =

where z are the pre-activation logits produced by the final linear layer.

6.1.2. Training

The training of the NN is performed separately for each final state (er,, pry, Th7h) and for
two statistically independent folds (fold_0, fold_1), yielding in total six networks with
identical architectures and preprocessings. For a given fold, the events are split into a
training and a validation subset of equal size within the fold (50%/50%), while the opposite
fold is used as test sample. The loss function is a weighted categorical cross-entropy,

6
1
Lee = = > D Witk logp(y =k | x), (6:2)

N i=1 k=1

where N is the number of training examples, k runs over the six classes, wy denotes the
class weight for class k, y;i is the target label, and p(y = k | x;) is the predicted probability
for class k given the input features x;. The loss is optimized with the Adam algorithm [71],
using L2 regularization with a weight decay coefficient of 1073 to control overfitting. Batch
normalization layers stabilize the training and accelerate convergence. A dropout proba-
bility of 0.2 after the first hidden layer adds further regularization. Training makes use of
all training events in the fold, so a single parameter update per epoch is computed from
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6. Analysis

Table 6.1.: Kinematic and event-level observables used in the analysis.

Variable Description
ij r{V Invariant mass of the two hardest jets; expected to peak near

my.

m}’fv Invariant mass of the two b-tagged jets; highly correlated
with m/’_.

mv

mEastMTT Reconstructed 7+7~ mass using FastMTT (Sec. 5.6) to account
for neutrinos in the 7 decays.

mSTO HlApprox Reconstructed 7+7~ mass using the collinear m;, approxima-
tion.

Myis Invariant mass of the visible decay products of the "7~ -
system.

m?t Total transverse mass, which is the sum of the transverse
masses of all final state particles.

ARyp, AR, Angular separations capturing the production kinematics.

pT.’ Y p%z Transverse momenta (pr) of the leading and subleading jet.

p?p ain 1 pr of the leading b-tagged jet; highly correlated with p% -

p%ijet Combined pr of the two hardest jets.

pgp air dijet Combined pr of the b-jet pair; highly correlated with p%ijﬂ.

Pr pr of the electron, muon or the pr-leading 7,.

pEaStMTT pr of the 777~ system reconstructed with FastMTT (Sec. 5.6)
to account for neutrinos in the 7 decays.

p%is pr of the visible decay products of the 7" 77 -system.

Nbtag Number of b-tagged jets.

Niets Number of reconstructed jets.

btag!, btag®

DeepJet discriminants of the selected candidate jet to form
the bb pair.
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Figure 6.1.: Top-down schematic of the neural-network architecture used for event classi-
fication. The model takes 20 standardized inputs, applies two hidden blocks
(Linear-BatchNorm-ReLU with a Dropout layer after the first block), and
outputs six class probabilities via a Softmax layer.
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6. Analysis

the entire training set. After each parameter update the loss is also evaluated on the val-
idation data set. Early stopping based on the validation loss is used to select the final model.

Each simulated event carries a physical weight wfhys so that the expected yield in class
k is N]f hys — Dick wfhys. For example in 7,7, final state the signal sample contains ~ 5800

simulated events but corresponds to only two expected physical events for the given L.
Four class—weighting prescriptions were tested in the definition of Lcg:

« Balance by MC counts: w,ils oc 1/ N}CVIC with N,ICV[C the number of simulated training
examples in class k.

« Balance by physical yields: w]ils o« 1/ N;f s

+ 50/50 balance by MC counts: target priors of 50% signal and 10% per background
based on the number of simulated training samples.

« 50/50 balance by physical yields: the same target priors as given in the previous item
based on the physical yields instead of the number of simulated training samples.

