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Ricerca di coppie di bosoni di Higgs e aggiornamento del

rilevatore CMS

Licheng Zhang (Fisica delle particelle)
Diretto da Prof. Ban Yong, Prof. Sun Xiaohu, Prof. Tabarelli De Fatis Tommaso

RIASSUNTO

Il Modello Standard della Fisica delle Particelle (SM) ¢ una teoria quantistica dei campi ri-
normalizzabile che fornisce un quadro comprensivo per descrivere i fenomeni che si verifi-
cano a scale subatomiche. Come pezzo fondamentale dell’intero mosaico, il meccanismo di
Brout-Englert-Higgs (BEH) funge da soluzione per generare le masse dei bosoni di gauge e per
chiarire le origini delle masse dei fermioni. Questo meccanismo ha le sue radici nel concetto di
rottura spontanea di simmetria. La chiave per comprendere meglio il meccanismo e i concetti
correlati ¢ misurare 1’autoaccoppiamento del bosone di Higgs e gli accoppiamenti con altre
particelle fondamentali. L'unica prova diretta dell’autoaccoppiamento del bosone di Higgs al
Large Hadron Collider (LHC) ¢ la misurazione dei processi di produzione di Higgs doppio o
triplo, con vertici di interazione caratterizzati da accoppiamenti che sono normalizzati da un
quadro kappa negli esperimenti.

La principale sfida degli esperimenti attuali nella ricerca di coppie di bosoni di Higgs
(HH) e nel vincolare gli accoppiamenti ¢ rappresentata dalle piccole sezioni d’urto dei processi
di produzione HH. I fisici possono potenziare le prestazioni fisiche dagli esperimenti al collider
in tre diversi aspetti:

1. Migliorare I’efficienza di etichettatura degli oggetti fisici.

2. Migliorare la strategia di analisi a livello di evento per aumentare il rapporto seg-
nale/rumore.

3. Accumulare dati aggiuntivi e aggiornamenti del rilevatore per migliorare la precisione
e ’accettazione.

Il processo di produzione di coppie di bosoni di Higgs (HH) associato a un bosone vettore
(Z/W) ¢ stato studiato per la prima volta nell’esperimento CMS con i dati completi di Run-2
(raccolti nel 2016-2018 a un’energia nel centro di massa di 13 TeV). L’analisi include tutti

1 canali di decadimento del bosone vettore e si concentra sul decadimento di HH nello stato
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finale 4b. Il decadimento leptonico del bosone vettore ci permette di vincolare separatamente
I’accoppiamento HHZZ e HHWW. Questa analisi comprensiva incorpora anche la topologia
potenziata, impiegando Alberi Decisionali Potenziati (BDTs) per stabilire una regione arric-
chita da «, (modificatore di accoppiamento HHH) e una regione arricchita da «yy (modifi-
catore di accoppiamento HHVV). L'ottimizzazione dei processi successivi in parallelo mira a
migliorare la sensibilita su un ampio intervallo di parametri kappa. Tecniche di apprendimento
automatico dedicate sono utilizzate per 1’estrazione del segnale. Gli BDT potenziano il pro-
cesso di modellazione dello sfondo attraverso la rivalutazione degli eventi che non soddisfano
i criteri di selezione. Questo metodo favorisce modelli di sfondo piu robusti con una ridotta
incertezza statistica. Riportiamo un limite superiore osservato (atteso) al livello di confidenza
del 95% sulla sezione d’urto della produzione di VHH fissata a 294 (124) volte la previsione
del Modello Standard. Inoltre, vengono imposti vincoli su k,, assumendo che «yy sia uguale
a 1, e viceversa. Gli intervalli di confidenza del 95% osservati (attesi) per questi modificatori
di accoppiamento sono delineati come -37.7 < k; < 37.2 (-30.1 < k3 < 28.9) e -12.2 < kyy <
13.5 (-7.2 < kyy < 8.9), rispettivamente.

Esploriamo ulteriormente il potenziale dell’adattamento degli algoritmi di apprendimento
automatico mediante uno studio prospettico sul decadimento di HH nei stati finali bbt*7~
e bE,u*,u‘. Nello studio potenziato bbt*t~, basato sui campioni MC del CMS del 2018,
potremmo ottenere almeno il 20% in piu di statistica e un potere di soppressione dello sfondo
nettamente superiore adattando un tagger di-tau potenziato all’avanguardia ParticleNet. Nello
studio bbu* i, vengono eseguite un’analisi basata su tagli e un’analisi di apprendimento au-
tomatico utilizzando BDT, con categorizzazioni e ottimizzazioni a seconda delle variazioni di
questi accoppiamenti. Le sensibilita attese sono estratte con diverse luminosita integrate as-
sunte fino alle corse complete ad alta luminosita dell’LHC. Il limite superiore atteso al livello
di confidenza del 95% sulla produzione di coppie di bosoni di Higgs ¢ calcolato come 47 (28)
volte la sezione d’urto del Modello Standard utilizzando il metodo basato su tagli (BDT) per la
produzione di fusione gluon-gluon. I vincoli attesi sugli accoppiamenti al livello di confidenza
del 95% sono calcolati essere -13.8 < k3, < 19.1 (-10.0 < k4 < 15.5) utilizzando il metodo basato
su tagli (BDT), rispettivamente, assumendo una luminosita integrata di 3000 fb'.

Nell’ultima ma importante parte, introduciamo il significativo progetto di aggiornamento
dei sistemi di sottodetettori del CMS, affrontando la sfida dell’ambiente operativo dell’LHC
ad alta luminosita, ovvero I’alta dose di radiazione che potrebbe influenzare la durata dei rile-

vatori e I’alto tasso di pile-up che potrebbe influenzare la precisione della ricostruzione e delle
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misurazioni. Il sistema Muon Endcap sara aggiornato aggiungendo una nuova camera basata
su moltiplicatore di elettroni gassosi (GEM) per migliorare 1’accettazione e I’efficienza dei
trigger. Le procedure di assemblaggio e controllo di qualita sono stabilite e uno dei modelli
(GE1/1) ¢ gia stato installato e testato durante la Run-3. Per la mitigazione del pile-up, verra
assemblato un nuovo strato temporale sia nel barile che nell’endcap. La dimensione temporale
aggiuntiva puo diminuire significativamente 1’impatto dall’alto pile-up e apportare ulteriore
potenziale fisico. Test sui fasci e algoritmi di ricostruzione dedicati sono in fase di sviluppo

per affrontare lo scenario pratico futuro.

PAROLE CHIAVE: Modello Standard, CMS, Coppia di Bosoni di Higgs, Rilevatore di Muoni,

Rilevatore Temporale.
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ABSTRACT

Search for Higgs Boson Pair and Detector Upgrade on the
CMS Experiment

Licheng Zhang (Particle Physics)
Directed by Prof. Ban Yong, Prof. Sun Xiaohu, Prof. Tabarelli De Fatis Tommaso

ABSTRACT

The Standard Model of Particle Physics (SM) is a renormalizable quantum field theory
that provides a comprehensive framework for describing phenomena occurring at subatomic
scales. As a very important piece of the whole puzzle, the Brout-Engler-Higgs (BEH) mecha-
nism serves as a solution for generating the masses of gauge bosons and elucidating the origins
of fermion masses. This mechanism is rooted in the concept of spontaneous symmetry break-
ing. The key to understand the mechanism and the concepts better is to measure the higgs
boson self-coupling and couplings with other fundamental particles. The only direct prob of
the Higgs boson self-coupling at the LHC is the measurement of double or triple Higgs pro-
duction processes, with interaction vertices characterized by couplings that are normalized by
a kappa framework in experiments.

The main challenge of the current experiments in searching Higgs boson pair (HH) and
constrain the couplings is the small cross sections of the HH production processes. Physicists
can enhance the physics performance from collider experiments in three different aspects:

1. Enhance the physics object tagging efficiency.

2. Enhance the event-level analysis strategy to increase the signal-to-background ratio.

3.Accumulate additional data and detector upgrades to enhance precision and acceptance.

The process of HH production associated with one vector boson (Z/W) is first time
studied at CMS experiment with the full Run-2 (collected 2016-2018 at a center-of-mass
energy of 13 TeV) data. The analysis includes all the vector boson decay channels and focuses
on the HH decay to 4b final state. The leptonic decay of the vector boson allow us to constrain
the HHZZ and HHWW coupling separately. This comprehensive analysis also incorporates the
boosted topology, employing Boosted Decision Trees (BDTs) to establish a x; (HHH coupling
modifier) enriched region and a xyy (HHVV coupling modifier) enriched region. Optimiza-

tion of the subsequent processes in parallel aims to enhance sensitivity across a wide range of
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kappa parameters. Dedicated machine learning techniques are used for the signal extraction.
BDTs enhance background modeling process by re-weighting events that not meeting selec-
tion criteria. This method fosters more robust background models with diminished statistical
uncertainty. We report an observed (expected) upper limit at 95% confidence level of VHH
production cross section setting at 294 (124) times the SM prediction. Additionally, constraints
are imposed on the «,, under the assumption that «yy equals 1, and conversely. The observed
(expected) 95% confidence intervals for the Higgs self-coupling modifier is delineated as -37.7
< k3 <37.2(-30.1 <k, <28.9).

We further explore the power of the adaption of the machine learning algorithms
by doing prospective study in the HH decay into bb7*7~ and bbu*u~ final states. In the
bbt*1t~ boosted study, based on CMS 2018 MC samples, we could gain at least 20% statistics
and magnitudes higher background suppress power by adapting a state-of-the-art ParticleNet
boosted di-tau tagger. In the bbu*u~ study, a cut-based analysis and a machine-learning anal-
ysis using BDT are performed with categorizations and optimizations depending on the vari-
ations of these couplings. The expected sensitivities are extracted with different integrated
luminosity assumed up to the full high luminosity LHC runs. The expected upper limit at 95%
confidence level on the Higgs boson pair production is calculated as 47 (28) times the Standard
Model cross section using the cut-based (BDT) method for the gluon-gluon fusion production.
The expected constraints on the couplings at 95% confidence level are calculated to be -13.8
< ky < 19.1 (-10.0 < k, < 15.5) using the cut-based (BDT) method, respectively, assuming an
integrated luminosity of 3000 fb'.

In the last but important part, we introduce the important upgrade project of the CMS
sub-detector systems facing the challenge of the high-luminosity LHC operation environment,
namely the high radiation dose that could effect the life time of the detectors and the high pile up
rate that could effect the precision of the reconstruction and measurements. The Endcap Muon
system will be upgraded by adding new gaseous electron multiplier (GEM) based chamber
to improve the acceptance and the efficient of the triggers. The assembly and quality control
procedures are settled and one of the model (GE1/1) has already been installed and tested
during Run-3. For pile up mitigation, a new timing layer will be assembled at both barrel and
endcap. The extra time dimension can significantly decrease the impact from the high pile up
and bring extra physics potential. Test beam and dedicate reconstruction algorithms are under

developing to deal with the future practical scenario.

KEY WORDS: Standard Model, CMS, Higgs Boson Pair, Muon detector, Timing detector.
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CHAPTER 1 STANDARD MODEL AND HIGGS BOSON PAIR PRODUCTION

Chapter 1  Standard Model and Higgs Boson Pair Production

N the annals of history, humanity has harbored an enduring and innate conviction regarding
I the cosmic mechanisms, firmly convinced that beneath the bewildering array of phenomena
in the universe resides an elegant and profoundly symmetrical order. This order can be distilled
and extrapolated through human intellect, enabling us to anticipate events in our immediate
environment by drawing upon these foundational principles.

Fueled by this conviction, Kepler authored celestial laws, Newton formulated the three
foundational laws of motion, and Maxwell ushered symmetrical principles into the domain of
electromagnetic interactions. As human science and technology have progressed, our ability
to observe an ever-expanding panorama of cosmic phenomena has grown, encompassing the
extremes of the macroscopic and the intricacies of the microscopic realms. Along this journey,
the theories we employ to encapsulate the universe have evolved into intricate constructs, yet
they retain remarkable conciseness when juxtaposed with the natural phenomena they eluci-

date.

1.1 The Standard Model for Particle Physics

The Standard Model of Particle Physics (SM) is a renormalizable quantum field theory
that provides a comprehensive framework for describing phenomena occurring at subatomic
scales. It offers a unified depiction of the strong, weak, and electromagnetic forces, incorporat-
ing a minimal scalar sector responsible for both the spontaneous breaking of the electroweak
symmetry and the generation of fermion masses.

The mathematical foundation of the Standard Model relies on the local gauge invariance
of its Lagrangian under the gauge group SU(3)¢c xSU(2), X U(1)y, elucidating the underlying
principles governing the strong, weak, and electromagnetic interactions.

The fundamental particles included in the Standard Model are fermions with spin % that
describe matter and bosons with spin —1 that describe the interactions. As shown in Figure 1.1,
experiments since J.J. Thomson have witnessed the existence of 12 fermions, which includes
6 ’leptons’ and 6 ’quarks’. The fermions are organized into 3 ’generations’, with each con-
taining 2 quarks with electric charges +§ and —% and two leptons with electric charges —1 and
0. Additionally, there are 4 gauge bosons that act as mediators, facilitating the transmission

of forces between fermions to realize the strong force (gluons) or the electromagnetic force
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(photons) and the weak force (W/Z bosons). Apart from these, there exists a boson called the

Higgs boson, which we will focus on in the following sections.

e

electron

¢ QuARKS @ LEPTONS @@ BOSONS @@ HIGGS BOSON

Figure 1.1 The Standard Model includes the matter particles (quarks and leptons), the force
carrying particles (bosons), and the Higgs boson.[1]

Strong interaction and gluon
SU(3)¢ constitutes the initial component of the symmetrical gauge group, providing the
local gauge invariance upon which Quantum Chromodynamics (QCD) is founded. The free-

field Dirac Lagrangian density of a massless spin —% fermion could be written as the follow:

L =9 ) (i8¢ (x) (1.1)

, in which ¢ (x) is the fermion field and y* are the Dirac matrices. Then the fermion field

transforms in the presence of a mass term:

W(x) — €95 0y (x) (12)

, where the % are the 8 Gell-Mann matrices that generate the group. In order to make the La-

grangian in 1.1 to be invariant through the transformation is to redefine the d,, to be a covariant

2
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derivatives:

/‘la
D, zéﬂ—igAZ(x)E (1.3)

a . .
, where the gauge vector fields A (x) correspond to the eight gluons as the strong force carrier

and they transform as:

Al — A%+ 0,07 + g, fCAGH (1.4)
ith [M ﬂb] 'fabc/lc b,c=1 8 (1.5)
w —,—| =1 —, a,b,c=1,..., .
272 2

In this equation, the f“*¢ are the structure constant of the gauge group. Substituting these
terms into the Dirac Lagrangian, we get the Lagrangian density:
1 _ - A
Locp = _ZFélvF;lZV + Y (iyH o,y — gsa,b)/“?gbA , (1.6)

where the field strength tensor is

Fi, = 8,A% - 0,A% + g, f*" AL A (1.7)

The first term of 1.6 represents the kinetic term for the gluon fields. It is notable for its non-
linearity in terms of the gluon potential, giving rise to trilinear and quadrilinear terms within
the Lagrangian, which correspond to the self-interactions of gluons. The coupling constant
gs determines the strength of the interaction and is frequently redefined as ay = % The
mandate for local gauge invariance necessitated the introduction of gauge bosons, specifically
the gluons, to describe their interactions with the fermion fields, namely the quarks. The
selection of the SU(3)¢ group implies the existence of eight generators, corresponding to the
eight gluons. Mathematically, these gluons are described by the adjoint representation of the
group (8) and are distinguished by the color charges they carry. In contrast, quarks and anti-
quarks are described by the simplest non-trivial representations of SU(3)¢, denoted as 3 and 3,
respectively. This elucidates the origin of the three distinct color quantum numbers associated
with quarks.

Quarks

QCD is named due to the concept of “colors” mentioned earlier, which are associated

with different quarks. However, quarks are influenced by all three fundamental forces.

The first family of quarks consists of the up (u) and down (d) quarks, both with masses
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on the order of a few MeV. The up quark carries a positive electric charge of +2/3, while the
down quark bears a negative electric charge of —1/3. As the lightest quarks, they are stable
and constitute the fundamental building blocks of ordinary matter. In the second family, we
find the charm (c) and strange (s) quarks, with masses approximately around 1.28 GeV and 95
MeV, respectively. Lastly, the third family comprises the top (t) and bottom (b) quarks, with
masses of about 173 and 4.2 GeV, respectively.

Due to the color confinement properties of QCD, quarks do not exist in isolated, free states
but can only be observed experimentally when they are in bound states. In collider experiments,
the detections primarily involve ”"mesons,” composed of a quark-antiquark pair, or ’baryons,”
composed of three quarks. Stable examples of the latter are the proton and neutron, which
make up ordinary matter. Mesons and baryons are collectively referred to as hadrons. The
process by which hadrons are created from a single quark produced in a collider experiment
is a complex phenomenon known as “hadronization.” Due to the timescales involved, which
are linked to QCD energy scales and on the order of 1072* seconds, the hard scattering and
hadronization processes can be treated separately, thanks to a factorization of their effects. An
exception to this pattern is the top quark, whose extraordinarily short lifetime (approximately
0.5 x 1072 seconds) results in its decay before bound states can form.

Quark flavor conservation holds true in electromagnetic and strong interactions, but it does
not apply in weak interactions. This is because the quark mass eigenstates do not align with
the weak interaction eigenstates. The mixing of these eigenstates is mathematically described
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

Electroweak interaction, photon and vector bosons

The SU(2), x U(1)y gauge group collectively describes the electromagnetic and weak
interactions, and is thus commonly referred to as the electroweak (EW) group. The electro-
magnetic interaction is succinctly represented by the Quantum Electrodynamics (QED) La-

grangian, which remains invariant under the local U(1)e,, symmetry:

- 1
Loep = ¢ (iy" 0, —m)y — ZF“VFW- (1.8)

In a manner analogous to the QCD Lagrangian, a kinetic term, proportional to F*”, de-
scribes the propagation of the gauge boson (in this case, the photon). The covariant derivative,

denoted as (D* = 9" — ieA*), introduces the interaction term:

Lip = ey" YA, (1.9)
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A theoretical description of the weak interaction poses a greater challenge due to the need
to accommodate experimental evidence of parity violation. This challenge is addressed by
assigning distinct interaction terms to left- and right-handed fermion fields. Theoretically, this
is accomplished by utilizing the gamma matrix y° = iy%y!y?y? to define left and right chirality

projection operators:

(1.10)

Ultimately, the weak interaction is characterized by two quantum numbers: weak isospin
(T3) and hypercharge (Y). The weak isospin (73) quantum number is associated with the non-

abelian group SU(2); and corresponds to one of the group generators. More precisely, the

group possesses three generators, denoted as 7; = 5, where o; represents the Pauli matrices.
Gauge invariance is reflected in the presence of three gauge fields W/ within the SU(2),, group.
Left-handed fermions are described by a doublet, while right-handed particles are SU(2),
singlets that do not interact with the W/ fields. Both left- and right-handed fields are derived

from the chirality projection operators defined earlier:

5
W, =Py = Y (w):(m)’ (1.11)
2 \w) \v;
1+y5
Yr=PryY = > v, (1.12)
1 5
V= =5V, (1.13)

where the ¢ and ¢’ fields can represent either the neutrino and charged lepton fields or
the up- and down-type quark fields. The weak hypercharge (¥) quantum number is associated
with the U(1)y abelian group, which has a single generator Y /2. The presence of the B,
gauge field reflects the U(1)y gauge invariance. The Gell-Mann-Nishijima formula establishes

a relationship between weak hypercharge, isospin, and the electric charge associated with the

U(1)en group:

0=T;+~. (1.14)
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Hence, the Electroweak (EW) Lagrangian density can be expressed as:
L=y D,) P + Ur(iy" D )Wr + Uiy D), (1.15)

In order to maintain SU(2),, invariance, the mass terms have been omitted. Following the
same methodology as applied in the QED and QCD Lagrangians, the inclusion of the covariant

derivative (D*) guarantees a local symmetry under SU(2);, X U(1)y:

7o Y
DH = 9" — ig% W —ig 3B, (1.16)

with g and g’ governing the strength of these interactions.
Equation 1.15 can be reformulated by isolating the kinetic term from those accountable

for the charged(C) and neutral(N) currents:

L = Lyin + Lec + Lne, (L.17)

where:

Liin =YL (iy"0,) YL + Ur((y"0,) ¥k + Wi (iy* 0, ks
Lec = %W;‘i’wﬂaﬂh + LW Py,
g - 9 -, F
=—W+(lﬂ u /)+_W ( r A M ),
N LYYy NG vy e

Lnc = —%Wfl [y yr — v y'v) ]
+ %BH [Y oy g + 0y ) + Ydry e + Yy i)

where the W* charged bosons can be represented as linear combinations of the W, and

9
V2

W, gauge bosons:

+ 1 1 — 2
W, = —2(Wﬂ FiW,), (1.18)
The Pauli’s matrices:
ot = i(al +io?). (1.19)
V2

The neutral current Lagrangian is formulated as a function of WZ and B,,, neither of which

can be initially interpreted as a physical neutral boson. To address this, Z, and A, fields are
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introduced, directly representing the neutral Z boson and the photon. This is achieved through

a Weinberg’s angle (6y, ) rotation of the WZ and B, fields:

A, cosf, siné,\ (B,
= , (1.20)
Z, —-sin6, cosé,| \W,

This enables us to reformulate the neutral current Lagrangian of Eq. 1.17 by segregating

the terms related to the photon and the Z boson fields:

= Y
Lic =002, (g% cos b, ~ g3 sinew) o (1.21)

- o3 . ,Y
LK/c =y ry'A, (g73 sinf, +g¢g Ecosew) Vi, (1.22)

Here, the two neutral currents associated with the Z,, and A, fields are explicitly expressed
as functions of weak isospin (73 = %) and hypercharge (¥). Furthermore, in accordance with

the Gell-Mann-Nishijima formula, the following relation is valid:

e=g'sinf, =gcosf,, (1.23)

It relates the value of the fundamental electric charge e to the coupling constants g and ¢’,
as well as to the Weinberg’s angle 6,,.
To complete the description of the Electroweak Lagrangian, one must introduce a kinetic

term for the gauge fields:

T . 7 . Ay ’ 1 Vyxri 1 v
Lew = TL(W”DM)\PL + WR(ZVﬂDu)wR + YR (ZVﬂDu)wR - ZWLM Wuv - ZB# Buv, (1.24)
with the fields strength tensors WLV and B, defined as:
B, =0,B, - 8,B,, W., =0,W,—-0,W, +ge’*Wiwf, (1.25)

where €/* represents the Levi-Civita tensor. This additional kinetic term leads to the self-
interaction of the gauge bosons, predicting the existence of trilinear (ZW*W~, yW*W~) and
quadrilinear (ZZW*W~, yyW*W~, ZyW*W~, W*W~W*W™) self-couplings involving the Z,
W=, and y bosons.