The first scheme, balancing by MC counts, yielded the best-performing models across
final states and folds. Training metrics balancing weights by MC counts are summarized
in Appendix A.3. For each decay channel the plots show the categorical cross-entropy for
the training and validation sets as a function of epoch and purity, efficiency and F; score
on the validation data, with

TP P 2 Purity - Efficiency
TP + FN’ "~ Purity + Efficiency -

Purity = Efficiency = (6.3)

TP + FP’

where, TP (true positives) denotes correctly identified signal events, FP (false positives)
denotes background events incorrectly classified as signal, and FN (false negatives) denotes
signal events that are incorrectly rejected.

Convergent training is reflected by a steadily decreasing validation loss and a saturating
F; score. Figure 6.2 show this behavior for the 7,7y, final state. The training metrics for the
{7y final states are shown in the Appendix A.3. At very early epochs the training loss can
exceed the validation loss because dropout is applied only during training, injecting noise
into the forward pass. As optimization proceeds, the validation loss typically reaches a
minimum and then flattens, while the training loss continues to decrease — an indication
that the network is starting to rely on properties which are unique for the training sample
(overfitting). Early stopping is therefore configured to find the minimum of the validation
loss.

The trained networks provide per-class probabilities. The signal probability or suitable
combinations thereof are used as the final discriminants in the statistical analysis.
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Figure 6.2.: NN training metrics for the 7,7, final state with balancing class weights by MC
events. Left: cross-entropy loss vs. epochs for training and validation, showing
steady convergence without divergence. Middle: F; score, rises rapidly and
saturates. Right: precision and recall stabilize, with high precision and lower
recall, consistent with class imbalance.

Table 6.2.: Class composition in the 7,7y, final state. Shown are the number of nominal MC
events and the sum of physical weights which represents the expected physical
yield in a class. Totals after selection: N MC = 244,726 and 3 wPhys = 3606,

Class NMC [10°] MC fraction Y wP?S Physical fraction

Signal 5.8 2.4% 1.87 0.05%
DY 42.0 17.2% 1700.0 47.1%
Single t 0.6 0.3% 120.0 3.3%
tt 45.3 18.5% 1587.0 44.0%
Diboson 7.6 3.1% 67.7 1.9%
other 143.4 58.6% 129.1 3.6%

6.1.3. Training Data & Classification Results

The Tables 6.2 for the 7,7, final state and in the Appendix A.2 for the ¢z, final states show
for each class k the nominal number of simulated events N}cv[c and the sum of physical

weights ), wihys that represents the expected physical yield. The physically expected
mixture depends on the 777~ final state. In the 7,7, final state, DY and tt contribute
comparably to the expected with 47 % and 44 %, while the signal fraction is 0.05 %. In
the ¢z, final states the expected yield is strongly tt dominated (~ 80 %), with DY at the
10-12% level and signal at the 0.007 % level. These priors are the baseline against which the
classifier has to operate. The strong imbalance makes the signal-background separation
particularly challenging.

43



6. Analysis

‘ Cpr}fL‘Js‘io‘n‘ M::‘ltrix (abs‘,qlqte qqunts) . Confl‘.ls‘io‘n‘ Me‘ltr‘ix‘ (‘a‘bs‘o‘lu‘te c;qunts)

~0.654 0073 0019 0021 0070 0.100 - ~ 0721 0063 0010 0028 0050 0.064 - 500

5;64.405 LYl 53.245 40917 PAINREY 28.141-

3.129 23.150 20.944 7.670 2.880 -

220280 9.134 188.070 PLPRPAM 57541 e62376- | 2

8.907 2739 1.567 14.969 1.692

5;71.995 IYRLPN 23371 29539 151512 61.853- 400

-3.647 6.007 24560 16.267 2963  7.025 -

Signal

400

True Class
Signal
True Class

I
N
o
©
I

300

;40.405 50.614 193.692 ERIE2LY 25.945 61.446; |
[ i ~200

4972 11170 2276 1.235 10.143 4.057

TTbar  Single Top
TTbar Single Top

Diboson
@
©
~
©

Diboson

—100 1
R —100

8019 9575 5857 19.840 12.093-— ~10.666 11472 6278 6636 7.549 20.607-

|
X
®
N
=

Other i
Other

"Signal ‘DY SingleTop  TTbar  Diboson’  Other "Signal DY SingleTop  TTbar | Diboson  Other
Predicted Class Predicted Class
Figure 6.3.: 7,1, final state: Confusion matrices on the test sample. Numbers are physical
weighted event counts. Left: training with balancing class weights by MC

counts; Right: training with balancing class weights by physical weights.