Leptons

Leptons do not possess color charge and interact solely through the electromagnetic and

7
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weak forces that introduced above. The charged leptons of the three families are denoted as
follows: the electron (e), muon (i), and tau lepton (7). The electron is stable, being the lightest
lepton with a mass of 511 keV. The muon has a mass of 105.7 MeV and a lifetime of 2.2 us,
which is long enough to consider it stable for LHC experiments, given the detector size and
typical muon momenta. On the other hand, the tau lepton has a mass of 1.8 GeV and a very
short lifetime of 2.9 x 10713 s, making it observable only through its decay products. Notably,
the tau is the only lepton with sufficient mass to undergo semi-leptonic decay.

Each lepton is associated with a neutrino, denoted as v,, v,, and v, respectively. Neutri-
nos are electrically neutral, and they interact with matter solely through the weak force, making
them undetectable directly at collider experiments. While their masses remain poorly known,

evidence from flavor oscillations confirms that they are not zero. The mixing of weak and mass

eigenstates is described by the Pontecorvo-Maki—Nakagawa—Sakata (PMNS) matrix.

Yo /2
+1 iER

_1.,.€R

Figure 1.2 The summary plot of all SM field.[2]
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Hence, the electroweak and strong interactions can be represented by a Lagrangian com-
prising two terms, Locp and Lgw, resulting in a gauge theory with SU(3)c xSU(2). xU(1)y
symmetry. However, neither Lycp nor Lgw contains explicit mass terms for either the gauge
or the fermion fields, as such terms would break gauge invariance. While this is consistent
with the observed masslessness of photons and gluons, it does not account for the existence of
massive gauge bosons, such as the W* and Z, and massive fermions.

To preserve the gauge invariance of the theory while accounting for the experimental pres-
ence of massive gauge bosons and fermions, the electroweak symmetry must undergo break-
ing. In the Standard Model, this phenomenon occurs through the Brout-Englert-Higgs (BEH)

mechanism, which will be discussed in detail in the following section.

1.2 The Brout-Englert-Higgs mechanism and the Higgs Boson

The Brout-Engler-Higgs (BEH) mechanism, independently proposed in 1964 by physi-
cists Englert and Brout[3], Higgs[4], and also by Guralnik, Hagen, and Kibble[5], serves as
a solution for generating the masses of gauge bosons and elucidating the origins of fermion
masses. This mechanism is rooted in the concept of spontaneous symmetry breaking, a phe-
nomenon frequently observed in nature when the individual ground states of a system fail to
conform to the symmetries inherent to the system itself.

A familiar illustration of this concept is a pencil positioned vertically on a table. In this
scenario, the gravitational force exhibits rotational symmetry around the vertical axis. How-
ever, the actual ground state of the pencil is one where it lies horizontally on the table, point-
ing in a specific direction. This ground state doesn’t adhere to the symmetry of the gravita-
tional force, resulting in what is termed “’spontaneous symmetry breaking.” This term is coined
”spontaneous’ because the chosen ground state is just one among many possible ground states.
These states are interconnected through the original symmetry of the system, which remains
“hidden” among these diverse options.

In the BEH mechanism, spontaneous symmetry breaking is achieved by introducing a

complex scalar doublet of fields:

® =

¢+) (1.26)
oo

It’s worth noting that the field must be scalar to maintain spatial isotropy, ensuring that
the expectation value in the vacuum is frame-independent. Additionally, to achieve spatial

homogeneity, the expectation value in the vacuum must remain constant. The field carries a
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Figure 1.3  Schematic illustration of the Higgs potential V(¢)

hypercharge Yg = 1, and thus, its covariant derivative is expressed as follows:
. i O-E 1 . 7
D, :8ﬂ—1gWﬂ?—§1g B, (1.27)

The BEH lagrangian can consequently be written as:
Lien = (D,@)"(D*®) - V(O'®) (1.28)

where the potential V(®®) is defined as:

V(®'®) = 20D + A(DTD)* with p*,1>0 (1.29)

The functional form of the potential is illustrated in Fig. 1.3, resembling a ’"Mexican Hat’
shape, where the states naturally gravitate toward the minimum points of the potential field
which are expressed in the following equations.

All the doublets that satisfy the condition:

2 2
M v
ool = = =
0| 20 2

(1.30)

The selected minima are linked by gauge transformations that alter the phase of the field
® but leave its magnitude unchanged. The term v denotes the vacuum expectation value (VEV)
of the scalar potential. When a particular ground state is chosen, the symmetry is explicitly

10
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broken, but the Lagrangian remains gauge-invariant, resulting in significant implications for
the existence of gauge interactions.

If the symmetry spontaneously breaks to the ground state aligned with the ¢° component
of the doublet, it can be demonstrated that this particular ground state remains invariant under
the U(1).,, symmetry group. Consequently, the field expansion around this minimum takes

the form:

d(x) = Le[m""]jm] ( 0 ) (1.31)
V2 v+ H(x)

This results in the existence of a real scalar massive field H and three massless fields 6.
The presence of these massless fields is a consequence of the Goldstone theorem([6], which
asserts that the spontaneous breaking of a continuous symmetry produces an equal number
of massless bosons (known as Goldstone bosons) as the number of broken generators of the
symmetry. However, these massless bosons are not observed in the natural world. They can
be eliminated through an SU(2), transformation, specifically by adopting a particular gauge

known as the “unitary gauge”:

o) > o'(x) = el oy = L = (1.32)
V2 v+ H(x)

Following this transformation, only the real scalar field H(x) remains, and its quanta
correspond to a new physical massive particle known as the Higgs boson (H).

Then the BEH Lagrangian could be written as:

1 1
Lpen = E@”HG#H — E(Z/ll)z)H2

1 (% + a®)v? H\?
F (147 (133)

guv. s +17—
+ | ()" WHW, +
(SVWew, :

A Pl
+ WwH? + “H* - =
v 1 4v

The first line represents the evolution of the scalar Higgs field, which has a mass m?, =
21v* = 2. Itis a free parameter of the theory, directly related to the parameter u of the scalar
potential. The second line represents the mass terms of the weak bosons (those that multiply

the constant term), with a mass:

(PrgHt my,

2
ot = _
Pz 4 cos? Oy

2.2
m2, = % (1.34)

11
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It can be observed that the Goldstone bosons, removed with the transformation, are ab-
sorbed as additional degrees of freedom of the W* and Z bosons, corresponding to their lon-
gitudinal polarizations. This mechanism confers mass to the weak bosons.

The second line of the Lagrangian also describes the interactions of the weak bosons with
the Higgs field. It includes interactions such as HWW and HZZ arising from the 2TH term,
as well as HHWW and HHZZ interactions originating from the ’:—22 term. The third line re-
veals the presence of cubic and quartic self-interactions of the Higgs boson. Consequently, the
Brout-Englert-Higgs (BEH) potential can be reformulated in terms of trilinear and quadrilinear

couplings as:

1 1 A
V(H) = —ﬂlé[‘]2 + /lHHHl)I‘I3 + _/1HHHHH4 - —1)4
2 4 4 1.35
n (135)
Azt = A = A = =5
HHH HHHH 2U2

From the equation above, it becomes evident that both Higgs boson self-couplings are
intricately linked to the parameters of the scalar potential and are entirely dependent on the
Higgs boson mass and the vacuum expectation value (VEV). The measurement of these self-
couplings serves as a critical assessment of the consistency and validity of the Standard Model
(SM). In a broader perspective, the Higgs boson self-couplings hold a unique position within
the SM: unlike the self-interactions of the weak bosons, which possess a gauge nature, the
Higgs boson self-interactions are exclusively associated with the scalar sector of the theory.
They bear the responsibility for determining the Higgs boson’s own mass, as demonstrated
in the mass term of the Lagrangian. Hence, the experimental determination of these self-
couplings assumes paramount importance, as it contributes significantly to the reconstruction
of the Higgs boson potential and offers valuable insights into the nature of Electroweak Sym-
metry Breaking (EWSB).

The presence of a constant term in the BEH Lagrangian density carries significant im-
plications for vacuum energy, which holds a close connection to the cosmological constant
governing the curvature of the Universe. The predicted value of this cosmological constant, as
computed within the framework of the Standard Model (SM), does not align with the values
derived from astronomical observations. This disparity presents a formidable challenge that
demands attention. One potential avenue to resolve this issue is the development of a quantum
theory of gravity that incorporates additional interactions. Alternatively, another approach in-
volves the implementation of a mechanism designed to mitigate the vacuum energy density

associated with the Higgs field.

12
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At this stage, the BEH mechanism introduces two essential free parameters: the Vacuum
Expectation Value (v) and the Higgs boson mass (my). The former parameter represents the
energy scale at which electroweak symmetry breaking occurs and can be calculated from the

precisely determined Fermi constant (G r), derived from the muon lifetime:

%) 1
_ = | — —2:)1):
V2 22 myy, V2G

Until this point, fermions have been considered massless. Mass terms for fermions are

~ 246 GeV (1.36)

generated by the Higgs field through a Yukawa interaction that couples the left and right chiral
fields. If we denote the up-type (I3 = 1/2) and down-type (I3 = —1/2) fermions as ¢ and ¥,

respectively, the Yukawa Lagrangian density takes the form:

Lyukawa = —Y (PLDY R + Y@ WL) —yy (PrOYr + Yrtilde® Y, ) (1.37)

with

D =io,® = (1.38)

¢; ) EWSB L( v+ H(x) )
¢: V2o
While we have omitted the discussion for the sake of simplicity in this context, it is worth
noting that the Yukawa Lagrangian can be extended to incorporate fermion mixing by utilizing
combinations of the mass eigenstates of the fields W;, g, and ;. This extended Yukawa
Lagrangian density maintains Lorentz and gauge invariance and retains its renormalizabil-
ity, allowing it to be seamlessly integrated into the Standard Model (SM) Lagrangian density.
Following Electroweak Symmetry Breaking (EWSB), the Lagrangian takes on the following

expression:

_ _ H
Lyukawa = —Zf:mf(lﬁLlﬁR +YrYL) (1 + ;) (1.39)

where the summation is carried out over both up- and down-type fermions, and the mass

terms are defined as follows:

myp () =y () (1.40)

v
V2
In the SM, fermion masses find their explanation in the interaction between fermion fields

and the Higgs field, which induces a chirality change in the fermions. The magnitudes of these
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interactions are directly correlated with the fermion masses and are treated as free parameters
within the theory. It is worth emphasizing that the SM does not provide an explanation for the
origin of these couplings, and as a result, it does not elucidate the hierarchical structure of the
three fermion families.