The trained NNs are applied to the test dataset. For each event, the corresponding
confusion-matrix entry Nj;;, where i is the true class and j the predicted class, is updated
by adding the event’s physical weight wP"$, The matrix is optionally normalized by rows
(efficiency) or columns (purity) for interpretation. Efficiency is used because it measures
the efficiency for each true class and quantifies how many events of class i are correctly
retained, which is crucial for signal acceptance and for understanding losses to specific
background categories. Purity is used because it measures the contamination of each
predicted class and indicates how clean a category can be selected.

Figure 6.3 shows the confusion matrices with physical event counts for the 7,7, final
state. In Appendix A.4 the remaining confusion matrices for each final state with absolute
counts and normalization by rows and columns are shown. Each view is provided for the
trainings with balancing by MC events (left) and by physical events (right).

In the 1, final state, predominantly DY (59 %) and, to a lesser extent, tt (27 %) events
leak into the signal class. With physical yield balancing, the signal efficiency increases,
but the purity of the predicted signal class decreases. In particular, the tt contamination
of the signal column grows. A striking difference between the two trainings is the large
DY to diboson event misidentification seen with MC-balanced training, which is strongly
reduced under physical yield balancing. This aligns with expectations, as diboson and DY
events share low b—tag content, and MC-balancing tends to equalize classes at the expense
of prior information. A migration between the tt and single-t classes is observed in both
trainings, which is expected given their similar top-like event topologies. Compared to the
training sample where the signal fraction is only 0.05 %, the NN raises the signal fraction
within its predicted signal category to 0.6 %, an enrichment by a factor of 12, which is
useful but still underscores the difficulty of signal-background separation.

In the ¢7, final states, the NN operates in a tt-dominated environment. As expected the
dominant contamination of the signal arises from the tt class (~ 80 %), with DY (~ 10 %) as
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the subleading and single t as a minor (~ 5 %) contribution in the signal class. Moving from
MC-balanced to physical yield balancing increases the signal efficiency but decreases the
purity of the predicted signal column, mirroring the behavior seen in 7,7,. The migrations
between tt and single top, as well as between DY and diboson, are also visible and are
driven by the similar event topologies of these processes. Like in 7,7, the signal within
the predicted signal class is enriched by a factor of ~ 12.

Across final states, the misclassifications of HH events follow the expected class com-
position: in the ¢z, final states HH events are mostly confused with tt, while in the 7,7,
final state they are mostly confused with DY. This is not a failure of the network but
a consequence of overlapping kinematics after the selections. It motivates using the
full multi-class output in the fit instead of a single binary score, since the non-signal
probabilities help constraining the normalizations and shapes of the main backgrounds.

The analysis uses the per-event class score p.j.ss € [0, 1] as a one-dimensional discrimi-
nant in six exclusive categories defined by the maximum score of the multi-class output.
Therefore, with six classes there are no entries below 1/6 ~ 0.17, since a smaller maximum
would imply assignment to another class. Figure 6.4 shows the p.,ss distributions in
the r,7, final state. Appendix A.5 presents the p,ss distributions for the ¢z, final states.
Data are blinded in the HH category, and the background expectations are shown with
statistical uncertainties only. In the HH category the background spectra fall steeply
toward ppyy — 1, leaving a sparse but relatively clean tail that concentrates sensitivity.
In this tail the purity is rising up to a few %. Compared to the underlying dataset this
is a signal enrichment of more than x100. In the DY category the spectrum peaks at
intermediate scores with little contamination in the extreme tail. The tt category exhibits
a broad spectrum in the ¢7;, final states. The single t category traces a similar but lower
shape and is naturally constrained with tt.

6.2. Systematic Uncertainties

All systematic uncertainties in the nominal fit are implemented as log-normal (1nN) rate
nuisances. An InN constraint rescales the nominal yield of the affected process by a factor k
for a +10 shift of the given nuisance parameter. Uncertainties can be specified as symmetric
or asymmetric. The yield of each process i can be calculated as

N, =0; X Lint X Aj X & (64)

with the process cross section oj, integrated Luminosity L;,;, acceptance A; and efficiency
¢;. To each of this factors an uncertainty is assigned.

Object efficiencies e.  Object efficiencies quantify the probability for a physics object (e,
u or 1) being triggered, reconstructed, isolated and identified. These probabilities as
determined from simulation differ slighly from the values as obtained from data. Therefore
per-object scale factors (SFs) are applied to align the simulation to the data. The corre-
sponding uncertainties cover the limited precision of the data-driven measurements and
kinematic mismodelling. Lepton efficiencies only affect the £z, final states. Efficiencies
for the 7y, identification are factorized into against leptons and against jets components,
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6.2. Systematic Uncertainties

reflecting the structure of the DEEpTAU algorithm. Each component comes with its own
uncertainty to account for different control samples and uncertainties. In the 7,7y, final
state, the total rate effect is applied per object, so the factor is squared.

Integrated luminosity Li,:. The simulated yields (N;) scale with L, as shown in eq. 6.4.
So any imprecision in L, propagates directly to the normalization of all MC processes
that are normalized by cross sections. The luminosity is measured and calibrated e.g. via
van der Meer scans [72, 73]. Residual uncertainties arise from the absolute calibration,
time stability, detector modeling and operational conditions. In the fit this is implemented
as a single 1nN nuisance. It affects only fully simulated processes. Purely data-driven back-
grounds like QCD multijet production are not scaled by L, and thus are left unaffected
by this nuisance parameter.

Background normalizations 0;.  For simulated backgrounds, the nominal rate is set by the
inclusive cross section o;, and theoretical and modelling uncertainties in o; are propagated
as rate nuisance parameters. The dominant sources are missing higher-order corrections,
the choice of parton distribution functions (PDFs), and the value of the strong coupling
constant a,. For some processes, a single 1nN uncertainty summarizes the total cross-section
uncertainty, while for others it is decomposed into orthogonal components: QCDscale,
which varies the renormalization and factorization scales to cover missing higher orders;
pdf, which propagates PDF uncertainties using the corresponding error sets; and alphas,
which varies the «, used in the calculation or in the PDF determination.

Acceptance A. In this analysis no per-event corrections are applied to the acceptance A,
because A is defined at generator level (fiducial and kinematic coverage before detector
effects) and cannot be measured directly in data. Uncertainties on A are instead covered by
theory and modelling variations, as detailed in the previous paragraph. Detector related
effects are calibrated with data-driven object scale factors and belong to the efficiency e,
not to A.

All systematic uncertainties used for this analysis are listed in Table 6.3. This choice
keeps the fit simple while reflecting common sources of uncertainty. The luminosity and
all uncertainties related to the signal shifts only the overall normalization by a few percent
and are subdominant to statistical uncertainties in the high-score tail of the HH event
category.
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Table 6.3.: Summary of 1nN rate uncertainties used in the nominal fit. Correlations are
across final states within the same era unless noted. ¥ The uncertainty in the
vsJet working point of the 7, identification discriminant is typically a shape
effect; here a conservative 1nN proxy is used.