In conclusion, the Brout-Englert-Higgs (BEH) mechanism offers solutions to the pre-
viously mentioned issues within the electroweak theory of the Standard Model (SM). Upon
electroweak symmetry breaking, the scalar field generates Goldstone bosons that are absorbed
as degrees of freedom by the vector boson fields, rendering them massive. The Higgs boson’s
contributions to quantum loops in the scattering of longitudinally polarized vector bosons serve
to regularize the process, ensuring unitarity at the TeV scale and beyond. Moreover, the Higgs
boson couples the left and right chiral components of fermion fields through a Yukawa inter-
action, ultimately determining fermion masses via a purely quantum-relativistic mechanism.
Lastly, it is noteworthy that the theory resulting from the incorporation of the BEH mechanism

into the electroweak theory is renormalizable, a fact established by ’t Hooft and Veltman[7].

1.3 Higgs Boson Pair Production in the SM

A direct measurement of the Higgs boson self-coupling at the LHC can be derived from
the measurement of double and triple Higgs production processes, which are the only pro-
cesses at the lowest order involving the Higgs boson HHH and HHHH interaction vertices
characterized by couplings 4 = Ayuy = Agunu. While the cross-section for triple Higgs pro-
duction remains exceedingly low (approximately 80 ab at v/s = 13 TeV), making it currently
beyond the experimental reach of the LHC, the challenging nature of Higgs boson pair (HH)
production, with a cross-section of around 30 b, allows for experimental probing at the LHC.

In a general context, a pair of on-shell Higgs bosons can be generated in the final state of

a collision through any of the diagrams depicted in Fig. 1.4.

i e 3!
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Figure 1.4 On-shell Higgs boson pair productions’ final states and vertices.

At the Large Hadron Collider (LHC), the production of Higgs boson pairs (HH) predom-
inantly takes place through five distinct mechanisms[8, 9], listed below in descending order

of cross-section. The leading-order (LO) diagrams illustrating the primary mechanisms of
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Figure 1.5 Some generic Feynman diagrams contributing to Higgs pair production processes
that can be studied at current LHC experiments.

leading 4 HH production are presented in Fig. 1.5. Additionally, we consider the fifth pro-
duction process illustrated in Fig. 1.5, albeit its cross-section at the current LHC energy is
too minuscule to be subjected to comprehensive study. Furthermore, the involved production
mechanisms and vertices closely align with those of the preceding four processes.

These mechanisms include:

’A)’ Gluon-gluon double-Higgs fusion (99 — HH).

"’B)’ Vector boson (WW/ZZ) double-Higgs fusion (9" — HH qq’).

’C)’ Double Higgs-strahlung (¢q¢" — ZHH/WHH).

D)’ Associated production with top-quarks (gq’/gg — ttHH).

"E)” Single top quark associated production (¢q" — tjHH).

A) gluon-gluon double-Higgs fusion(gg — HH)

At hadron colliders, the dominant production mechanism for Higgs boson pairs (HH) is

the loop-induced gluon-fusion (ggF) process, which primarily occurs through a top quark loop,
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Figure 1.6 Feynman diagrams of g¢’ — tjHH production mode.

similar to the single Higgs boson production in ggH production. At the leading order (LO), two
diagrams are involved in this process: a box diagram (Fig. 1.5 (A) left), which entails the radi-
ation of two on-shell Higgs bosons from a heavy quark loop, and a triangle diagram (Fig. 1.5
(A) right), involving a trilinear self-coupling Ayyy. As a result, the cross-section for ggF HH
production is influenced by both the Yukawa top quark coupling y,and the Higgs boson self-
coupling Ayyy. The relative contributions of these two diagrams, along with their interference
and total sum, are illustrated in Fig. 1.7, which displays the distribution of the invariant mass
of the Higgs boson pair (myy). Notably, a substantial destructive interference between the two
diagrams is observed, resulting in an extremely small total cross-section (approximately 31.05
fb at v/s = 13 TeV[10]), which is nearly three orders of magnitude lower than the single Higgs
ggH production.

An essential characteristic of the gluon fusion production channel warrants special atten-
tion at this point. The two production diagrams we previously examined possess amplitudes
of nearly equal magnitude but engage in destructive interference. This, combined with the
confined phase space governing the production of two Higgs bosons, leads to the small cross-
section we discussed earlier. However, it is imperative to recognize that this destructive inter-
ference endows HH production with an exceptional sensitivity to physics beyond the Standard
Model (BSM). Contributions from BSM physics have the potential to significantly modity this
destructive interference, resulting in substantial alterations that can be probed using available
LHC data. Consequently, we shift from regarding HH production primarily as a test of the
Standard Model to considering it as a valuable probe into the realm of BSM physics.

B) WW/ZZ double-Higgs fusion (¢q¢° — HHqq')

This constitutes the second-largest production mechanism, primarily driven by W and
Z exchange processes radiated off the colliding quarks. The corresponding diagrams closely

resemble those of single Higgs Vector Boson Fusion (VBF) production. This production mode
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Figure 1.7 The Higgs pair invariant mass distribution at the leading order reflects the distinct
contributions from the gluon fusion production mechanism, including the box and triangle
diagrams, as well as their interference effects.[11]

not only provides insight into the Higgs boson self-coupling (dyyy) but also offers access to
the coupling between two vector bosons and the Higgs boson (HVV) as well as the coupling
between a pair of Higgs bosons and a pair of vector bosons (HHVV). Particularly, the HHVV
coupling serves as a valuable probe of the nature of electroweak symmetry breaking dynamics
within the Standard Model (SM) and is directly observable exclusively through the VBF HH
production mode. Despite having a cross-section approximately 10 times smaller than that
of ggF HH production, similar to VBF Higgs production, the distinctive final state featuring
two jets with significant invariant mass and pseudorapidity separation enables efficient signal-
background discrimination.

C) Double Higgs-strahlung (9" — ZHH/WHH)

Associated production of Higgs pairs with a W or a Z boson entails the same couplings as
in the VBF HH production mechanism, but the cross-section is notably lower. This final state
includes an on-shell vector boson, and when it decays leptonically, it offers a relatively clean
experimental signature. Nevertheless, this channel presents unique characteristics both from
experimental and theoretical perspectives, making it a valuable subject for investigation at the
LHC. The examination of this production process will constitute a significant portion of this
thesis and will be thoroughly expounded upon in Chapter 3.

As the combined production process with the third-largest cross-section, following gluon
fusion and vector boson fusion, it also exhibits a substantial interference effect, but in the

opposite direction. When considering the large quark mass limit to simplify the matrix element
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expression, for gluon fusion:

Amis 48
Megp = ——k3 — — (1.41)
§—my, 3

In this expression, the first term signifies the contribution originating from the triangle
diagram, while the second term signifies that arising from the box diagram. Consequently, the
positive value of «, causes these two terms to have opposite signs, leading to the cancellation
of the amplitude. Conversely, a negative k, enhances the cross-section.

For vector boson fusion, the matrix element is:

4m? 1 1 m?, 6m? 2m?
Mygr = g*” Ly +K—2 H_ 27V +others (1.42)
2 2 T 2 2 3 2 2
v2 \t-my a-my v* §—my, v

The three terms in equation 1.42 are the contribution from the three VBF diagrams re-
spectively. Near the HH production threshold, § ~ 4m?,, 7 ~ i ~ 0. It give rise to:

2

2my,
Mypr ~ ——(ka = 3)g"”" + others (1.43)
v

yielding a small cross section around «, around 3.

The VHH production mode shares precisely the same vertices (subprocess) as the VBF
production mode involving V¥V” — HH, and these two modes are interrelated by crossing
symmetry. However, in the VHH production mode, a vector boson appears in the final state.
Consequently, in proximity to the Higgs boson pair production threshold, where § ~ 4m?, and

f =10 ~ (my +my)?, the matrix element exhibits (from equation 1.42):

2
2mV

02

2
4mV

MVHH ~

(ka+ 1+

WY+ oth 1.44
mH(mH+2mV))g + others ( )

In this case the positive x,; enhance the cross section which output a ’constructive inter-
ference’.

D) Associated production with top-quarks (qq’/gg9 — ttHH) The production mecha-
nism bears a resemblance to t7H production, where two Higgs bosons are either radiated from
the top quarks or produced via the Higgs boson self-coupling. However, this mode exhibits an
low cross-section owing to the negative higher-order QCD corrections.

E) Single top quark associated production (gq° — tjHH) This process can proceed
through either the t-channel or s-channel, depicted in the top and bottom rows of the diagrams

below. The t-channel diagrams are illustrated in the so-called SF scheme[12] for simplicity.
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Remarkably, it is the sole process that simultaneously probes the HH couplings to vector bosons
and top quarks, as well as their relative phase. However, due to its minuscule cross-section, it
poses a formidable challenge for investigation at the LHC, but it holds the potential for study
in a future, higher-energy collider.

The cross-sections for these production mechanisms at various center-of-mass energies
are summarized in Table 1.1. The cross-section for gluon fusion is computed at the next-to-
next-to-leading order (NNLO) of the theoretical perturbative QCD calculation, encompassing
next-to-next-to-leading-logarithm (NNLL) corrections and finite top quark mass effects at the
next-to-leading order (NLO). The theoretical uncertainties encompass variations in the QCD
factorization and renormalization scales, «,, parton distribution functions (PDFs), and unac-
counted effects originating from the finite top quark mass at NNLO. The cross-sections for
VHH are computed at the NNLO, while those for the other processes are calculated at the
NLO of the perturbative QCD framework.