Nuisance Processes Channels  Size (up/down)

eff_e all et 1.02

eff_m all mt 1.02

eff_t_vsLep all et,mt 1.01

eff_t_vsLep all tt 1.02

eff_t_vslet' all et,mt 1.02

eff_t_vsJetl all tt 1.04

lumi_13TeV all all 1.025

htt_vvXsec diboson all 1.05

htt_stXsec single t all 1.05

htt_tjXsec tt all 1.06

htt_wjXsec W all 1.04

htt_zjXsec DY all 1.02

QCDNorm QCD et, mt 1.108

QCDNorm QCD tt 1.216

QCDscale_ttH, pdf_ttH, alphaS_ttH ttH all (1.058/0.908), 1.030, 1.020
QCDscale_ggH, pdf_ggH, alphaS_ggH ggH all 1.039, 1.019, 1.026
QCDscale_qqgH, pdf_qqH, alphaS_qqH qqH all (1.004/0.997), 1.021, 1.005
QCDscale_VH, pdf_VH, alphaS_VH VH(WH+ZH) all (1.038/0.970), 1.017, 1.009
QCDscale_HH signal all (1.022/0.950)
PDF_alphas_HH signal all 1.030

mtop_HH signal all 1.026

BR_h_bb signal all (1.0125/0.9873)
BR_h_tautau signal all 1.0165
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6.3. Results

The limits are obtained with a profile-likelihood fit using the CoMBINE package described
in Ref [74] using the asymptotic CLs prescription with the signal strength p = o(pp —
HH) /osm as parameter of interest. The templates are first cleaned by removing processes
with zero expected yield and are then rebinned to avoid bins with very low statistics and
large relative fluctuations. The effect of the finite sample sizes used to build the input
distributions is incorporated as Poisson-like uncertainties for each individual bin, following
the Barlow—-Beeston lite prescription [75]. Expected 95 % CL upper limits are derived from
a profile-likelihood fit to the Asimov dataset constructed under the background-only
hypothesis.

CMS Private Work 59.8 fo~! (13 TeV) CMS Private Work 59.8 fb~! (13 TeV)
Bl 68% expected Bl 68% expected
ThTh - 95% expected TnTh - 95% expected
13.7 ---- Median expected 141 ---- Median expected
24.3 24.8
31.6 32.2
all - all
10.7 I I I | I 10.9 I I I I | |
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
95% CL upper limit on a(pp — HH)/ Gineory 95% CL upper limit on a(pp — HH)/ Giheory

Figure 6.5.: Expected 95 % CL upper limits on y for each final state and their combination,
with the median expectation and the 68 % and 95 % uncertainty bands shown.
Left: statistical-only fit; Right: full fit with all systematic uncertainties in-
cluded.

Figure 6.5 shows the median expected limits with their central 68 % and 95 % confidence
intervals (Cls), indicated by the dark and light green bands. Including systematics slightly
degrades the median sensitivity and broadens the CL, as the fit profiles luminosity, object
efficiencies, background normalizations, and theory inputs in addition to counting the
statistics. Numerically, the combined median limit increases by 2 % from yggp ~ 10.7
(stat-only) to ~ 10.9 (full).

The 7,7, final state is the most sensitive, followed by p1y,, while ery, contributes the least.
This ordering reflects both the classifier performance and the control power in the fit: 7,7,
exhibits the cleanest high-score tail where DY and tt are concurrently constrained and uzy,
benefits from large yields and strong p triggering, reconstruction and identification. The
combined fit constrains shared nuisance parameters across final states and achieves the
best expected limit.
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6.4. Extrapolation to higher luminosities

CMS Private Work 138 fb~' (13 TeV) CMS Private Work 500 fb=! (13 TeV)
T T T T T T T T
B 68% expected B 68% expected
TTh - 95% expected Tnh - 95% expected
9.2 ---- Median expected 5.9 == Median expected
16.9 11.2
20.6 12.0
+ N o
e L2 e e Lo AT
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25
95% CL upper limit on o(pp — HH)/ Gtneory 95% CL upper limit on o(pp = HH)/ Gineory

Figure 6.6.: Expected 95 % CL upper limits on y for each final state and their combination
with luminosity scaling. Left: extrapolation to the full Run 2 L, = 138 fb™'.
Right: projection to a combined Run 2 + Run 3 expected L, = 500 fb!. Rates
are scaled with L, while shapes and systematic models are kept unchanged.

To project the expected sensitivity to larger datasets, all rates are scaled by the ratio of

integrated luminosities,
/

N] = Npx j“t,
int

while the shapes and the systematic model are kept unchanged. Auto-rebinning and
bin-by-bin MC statistical uncertainties remain enabled so that finite-template statistics
are correctly propagated after the rescaling. In particular, scaling the luminosity by a
given factor does not correspond to having that many more simulated events, and the
MC statistical uncertainties therefore stays the same in relative terms. The expected lim-
its are evaluated on the Asimov dataset with the same CoMBINE configuration as in Sec. 6.3.

Figure 6.6 shows the 95 % CL upper limits for the full Run 2 dataset and the Run 2+Run 3
projections, obtained using the same systematic uncertainty model as in the results shown
in the right panel of Figure 6.5. Relative to the 2018-only result, the combined full Run 2
median improves from 10.9 to 7.2 by a factor 10.9/7.2 = 1.51. This is essentially the naive
statistical scaling of 4/138/59.8 ~ 1.52, indicating that the fit remains dominated by statis-
tical uncertainties. For the Run 2 + Run 3 projection to the expected L, = 500 b1, the
naive statistical gain would be 4/500/59.8 ~ 2.89, whereas the profiled fit reaches a factor
10.9/4.7 = 2.32. The weaker scaling reflects the systematic uncertainties with increasing
integrated luminosity. In practice, further improvements in background modelling and
object calibrations are required to approach the statistical limit at very high luminosity.
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7. Conclusion

This thesis presented a search for nonresonant Higgs—boson pair production in the
HH — bbr*r~ final state using the CMS 2018 proton-proton collision dataset at
Vs = 13 TeV, corresponding to an integrated luminosity of 59.8 fb™!. The analysis
targets the resolved 777~ and bb topology and combines the 7,7, ym, and ery, final states
of the %7~ system. Object reconstruction relies on the Particle Flow, DEEPJET and the
DEeEPTAU v2.5 algorithms. A multi-class classification neural network provides the final
event discrimination and category definition. Expected limits are derived based on the
Asimov dataset using a profile-likelihood fit.

Dedicated control studies validate the key ingredients of the selection. In particular,
the reconstructed di-r mass mf3t™MTT reproduces the Z/y* — ¥z~ peak, providing a
cross-check of 7 reconstruction and p™%*, while jet kinematics agree with expectations

for the resolved bb system within statistical precision.

Using the multi-class classification NN score as a one-dimensional discriminant in
six exclusive event categories, the combined expected 95 % CL upper limit on the signal
strength,

o(pp — HH)

OsMm

H (7.1)

exp _

is g, = 10.9 for 2018-only, with a small (~ 2%) degradation relative fit including only
statistical uncertainties ,u;');p = 10.7. Among all final states, 7,7, is most sensitive, followed
by the final states uz, and er,.

To gauge the benefit of additional data, the analysis was extrapolated by scaling event
yields with luminosity while retaining shapes and the nominal systematic model. The
projected median limits improve to ,ugz.fp = 7.2 for the full Run 2 luminosity (138 fb™1)
and to ,u;;(p = 4.7 for a Run 2+Run 3 scenario (500 fb™!). The Run 2 projection follows
near-statistical scaling, indicating a statistics-limited regime, while at 500 fb™! profiled
systematics begin to curb the naive stochastic gain.