Production mode +/s=8TeV +s=13TeV +/s=14TeV
Gluon fusion 10.15+4 1% 33.49+3% 39.59+4-4%
VBF 0.459832%  1.6223% 1.95+18%
W+HH 0.145408%  (.329+032%  ().368+0:33%
W-HH 0.0677%1%%  0.173%%%  0.1975%
ZHH 0.143927% 0362734 0.41473%%¢
uHH 01747585, 0772770 0.949, 30
tHH 0.00540*354%  0.0281*5%%  0.0364*37%

Table 1.1 Cross section for different HH production modes assuming a Higgs boson mass
of 125.09 GeV. The gluon fusion cross section is computed at NNLO of perturbative QCD
calculation, with NNLL corrections and finite top quark mass effects at NLO. The cross section
of the VHH, V = W<, Z are computed at NNLO QCD and those of the other processes at NLO
QCD. The values are taken from Ref.[13]

By extending the range of scans to encompass a wider center-of-mass energy spectrum,
we can glean insights into the projected cross-section predictions for various HH decay modes,
ranging from the current LHC center-of-mass energy to 100 TeV, as illustrated in Fig. 1.8.
Additionally, an exploration of the x parameter (k, ) scan is depicted in Fig. 1.9. Both figures

comes from reference[9].
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HH production at pp colliders at NLO in QCD
M,;=125 GeV, MSTW2008 NLO pdf (68%cl)
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Figure 1.8 The total cross-sections at the next-to-leading order (NLO) in QCD for the six
most significant HH production channels at proton-proton (pp) colliders are depicted, with the
line thickness representing the combined uncertainties from scale and PDF added linearly.
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Figure 1.9 The total cross-sections for HH production channels at both the leading order
(LO) and next-to-leading order (NLO) in QCD are presented, focusing on the /s = 14TeV
Large Hadron Collider (LHC) as a function of the self-interaction coupling A (x; ). In this
representation, dashed (solid) lines correspond to the LO (NLO) results, while light-colored
(dark-colored) bands denote the uncertainties originating from scale and PDF variations added
linearly. The standard model (SM) values of the cross-sections are established at 1/Agy = 1.
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1.4 Higgs boson pair searches at the LHC

While the previous section primarily delved into the theoretical aspect of HH production
modes in the context of current LHC experiments, it is crucial to shift our focus towards the
experimental exploration of HH physics. This entails an in-depth examination of the decay
channels of HH, or, in terms of collider experiments, the final states. Final states involving
a pair of Higgs bosons exhibit substantial phenomenological richness and can be investigated
through various decay channels.

Measuring the production of Higgs boson pairs at the LHC necessitates the reconstruction
of their decay products within the detector and the differentiation of these signals from the sub-
stantial background noise. The selection of the HH system’s decay channel plays a pivotal role
in this regard, as it dictates a distinct trade-off between the branching fraction and background
contamination. In the context of the Standard Model (SM), Higgs boson pair production is dis-
tinguished by remarkably small cross-sections, underscoring the preference for decay channels
characterized by substantial branching fractions.

The decay branching fractions for some selected HH final states are shown in fig. 1.10
[14].

With an integrated luminosity of 36.3 fb™!, both ATLAS and CMS experiments have con-
ducted searches for non-resonant gluon fusion HH production in various decay channels, in-
cluding bbbb [15, 16], bbttt~ [17, 18], bbVV [19, 20], and bbyy [21, 22]. Furthermore,
ATLAS has investigated the WWyy [23] and WWWW [24] channels. Both ATLAS and CMS
experiments separately combined results from all available channels. These combined results
have constrained the Standard Model (SM) production cross section to be less than approxi-
mately 7 times (ATLAS) and 22 times (CMS) the SM prediction, with expected limits of about
10 and 13, respectively.

The full Run2 results, utilizing the integrated luminosity of 138 fb™"', have been published
for the bOWW [25], bbyy [26] and multi-leptonic [27] channels. In the bbyy channel, a limit
on the SM HH production is set at 7.7 times the SM prediction, and constraints on «, are
established with values ranging from -3.3 to 8.5 at the 95% confidence level (CL). Addition-
ally, the VBF HH production has been thoroughly examined in the bbbb [28] and bbyy [26]
channels. The former provides the most stringent constraint at the 95% CL on kyy, with a
range of (—0.43,2.56), while the latter establishes a 95% CL upper limit of 225 times the SM

prediction.
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Figure 1.10 The branching fractions for the decay of an HH pair into a specified set of final
states are depicted, with the decays of the two Higgs bosons indicated on the respective axes
of the figure.
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Chapter 2  Experimental apparatus

HE European Organization for Nuclear Research (Conseil européen pour la Recherche
T nucléaire, CERN) currently stands at the forefront of particle physics research and tech-
nology development, fostering international collaboration and education. CERN serves as a
catalyst for scientific activities in the domain of high-energy physics, boasting the participation
of more than 10,000 individuals from over 800 institutes and universities across the globe.

Scientists at CERN analyze data from proton-proton collisions in the Large Hadron Col-
lider (LHC), operating at a design center-of-mass energy of 14 TeV. This colossal particle ac-
celerator stands as the largest ever constructed, spanning a subterranean tunnel measuring 27
kilometers in length. Constructed between 1998 and 2008, the LHC occupies the same tunnel
that previously housed its predecessor, the Large Electron-Positron (LEP) collider, necessitat-
ing meticulous considerations in infrastructure design and installation.

Situated underground at depths ranging between 45 meters and 170 meters, the tunnel
accommodates two vacuum beam-pipes where proton beams circulate in opposing directions
before converging at four interaction points. Itis at these points where the primary experimental
facilities are situated.

Given the breadth of the LHC scientific agenda, each experiment was meticulously crafted
to investigate distinct physics scenarios. Among them, A Toroidal LHC Apparatus (AT-
LAS) and the Compact Muon Solenoid (CMS) detectors stand as two versatile instruments,
originally tailored to pursue the Higgs boson and scrutinize potential Beyond Standard Model
(BSM) scenarios at the TeV energy scale. Meanwhile, A Large Ion Collider Experiment
(ALICE) and the LHC beauty (LHCb) detectors are dedicated to the study of heavy ions and
b-quark physics, respectively.

The CMS Collaboration involves the participation of more than 5746 scientists from 58
different countries. The primary physics results presented in this thesis stem from the analysis
of proton-proton collisions recorded by the CMS experiment at a center-of-mass energy of
\/s = 13 TeV, corresponding to the total integrated luminosity of 138 fb™'collected during
the Run2 Phase-I of the LHC. The implications for physics research, along with the ongoing
detector upgrade efforts, are pertinent to the forthcoming High-Luminosity LHC (HL-LHC)

experiments Phase-II operation and data acquisition.
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2.1 The Large Hadron Collider

The LHC [29] represents the final component of the CERN accelerator complex. Within
its confines, proton beams are generated, progressively accelerated to energies of up to 7 TeV,
and then injected into two distinct beam pipes. These pipes intersect at designated interac-
tion points (IP), where the detectors are strategically positioned. The arrangement of the four
primary experiments around the collider ring, along with the various components of the accel-

erator complex, is depicted in Figure 2.1 [30].

2.1.1 Design

Hydrogen atoms undergo electron stripping within a dual plasma source before being
accelerated to an energy of 50 MeV in the Linear Accelerator 2 (LINAC?2). Subsequently,
the protons are further accelerated to 1.4 GeV in the Proton Synchrotron Booster (PSB). The
beam is then injected into the Proton Synchrotron (PS), where additional acceleration occurs,
ultimately reaching 25 GeV. Following this stage, the protons enter the Super Proton Syn-
chrotron (SPS), where their energy is boosted to 450 GeV. Finally, the proton beam is directed
into two separate beam pipes of the Large Hadron Collider (LHC). Within the LHC, opera-
tion within 400 MHz radiofrequency cavities accelerates and shapes the protons into proton
bunches. Upon reaching their designated energy levels and achieving stable beam dynamics,
collisions occur at four distinct points along the LHC ring.

The beam optics within the LHC ring are meticulously controlled by superconducting
NbTi magnets. These magnets maintain the beams on their circular trajectory using 1232
dipoles distributed across eight arcs, each spanning 2.45 km. Operating at a current of approx-
imately 11 kA, these dipoles generate an 8.3 T magnetic field, crucial for keeping the beams
on course.

A critical requirement for the accelerator is the narrow size of the bunches, which is main-
tained constant with the aid of additional magnets known as quadrupoles. These quadrupoles
further focus the beams. To ensure their superconducting state, the magnets are cooled with
superfluid He-4 to 1.9 K.

The beams are directed to collide at four interaction points (IP), where the primary exper-
iments are situated. Before reaching each IP, additional quadrupoles are strategically placed
to enhance focusing.

The number of events per unit time d N /dt for a process with given cross section o is

determined by the instantaneous luminosity £:
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Figure 2.1 Schematic representation of the accelerator complex locate at CERN. [30]
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It is common practice to report the integral of £ over time, denoted as integrated lu-
minosity, L = f Ldt. This quantity represents the amount of data recorded over a spe-
cific period, typically spanning a year of data-taking. Instantaneous luminosity is measured

!, with the nominal value for the LHC machine typically represented as

in units of cm™2s~
L = 10%*cm™2s7!. Integrated luminosity is often expressed in inverse femtobarns (fb~!) or

picobarns (pb~1).

Table 2.1 Nominal parameters of the LHC in proton-proton collisions.

Parameter Meaning Nominal value
Vs Center-of-mass energy 14 TeV

At Bunch separation 25 ns

np Number of bunches 2808

N, Number of protons per bunches  1.15 - 10!
Jrev Revolution frequency 11245 Hz
o, Transverse bunch r.m.s. at the I[P 16.7 ym
Oy Longitudinal bunch r.m.s. 7.55 cm
B Beta function at the IP 0.55m

0. Crossing angle at the IP 285 urad
€n Transverse emittance 3.75 ym

The operations of the accelerator are often characterized by quoting the instantaneous

luminosity, which can be defined from the beam parameters as follows:

- leynbfrevyrF’ 22)
dre, B

Here, N, denotes the quantity of particles per n;, bunch within the beam, with f., rep-

resenting the revolution frequency and vy, the relativistic gamma factor. The beam’s optical

properties are encapsulated by the £,5" term, in which g, signifies the emittance and 8* the

beta function, indicating beam focusing at the interaction point (IP) [29]. The factor F reflects

the instantaneous luminosity adjustment due to the beam’s crossing angle (6.), alongside the

beams’ transverse and longitudinal root-mean-square (r.m.s.) dimensions (o, and o-):

—12
6.
Ty

The specified nominal values for these parameters are catalogued in Table 2.1. As high-

lighted, the LHC’s elevated luminosity is crucial for detecting processes with low cross sec-
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tions. Nonetheless, this high luminosity also implies the potential for multiple interactions

within a single bunch crossing, a scenario known as pileup, with its mean value described as

follows:
Loy
<PU >= —— (2.4)
np - frev
inel . . . . N .
Here, o,y denotes the inelastic proton-proton (pp) cross-section. With the LHC’s design

energy of v/s = 14 TeV, the O'Ii,‘l‘fl stands at 69 mb, yielding an initial pileup rate of approximately
22 interactions per bunch crossing [31]. Over time, the LHC has steadily increased its oper-
ational intensity, currently observing a pileup rate near 60 interactions per event. This figure
is anticipated to rise significantly with the commencement of the High Luminosity LHC (HL-
LHC) phase in 2027, expecting an average pileup of (P.U.) = 140/200 events. Such escalation
in pileup rates directly impacts detector efficiency, notably diminishing particle identification
fidelity and resolution. To address these challenges in preparation for the HL-LHC era, LHC
experiments are undergoing comprehensive upgrades [32]. Among the primary objectives of
these modifications is the reduction of pileup effects and the mitigation of radiation damage.
Innovations such as the CMS endcap GEM system upgrade and the integration of new timing
detectors are pivotal to these efforts, with this thesis delving into their development, assembly,
simulation, and empirical validation. An in-depth exploration of the CMS upgrade initiatives

in anticipation of the HL-LHC, focusing on design considerations, assembly processes, simu-

lation methodologies, and test beam data analysis, is presented in Chapter 5.