Overall, the study establishes a complete 2018 analysis chain searching for HH —
bb 7*7~ in the resolved regime, covering object identification, NN-based categorization,
control validations and a full statistical interpretation. It quantifies the achievable expected
sensitivity with current selections. The results underscore the importance of larger
datasets and continued improvements in modelling and object performance for approach-
ing the sensitivity to observe or exclude HH production with the expected SM rate at the 95
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Several targeted refinements can enhance future sensitivity. First, incorporating the
remaining Run 2 years together with Run 3 data and adding the VBF production mode
should provide immediate statistical gains and complementary kinematics. Second, con-
tinued improvements in background modelling, especially for the tt and DY processes in
the high-score tails of the discriminating distributions, and in object calibrations will help
preserve statistical scaling at higher luminosities. Finally, optimizing the analysis shape
binning used in the fit may help improving the signal to background discrimination while
controlling statistical fluctuations.

Relative to the latest CMS di-Higgs result of y;;cp = 8.2 for 2018-only [5], this analysis
,ug);p = 10.9) is less sensitive but competitive. With the targeted refinements and the
inclusion of VBF production this gap may be closed. The bb 7"z~ channel remains a central

path toward probing the Higgs self-coupling at the LHC.
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A.1. Control Shapes
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Figure A.1.: Visible mass of object 1. In the ¢z, channels object 1 is the lepton, so the
distribution peaks near zero. In the 7,7, channel object 1 is a .
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Figure A.2.: Visible mass of object 2, which is a 73, in all final states.
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7, decay mode of object 1. In the ¢7, final states object 1 is the lepton, so these
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Figure A.9.: Visible di-r mass, my;s of the %7~ system.
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Figure A.10.: Transverse mass mt of object 1 with ﬁ%niss.
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Figure A.11.: Transverse mass mrt of object 2 with ﬁ%niss.
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Figure A.20.: Transverse momentum of the leading jet, p%l.
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Figure A.28.: Number of b-tagged jets, nptag.
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Figure A.29.: Transverse momentum of the leading b jet, p; .
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Figure A.33.: DEEPJET b-tag discriminator value of the leading b jet, btag".
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Figure A.34.: DEEPJET b-tag discriminator value of the subleading b jet, btag”.
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Figure A.35.: Invariant mass of the b-jet pair, m.’ .
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Figure A.36.: Transverse momentum of the bb system, p™ .
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Figure A.39.: Transverse momentum of the 777~ + bb system, p,;pp.
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Figure A.40.: Invariant mass of the 777~ + bb system, mpp.
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Figure A.41.: Reconstructed di-7 mass from FASTMTT, m:2
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A. Appendix

A.2. Training Datasets

Table A.1.: Class composition in the uz, final state. Shown are the number of nominal MC
events and the sum of physical weights which represents the expected physical
yield in a class. Totals after selection: N MC = 1,088,740 and 3 wPhys = 97 943,

Class NMC [10°] MC fraction Y wP"S Physical fraction
Signal 6.4 0.6% 1.87 0.0069%
DY 59.4 5.5% 3288 12.1%
Single t 7.7 0.7% 1384 5.1%
tt 654.0 60.1% 21582 79.2%
Diboson 13.6 1.2% 172 0.6%
other 347.7 31.9% 816 3.0%

Table A.2.: Class composition in the et final state. Shown are the number of nominal MC
events and the sum of physical weights which represents the expected physical
yield in a class. Totals after selection: N MC — 566,562 and > wPhYs = 14 288

Class NMC [10°] MC fraction Y wP"S Physical fraction

Signal 3.3 0.6% 1.02 0.0071%
DY 30.7 5.4% 1407 9.8%
Single t 3.9 0.7% 746 5.2%
tt 338.2 59.7% 11644 81.5%
Diboson 6.5 1.1% 88 0.6%
other 184.1 32.5% 401 2.8%
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A.3. Training Metrics
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Figure A.45.: NN training metrics for the pry, final state with balancing class weights by
MC events. Left: cross-entropy loss vs. epochs for training and validation,
showing steady convergence without divergence. Middle: F; score, rises
rapidly and saturates. Right: precision and recall stabilize, with high precision
and lower recall, consistent with class imbalance.
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Figure A.46.: NN training metrics for the et final state with balancing class weights by
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MC events. Left: cross-entropy loss vs. epochs for training and validation,
showing steady convergence without divergence. Middle: F; score, rises
rapidly and saturates. Right: precision and recall stabilize, with high precision
and lower recall, consistent with class imbalance.
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Figure A.53.: ery, final state: Confusion matrices on the test sample. Showing the same
data as Figure A.52 but normalized by predicted class (column-normalized).
Left: training with balancing class weights by MC counts; Right: training
with balancing class weights by physical weights.
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Figure A.54.: ery, final state: Confusion matrices on the test sample. Showing the same data
as Figure A.52 but normalized by true class (row-normalized). Left: training
with balancing class weights by MC counts; Right: training with balancing
class weights by physical weights.
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Figure A.55.: {1y, final states: NN score of events assigned to the signal output class. The
signal is overlaid and scaled for better visibility. The NN training is done
with class balancing by the number of simulated training samples.
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Figure A.56.: f1y, final states: NN score of events assigned to the DY output class. The
signal is overlaid and scaled for better visibility. The NN training is done
with class balancing by the number of simulated training samples.
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Figure A.57.: {1, final states: NN score of events assigned to the tt output class. The signal
is overlaid and scaled for better visibility. The NN training is done with class
balancing by the number of simulated training samples.
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Figure A.58.: £7,, final states: NN score of events assigned to the single t output class. The
signal is overlaid and scaled for better visibility. The NN training is done
with class balancing by the number of simulated training samples.
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Figure A.59.: {1y, final states: NN score of events assigned to the diboson output class. The
signal is overlaid and scaled for better visibility. The NN training is done
with class balancing by the number of simulated training samples.
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Figure A.60.: £1y, final states: NN score of events assigned to the other output class. The
signal is overlaid and scaled for better visibility. The NN training is done
with class balancing by the number of simulated training samples.
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Figure A.61.: NN score of events assigned to the signal output class. The signal is overlaid
and scaled for better visibility. The NN training is done with class balancing
by physical weights.
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Figure A.62.: NN score of events assigned to the DY output class. The signal is overlaid
and scaled for better visibility. The NN training is done with class balancing
by physical weights.
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Figure A.63.: NN score of events assigned to the tt output class. The signal is overlaid and
scaled for better visibility. The NN training is done with class balancing by
physical weights.
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A.5. Analysis Shapes
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Figure A.64.: NN score of events assigned to the single t output class. The signal is overlaid
and scaled for better visibility. The NN training is done with class balancing
by physical weights.
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Figure A.65.: NN score of events assigned to the diboson output class. The signal is overlaid
and scaled for better visibility. The NN training is done with class balancing
by physical weights.
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Figure A.66.: NN score of events assigned to the other output class. The signal is overlaid
and scaled for better visibility. The NN training is done with class balancing

by physical weights.
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A. Appendix

A.6. Upper Limit Confidence Signal Strength
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Figure A.67.: Expected 95 % CL upper limits on y = o(pp — HH)/osym for each final
state and their combination. Left: statistical-only fit; Right: full fit with
systematic uncertainties included. NN trained with balancing weights by

physical weights.
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Figure A.68.: Expected 95 % CL upper limits on p = o(pp — HH)/osm for each final
state and their combination. Left: statistical-only fit; Right: full fit with
systematic uncertainties included. NN trained with 50 % signal and 50 %
background balancing by MC events.
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Figure A.69.: Expected 95 % CL upper limits on p = o(pp — HH)/osm for each final
state and their combination. Left: statistical-only fit; Right: full fit with
systematic uncertainties included. NN trained with 50 % signal and 50 %
background balancing by physical weights.
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