2.1.2 Operation

Following over a decade of preparatory work and setup, the LHC witnessed the introduc-
tion of its first proton beams in September 2008. However, this initial endeavor was abruptly
halted due to a significant mechanical malfunction caused by an extensive helium leak, at-
tributed to a defective electrical link between two magnets. This incident necessitated a com-
prehensive technical pause that lasted until November 2009, marking the moment when proton
beams, each carrying an energy of 450 GeV, were reintroduced. Subsequently, the energy
level was elevated to 1.18 TeV per beam, positioning the LHC as the most powerful particle
accelerator globally.

By 2010, the beam energy saw progressive increments, achieving 3.5 TeV per beam.
March of the same year recorded the inaugural high-energy proton-proton collision at a center-
of-mass energy of 7 TeV (1/s = 7 TeV). The ensuing years, 2011 and 2012, signified the Run-I
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epoch of the LHC operations: the initial year witnessed the delivery of 6 fb™'at a center-of-
mass energy of Vs = 7 TeV, followed by a delivery of 23 fb~'in 2012 at v/s = 8 TeV. These
data enabled the ATLAS and CMS collaborations to narrow down the search parameters for
the Higgs boson. The latter year, with its increased luminosity and combined with data from
\s = 7 TeV, led to the landmark discovery of the Higgs boson in July 2012. The subsequent
period saw a steady enhancement in the machine’s luminosity to match its intended design
specifications. The initiation of Run-II in 2015 brought the LHC to operate at a center-of-mass
energy of v/s = 13 TeV, culminating in a total gathered luminosity of 139 fb~'by the end of
2018. The trajectory of both integrated and peak luminosities captured by the CMS detector
through the last eight years is depicted in Fig. 2.2.

Fig. 2.3 provides an overview of the LHC’s operational history and future trajectory. Fol-
lowing Run-I, the LHC entered a two-year hiatus known as the first long shutdown (LS1),
aimed at gearing up for Run-II through significant updates across its infrastructure, focusing
on magnets and specific sub-detectors of the experiments.

As depicted in Fig. 2.2, with the luminosity’s incremental rise, an increase in the average
collision rate per bunch crossing is anticipated. According to Fig. 2.4, the Run-II phase wit-
nessed a surge in pileup rates; the average collision rate per bunch crossing nearly tripled from
a pileup of <P.U.> =13 1n 2015 to <P.U.> =40 in 2018. The timeline from 2011 to 2024 is de-
noted as Phase 1, transitioning into Phase 2 from 2027 to 2037, marking the High-Luminosity
LHC era (HL-LHC).

Post-LS1, LHC operations recommenced in 2015, continuing through to the end of 2018,
a period commonly recognized as Run-II. The 2015 operations were chiefly aimed at com-
missioning the machine to operate at a new record center-of-mass energy, thus paving the
path to novel physics explorations. That year, CMS was allocated 4.2 fb~'at an initial lu-
minosity of £ = 5 x 10¥cm?s!, but by June 2016, the design instantaneous luminosity of
L =1.5x 10*cm?s! was achieved and subsequently surpassed. Over the years 2016 to 2018,
CMS documented integrated luminosities of 41.0 fb™', 49.8 fb~', and 67.9 fb™", respectively.

Following the pivotal discovery of the Higgs boson during Run-I, the subsequent Run-
IT phase of LHC operations has been focused on meticulously measuring the Higgs boson’s
attributes: spanning its production and decay phenomena to detailing its interactions with other
Standard Model (SM) particles.

To date, analyses conducted during CMS Run-II have yet to uncover signs of beyond the

Standard Model (BSM) phenomena. Expected BSM processes are likely to manifest through
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Figure 2.2 Total integrated luminosity (top) and peak instantaneous luminosity (bottom) de-
livered to CMS as a function of the date. The plots include both the Run-1 (2010-2012) and
the Run-II (2015-2018) operations of the LHC. [33]
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the o-’"e’ values illustrated in the figure for each center-of-mass energy. [33]
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subtler cross-sections and predominantly influence the extremities of distributions, where cur-
rently available statistical data remains sparse. Therefore, to thoroughly explore potential BSM
scenarios or to utilize the Higgs boson as a conduit to new physics discoveries, an augmentation
of the data pool is imperative, necessitating enhanced precision in event selection, identifica-
tion, and reconstruction methodologies.

As this thesis is being penned, the LHC is undergoing its second long shutdown (LS2), a
period dedicated to the enhancement and maintenance of both the accelerator’s complex and
its supporting infrastructure, setting the stage for Run-III. This upcoming phase anticipates
operations at the LHC’s peak design energy of /s = 14 TeV. The conclusion of Run-III in
2024 will signify the end of LHC Phase 1, by which point it is projected that the experiments
will have accumulated an impressive integrated luminosity of approximately 350 fb™', facili-
tating in-depth analyses of infrequent events and affording even more precise measurements of
the Higgs boson’s characteristics. Nonetheless, by this juncture, significant radiation-induced
degradation is expected across the experimental detectors, necessitating extensive upgrades to
preserve their operational efficiency and to broaden the scope for new discoveries. In antici-
pation, the LHC is gearing up for the High Luminosity phase (HL-LHC), expected to achieve
a total integrated luminosity close to 3000 fb~'along with a peak instantaneous luminosity of
5 x 10** cm~2 s~!, ushering in an era of heightened radiation exposure and pileup rates in the
vicinity of 140/200 events per bunch crossing. This phase is poised to dramatically increase
the annual Higgs boson yield to approximately 15 million, a significant leap from the three
million recorded in 2017, thereby enabling exhaustive investigations into the Higgs boson’s

properties and potentially uncovering previously undetected physics phenomena.

2.1.3 Experiments

As previously mentioned, the CERN accelerator complex encompasses a variety of ex-
perimental setups along its acceleration sequence. The Proton Synchrotron (PS) functions as a
low-energy proton feeder for the East Area, while the Super Proton Synchrotron (SPS) acceler-
ates protons to 450 GeV for use in the North Area. These areas serve dual purposes, facilitating
test beam experiments and housing detectors for research into non-Higgs phenomena such as
dark matter, crystallography, and irradiation effects.

Proton beams circulate in opposite directions within two distinct beam lines, converging
at four interaction points (IPs) where the primary experiments are stationed. The ALICE and

LHCD detectors utilize two of the former LEP IPs, whereas the ATLAS and CMS detectors
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reside in expanded caverns, repurposed from their original designs. At each IP, the beam
lines intersect to enable collisions, which are then observed and analyzed by the respective
experiments:

Interaction point IP1 is the site for A Toroidal LHC Apparatus (ATLAS) [34], a
versatile detector designed for various purposes, including the search and analysis of the Stan-
dard Model (SM) Higgs boson, conducting Quantum Chromodynamics (QCD) research, and
exploring physics beyond the Standard Model (BSM). The ATLAS detector features a range
of sub-detectors, each specialized in detecting and reconstructing specific particles or phe-
nomena. Structurally, ATLAS is built around the interaction point with a series of concentric
layers: an inner tracker followed by a Transition Radiation Tracker (TRT) utilizing both sili-
con and gaseous detection technologies. At its heart lies a sampling calorimeter, with an inner
electromagnetic component using liquid Argon and an outer calorimeter made of steel tiles.
This architectural decision marks a significant distinction from the CMS detector, which em-
ploys a homogeneous PbWQO, electromagnetic calorimeter. Encircling the apparatus are muon
chambers that give ATLAS its notable dimensions of 25 m in diameter and 46 m in length,
highlighting another primary divergence from CMS. A 2 T solenoid magnet surrounds the in-
teraction zone, while additional toroidal coils generate magnetic fields of up to 4 T beyond the
solenoid.

Within the same vault as ATLAS, the Large Hadron Collider forward (LHCY) experi-
ment [35] positions its detectors roughly 140 m from the IP. Comprising two detectors, each
with a mass of 40 kg and dimensions of 30cm X 80cm X 10cm, LHCf’s mission is to study the
characteristics of ultra-high-energy cosmic rays.

Interaction point IP2ishome to A Large Ion Collider Experiment (ALICE) [36],
located at one of the sites previously used by LEP. ALICE has been specifically engineered
for heavy-ion research, primarily to explore and understand the quark-gluon plasma (QGP),
a form of matter believed to have existed in the early Universe. Distinguished by its suite of
sub-detectors, which are not found in any other LHC experiment, ALICE’s standout feature
is its Time Projection Chamber (TPC). This TPC works alongside the inner tracking system
to achieve accurate particle identification and separation. This capability is further enhanced
by an array of calorimeters, along with Time of Flight (TOF) and Ring-imaging Cherenkov
(RICH) detectors. Situated in the detector’s very forward region is a muon spectrometer,
offering additional insights into QGP through the analysis of heavy quarkonium state decay

products.
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Interaction point IP5 serves as the site for the Compact Muon Solenoid (CMS) [37],
positioned opposite to the ATLAS detector across the LHC ring. Both CMS and ATLAS func-
tion as multi-purpose detectors with the aim of probing a broad spectrum of physics phenom-
ena. Despite their core mission alignment, the structural differences between the two facilities
allow for the generation of complementary data. Further insights into CMS are elaborated in
Sec. 2.2.

Co-located with CMS, and in part, integrated within its structure, is the TOtal Elastic
and diffractive cross section Measurement (TOTEM) experiment [38]. TOTEM’s name
reflects its research objectives: the quantification of total cross section, elastic scattering, and
diffractive processes in proton-proton collisions. The experiment utilizes cathode strip cham-
bers (CSC) and Gas Electron Multipliers (GEM) across several stations to track particles em-
anating from the IP, assembling them into two telescopic arrays. Additionally, the TOTEM
experiment employs Roman Pots—silicon-based sensors tasked with the detection of scattered
protons.

Interaction point IP8 is the venue for the LHC beauty (LHCb) experiment [39],
situated in one of the erstwhile LEP caverns, similar to ALICE. LHCb’s primary focus is on
the intricacies of b-quark phenomena, probing for new physics beyond the Standard Model
(BSM) or evidence of CP violation. Unlike ATLAS or CMS, LHCb is designed uniquely
as a single-arm forward spectrometer to suit its specific research needs, given that b-hadrons
are predominantly generated in the forward direction. The detector array extends over 20 m,
starting from a sub-detector placed proximal to the IP. A key feature of LHCb is the Vertex
Locator (VELO), a silicon-based movable tracking apparatus situated near the beam pipe, adept
at identifying secondary decay vertices of b-hadrons.

Co-located with the LHCb, the Monopole & Exotics Detector At the LHC (MoEDAL)
experiment [40] embarks on the quest to directly detect magnetic monopoles, theoretical enti-
ties endowed with magnetic charge. MOEDAL distinguishes itself as the seventh experiment
to receive approval and installation at the LHC, underscoring its unique investigative purview.

Among the LHC experiments discussed, not all are equipped to handle the same levels
of instantaneous luminosity and pileup rates. Specifically, ALICE and LHCb face constraints
that preclude their operation at the standard LHC intensities. For ALICE, the limitation arises
from the Time Projection Chamber (TPC) dead-time, and for LHCb, the bottleneck is due to
the high particle flux overwhelming its data acquisition system. To manage these restrictions,

a technique known as luminosity leveling is applied, wherein the beams are strategically sepa-
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rated and directed to the detectors once the predefined luminosity thresholds are met. ALICE

1

operates at a controlled instantaneous luminosity of approximately L = 10*’cm~2s~!, whereas

LHCb is adjusted to a slightly higher rate of L = 10*cm™2s7!.

2.2 The CMS experiment

Nestled 100 meters beneath the surface at Interaction Point 5, within the confines of Cessy,
France, the Compact Muon Solenoid (CMS) detector stands as one of two versatile experi-
ments stationed at the CERN LHC. Its mission: to track down the elusive Higgs boson and
navigate the complexities of TeV-scale physics. Characterized by a cylindrical form, the CMS
fully encapsulates IP5, measuring 15 meters in diameter and extending 21.5 meters in length.
The term “compact” in its name highlights its relatively smaller size compared to the ATLAS
experiment, despite possessing a significantly heavier mass of 12,500 tons.

At the heart of CMS lies a superconducting solenoid magnet, generating a magnetic field
of 4 T and encompassing various sub-detectors, each specialized in capturing specific particle
types or measuring particular observables. Positioned immediately beyond the IP and within
6 meters of the coil, the inner tracking system is flanked by electromagnetic and hadronic
calorimeters. Encircling the magnet, with an additional span of 7 meters, is the extensive
muon detection subsystem, accounting for roughly 80% of the detector’s total volume—hence,
the “muon” component of the CMS nomenclature. A cross-sectional view of the CMS setup,

detailing these subsystems and more, is illustrated in Fig. 2.5.

2.2.1 Coordinate system

The CMS experiment utilizes a right-handed coordinate system, anchoring its origin at
the nominal interaction point. The x-axis extends toward the LHC’s center, the y-axis ascends
vertically, and the z-axis aligns with the direction of the anticlockwise-moving proton beam.
Accommodating the detector’s cylindrical design, a polar coordinate framework is adopted
alongside the Cartesian system. Here, the azimuthal angle ¢ represents the angle in the trans-
verse plane relative to the x-axis, with r denoting the radial distance from the origin.

A graphical depiction of both the CMS Cartesian and polar coordinate systems is pre-
sented in Fig. 2.6(left).

This coordinate setup effectively delineates the detector’s layout and large-scale measure-
ments. However, it proves inadequate for pinpointing proton-proton collisions, which occur

at the parton level, where the momentum fractions along the z-axis and the longitudinal colli-
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Figure 2.5 Schematic illlustration of the CMS at the CERN LHC. [41]

Figure 2.6 Left: Schematic representation of the CMS coordinate systems. [42] Right: Re-
lation between the pseudorapidity  and the polar angle 6.
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sion boost remain indeterminate. Consequently, collision events are better characterized using
Lorentz boost-invariant metrics, focusing on transverse plane projections. This approach in-
troduces the concepts of transverse momentum (p;) and transverse mass (mr), with the
latter ranging from 0 at 6 = 7 to +oo at 6 = 0(rr), as depicted in Fig. 2.6 (right). Particle spa-
tial separation within a Lorentz boost-invariant context is determined based on their angular

disparity.
Pr =Py +D, (2.5)

m%:m2+pi+p§:E2—p§ (2.6)

The rapidity of a particle is expressed as:

1 E+
y=~1In[——F= 2.7)
2 E-p,

The polar angle is usually converted into pseudorapidity, i.e. the rapidity for ultra-

relativistic (m/E < 1) particles:

n=-In

()] bg22)

which varies from 0 at § = 7 to +o0 at § = 0(7r), as shown in Fig. 2.6 (right). The spatial
separation between two particles is expressed, in a Lorentz boost-invariant frame, as a function

of their angular distance as:

AR = J(An)? + (Ag)>. (2.9)

Event topology gains an additional dimension through the negative aggregate of all recon-
structed particles’ transverse momenta, dubbed missing transverse momentum p**. Given
the detector’s symmetrical and enclosed nature around the interaction point, this variable is
typically inferred as the collective transverse momentum of neutrinos or other undetectable

non-interactive entities eluding detection.

2.2.2 Detector structure

The CMS detector is centered on a 4 T superconducting solenoid, which serves to curve

the trajectories of particles passing through the various sub-modules comprising CMS. In the
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Figure 2.7 Longitudinal view of the CMS detector showing the magnetic |B| field (left) and
field lines (right). Central magnetic flux density of 3.8 T. Each field line represents an increment
of 6 Wb of the total flux. Figure taken from [44].

subsequent sections, the diverse components will be delineated, with a special focus on their

functions in detecting specific types of particles.
Superconducting magnet

At the heart of the CMS experiment lies its niobium-titanium (NbTi) superconducting
solenoid magnet [43], a critical architectural and functional feature. This magnet, boasting a
diameter of 6 meters and maintained at a chilly 4.5 K, is pivotal to the CMS detector’s overall
design. It encases the tracking and calorimetric apparatuses within its domain, providing a
stable 3.8 T magnetic field. The iron return yoke, integral for containing this potent magnetic
field, is interleaved with the muon detection array and positioned exterior to the NbTi magnet,
subjecting the muon chambers to a 2 T magnetic environment. This arrangement yields distinct
muon trajectories with varying curvature prior to and subsequent to their passage through the
magnet.

In light of the magnet’s innovative design and its prospective longevity concerns, the CMS
team opted to maintain the magnetic field at a slightly reduced operational strength of 3.8 T,
deviating from the initially proposed 4 T. The distribution and intensity of the magnetic field,

deduced via Monte Carlo simulations, are illustrated in Fig. 2.7.

Inner tracking system
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Figure 2.8 Left: Illustration of the CMS pixel tracking sub-system,three sylindrical layers are
disposed in the barrel(BPix), while the endcaps are covered by two disks(FPix) on each side.
Right: Schematic representation of the CMS tracking systems’ cross section in the r-z plane.
[47, 48]

Placed directly around the interaction point, the tracking system [45, 46] is the innermost
part of the CMS detector. The CMS tracker covers a volume of 5.6 m in length and 2.4 m
in diameter, and it is instrumented with silicon sensors, sensitive to the passage of charged
particles originating from the interaction vertex. A uniform magnetic field of 3.8 T perme-
ates the tracking volume, and it is used as an additional handle in the particles identification
and reconstruction. The tracker also has to identify the in-flight decays and discriminate the
hard scattering interactions vertex, also referred to as primary vertex, from additional pile-up
collisions. As a result, the tracker is the sub-detector that has to cope with the most stringent
requirements in terms of design, detection efficiency, and radiation hardness. The tracking
system is dubdivided into two components to cope with these chanllenges: the pixel detectors

and the silicon strip tracker, shown in Fig. 2.8.
Electromagnetic calorimeter (ECAL)

Enveloping the inner tracking apparatus, the Electromagnetic CALorimeter (ECAL) [49]
is tasked with the high-precision energy determination of incoming electrons and photons.
This homogeneous calorimeter is densely packed with nearly 70,000 lead tungstate (PbWOy)
crystals, a selection motivated by the necessity for a material of high density (o = 8.29 g/cm?),
minimal radiation length (X, = 0.89 cm), and compact Moliere radius (R, = 2.2 cm). These
characteristics are crucial for the complete absorption of electromagnetic showers and swift
response, crucially emitting about 80

Divided into two semi-cylindrical segments, the ECAL Barrel (EB) is flanked by two
endcap discs (EE). The EB is segmented into 18 super-modules, each clustering around 1700
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crystals and weighing approximately 1.5 tons, arranged across 20 in ¢ and 85 in n. This con-
figuration ensures an || < 1.479 and 20° coverage in ¢. The EB in total harbors 62,000
crystals, with each crystal spanning 0.0174 x 0.0174 in 17 X ¢, equivalent to a 22 x 22 mm?
front face. The EE segments comprise 5 X 5 crystal groupings, or super-crystals, extending
coverage from 1.479 < |n| < 3.0. To achieve comprehensive coverage, ECAL crystals are
angled up to 3° from the direct line of sight from the interaction point, though some gaps or
cracks persist between modules and in critical areas like the = 0 junction and the EB to EE
transition zones.

To further refine spatial resolution in the 1.65 < || < 2.6 region, an electromagnetic
preshower detector (ES) is positioned ahead of the EE sections. Comprising two lead layers
succeeded by a plane of silicon sensors equipped with 22 m long strips, the ES adds approx-
imately 1X to the calorimeter’s depth, complementing the tracker’s 2X,. This setup ensures
initiation of photon showers within the sensors for the majority of single incident photons. The
ES’s principal function is to discern di-photon emissions from 7° — yvy decays from singular,
high-energy photons advancing forward. Silicon is chosen for its durability under high radia-
tion, with the ES achieving optimal performance at temperatures ranging from —15° C to —10°
C. Contributing significantly to electromagnetic shower reconstruction, the ES captures about
6% to 8% of the total shower energy.

The CMS ECAL intrinsic energy resolution was measured on a 3 X 3 crystals matrix in a

test beam environment and it is parametrized as:

oe\2 (2.8%\° (12%)\’ )
(f) _( \/E) +( 5 ) +(0.3%) (2.10)

The initial component, termed stochastic, pertains to the statistical variances inherent in

the shower’s physical progression. The subsequent noise aspect derives from the electronic
readout chain’s background, closely tied to the Data Acquisition (DAQ) system’s intricacies.
Given its inverse relation to the energy of the shower, this noise becomes notably impactful at
energies beneath the GeV threshold. The constant segment, unaffected by energy levels, mir-
rors the calorimeter’s inherent characteristics, including response non-uniformities, potential
energy losses, and lingering calibration discrepancies.

The CMS ECAL’s homogeneous nature yields enhanced precision in energy reconstruc-
tion compared to sampling calorimeters, albeit at the sacrifice of detailed shower shape analysis
or supplementary tracking points beyond those gleaned from the tracker’s pixel and strips. De-

spite these design considerations, the primary challenge for the CMS ECAL lies in its initial
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design to withstand luminosities up to 500 fb™!, beyond which crystal degradation due to ra-
diation becomes a significant concern. With the CMS poised to accumulate roughly 350 fb~!
by LHC Run-III’s conclusion, an upgrade is imperative for the forthcoming High-Luminosity
LHC (HL-LHC) phase. Plans include substituting the endcap calorimeters with a High Gran-
ularity Calorimeter (HGCAL), transitioning to a sampling architecture that facilitates compre-
hensive shower shape analysis. Moreover, the HGCAL will inaugurate precise timing capabil-

ities, warranting its distinction as a 5D, or imaging calorimeter.
Hadronic calorimeter (HCAL)

Hadronic showers typically impart no more than 30% of their energy into the ECAL. Posi-
tioned directly behind the ECAL, the CMS hadronic calorimeter (HCAL) [49] is engineered to
completely capture the energy from hadronic showers. Its pivotal role in event reconstruction,
particularly for hadronic jets and their neutral components, necessitates a substantial amount of
material for full energy absorption. Hence, the HCAL 1is constructed as a sampling calorime-
ter, with alternating brass absorber layers and plastic scintillator tiles. The HCAL barrel (HB),
located immediately beyond the ECAL within the solenoid’s confines, extends the reach of the
ECAL barrel (EB) in the barrel section, complemented by the HCAL endcap (HE) system ad-
jacent to the ECAL endcaps (EE). The solenoid magnet imposes a significant design challenge
for the HCAL, as the available depth of about 10 A; within the HB is insufficient for hadronic
shower containment. An outer hadron calorimeter (HO), situated just outside the solenoid,
addresses this by increasing the total depth to 11 A;, as depicted in Fig. 2.10(upper), enhancing
hadronic jet absorption capabilities.

Additionally, the HCAL includes a very forward calorimeter (HF) located just beyond the
CMS detector at a distance of 11.2 m from the interaction point, offering extended coverage in

high-n regions. Fig. 2.10(lower) provides a detailed schematic of the CMS HCAL layout.
Muon detector system

Reflecting its moniker, the CMS detector is meticulously engineered for the precise iden-
tification and reconstruction of muons. Muons generated in typical LHC interactions span a
broad energy spectrum, from a few to several hundred GeV, traversing the detector with rela-
tively minimal interaction, save for slight imprints in the tracker and subsequent sub-systems.
Their accurate identification, alongside the determination of their charge and momentum, is
crucial for analyses involving W, Z, or H bosons, as well as in searches for novel physics phe-

nomena.
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Figure 2.9 Upper: Schematic view of the CMS ECAL mechanical structure. The PbWO,
crystals in the barrel are organized into modules and super-modules. In the endcaps a pre-
shower is followed by two half-disks, or “Dees” , on each side. [49] Lower: Schematic illus-
tration of the spatial coverage of an ECAL quarter. The three sub-components of the ECAL
are shown: barrel, preshower and endcap systems. PbWOQy, crystals are depicted in blue. [50]
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Figure 2.11 Schematic longitudinal view of a quater of the CMS detector with the layout of
the muon detection systems. DTs, CSCs and RPCs are represented in onrange, green, and blue,
respectively. [51]

Positioned in the detector’s outermost layer, the muon detection system [51] consists of
four stations nestled within the iron yokes, or wheels, leveraging the 2 T return magnetic field
to deduce particle momentum based on trajectory curvature. The system’s design navigates
the balance between extensive coverage needs and cost efficiency. Incorporating three distinct
gaseous detector technologies, the CMS muon detection ensemble features 1400 chambers ar-
rayed to mitigate background rates and optimize magnetic field efficacy: Drift Tubes (DTs)
envelop the barrel region up to || < 1.2, complemented by Cathode Strip Chambers (CSCs)
in the endcaps for 0.9 < || < 2.4, and Resistive Plate Chambers (RPCs) extending cover-
age to |g| < 1.6, thereby enhancing trigger functionality and providing system redundancy.
Collectively, these components constitute approximately 25,000 m? of detection surfaces and
achieve a depth of 20 A; in regions of low pseudorapidity. Fig. 2.11 illustrates the CMS muon
detection system’s layout.

The CMS detector’s muon system employs 250 rectangular (2x2.5 m?) Drift Tubes (DTs),
organized into clusters of four stations across five wheels spanning the barrel area, with three
illustrated in Fig. 2.16. Situated centrally, DTs cover up to |f| < 1.2, the low muon rates and
magnetic fields in this sector ensuring satisfactory performance utilizing standard rectangular

drift cells. Each cell, a drift tube of 2.4 m length and 1.3x4.2 cm? cross-section, comprises
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an anode wire flanked by cathode strips, bathed in an Argon (85%) and CO, (15%) mix. DTs
effectuate two-dimensional muon path tracing by measuring electron drift times to the anode.
Beyond angle and position precision for muons, DTs also activate muon triggers independently
from tracker data. Their layers, staggered with half-cell offsets, attain sub-3 ns time resolution,
99.8% cell efficiency, and around 180 pm spatial accuracy per cell, cumulating in 80-120 ym
overall positional precision.

In the more challenging endcap region, subjected to heightened background activity and
erratic magnetic fields as depicted in Fig. 2.8, finely segmented Multi Wire Proportional Cath-
ode Strip Chambers (MWP CSCs) are deployed for 0.9 < |n| < 2.4 coverage. CSCs’ trape-
zoidal form and organization into four stations between iron yokes facilitate muon detection.
Alternating anode wires and cathode strips layers yield n and r, ¢ data, respectively. Encom-
passing around 5000 m? and filled with an Argon (45%), CO, (50%), and CF,; (10%) gas
mix, CSCs offer fine resolution down to 40-150 ym and approximately 3 ns timing accuracy,
enhancing trigger efficacy.

Supporting DTs and CSCs, Resistive Plate Chambers (RPCs) offer a standalone trigger
system and clarify tracking in multi-hit scenarios. Positioned within both barrel and endcaps,
RPCs supplement measurement redundancy. Barrel configurations see RPCs alongside the first
two DT stations and preceding the drift chambers in the final pair, optimizing low-momentum
muon trigger performance. Each endcap station hosts an RPC layer, all upgraded to four sta-
tions post-LS1. RPCs, double-gap chambers in avalanche mode with a C,H, Fy, i — C4H ¢, and
SFg blend, surpass DT and CSC response speeds with under 3 ns time resolution and circa 1
cm spatial precision, proving invaluable for high-pileup muon event triggers.

By 2017’s close, the muon system expansion included Gas Electron Multiplier (GEM)
detectors within 1.6 < || < 2.2, elevating endcap redundancy through superior rate capability
and radiation tolerance. The initial 10 GEM prototypes set the stage for further additions during
LS2, aiming for 144 detectors aligned with HL-LHC expectations. Further insights into GEM
principles and enhancements are detailed in Chapter 5.

[51]

2.2.3 Luminosity measurement

For CMS, precise monitoring of both integrated and instantaneous luminosities is vital for
real-time operations and detailed physics analysis. Instantaneous luminosity feedback plays a

pivotal role in the Data Acquisition (DAQ) and trigger systems, guiding beam intensity adjust-
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ments. Concurrently, the tally of reconstructed events is intrinsically linked to experimental
luminosity levels.

Online luminosity measurement employs the Hadron Forward (HF) calorimeter in con-
junction with two specialized luminometers: the Fast Beam Conditions Monitor (BCM1f) [52]
and the Pixel Luminosity Telescope (PLT), the latter introduced before Run-II to enhance lu-
minosity measurement precision [53-55]. This trio of detectors yields in situ insights into
integrated luminosity. Offline analyses benefit from a more refined approach, integrating data
from the pixel tracker and Drift Tubes (DTs), both of which are paired with a specialized read-
out system for expedited processing.

Luminosity calculations are conducted for each data collection phase, with systematic
uncertainties ranging from 2.3% to 2.5%, varying by year. The influence of these uncertainties
on analysis outcomes, along with their associated correlations, is thoroughly examined within

the analysis segments.
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Chapter 3  Search for the Higgs boson pair production

associated with a vector boson

HE discovery of the Higgs boson by the ATLAS and CMS collaborations in 2012 [56, 57]

marked a pivotal milestone. Consequently, the focus of the scientific community has

shifted towards conducting precise measurements of the properties of this newfound particle
and its interactions.

To date, the experimentally determined characteristics of the Higgs boson are in con-
cordance with the predictions of the standard model (SM). In Chapter 1, we introduced the
production of a pair of Higgs bosons (HH) as an infrequent process that presents a unique
opportunity to investigate specific couplings.

Of particular significance is the trilinear self-interaction coupling, which has the potential
to provide a model-independent measurement of the shape of the scalar potential. This mea-
surement could have implications for models involving a strong first-order phase transition, a
pivotal element in baryogenesis [58]. Additionally, there is the four-boson coupling VVHH
(ZZHH and WWHH), as predicted by the SM but not yet directly observed in experiments.

3.1 The properties of the VHH production mode

HH production predominantly occurs through gluon-gluon fusion (ggF), vector boson fu-
sion (VBF), and vector boson-associated production (VHH). This analysis specifically focuses
on VHH, complementing the findings obtained from ggF and VBF production processes.

In the SM, at a center-of-mass energy of v/s = 13 TeV and for a Higgs boson mass of
my = 125 GeV, the ggF cross section is calculated to be oygr = 31.057%3¢ (scale) +3%
(PDF+ay) £2.6% (m,) tb [59, 60]. This cross section is relatively small due to a significant
destructive interference between the two leading-order diagrams. One of these diagrams is
governed by the Higgs self-coupling (denoted as «,), while the other involves a top-quark loop
and depends solely on the top quark Yukawa coupling (y;).

In the SM, at the same center-of-mass energy and for my = 125 GeV, the VBF cross
section is calculated to be oygp = 1.726*%%% (scale) +2.1% (PDF+a;) fb, computed at the
next-to-next-to-next-to-leading order (N3LO) of the QCD perturbative expansion [59, 60].

The SM cross section for VHH production mode is calculated to be ozyy = 0.36375%¢
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(scale) £1.9% (PDF+a;) fb, o+ gy = 0.3297933% (scale) +2.2% (PDF+a;) fb, and ow-py =

0.173*1-3% (scale) +2.8% (PDF+a) fb at NNLO QCD.

d'/q W/Z W/zZ W/Z

W/Z kv

q

Figure 3.1 Leading-order diagrams for nonresonant di-Higgs production via VHH.

This analysis focuses on the final state with both Higgs bosons decaying into a b quark-
antiquark pair, with a total branching fraction of B(HH — 4b) = 33.9 + 0.85%. The analysis
is based on data from proton-proton collisions by the CERN LHC at a /s = 13 TeV, collected
by the CMS experiment in 2016-2018, with an integrated luminosity of 138 fb™".

In Fig. 3.1, we present the three leading-order diagrams for nonresonant HH produc-
tion via VHH. These diagrams encompass three distinct types of Higgs boson couplings: the
Higgs boson self-coupling (HHH), the quartic coupling between two vector bosons and two
Higgs bosons (VVHH), and the Higgs-vector-boson coupling (VV H). To describe the relative
strength of these couplings compared to their Standard Model (SM) values, we introduce the
coupling modifiers «,, kyv, and «y for the HHH, VVHH, and VVH couplings, respectively. In
the mean time, we also consider the box diagram contribution, which is also significant, shown
and described in detail in the next section in Fig. 3.2.

Here, we emphasize three distinctive properties of this production mode, which also serve
as compelling motivations for initiating this analysis with CMS Run-2 data.

The constructive interference: As discussed in Chapter 1.3, from Equation 1.41 to Equa-
tion 1.44, it is noteworthy that, in contrast to the leading cross-section production modes, the
VHH production process exhibits constructive interference. With this particular property, as
illustrated in Fig. 1.9, we anticipate that the analysis of this process could impose a relatively
more stringent constraint on the positive side of k, . Given the findings from existing analyses
on the ggF and VBF processes, which suggest the absence of a ”golden channel” akin to single
Higgs studies in the HH investigation, the utilization of LHC Run-2 data for the study of the
VHH production process holds significant value.

The HHWW and HHZZ vertex: As elucidated in Chapter 1.3, the VHH production
process shares identical vertices with the VBF production, rendering it an apt candidate for the

study and constraint of the HHVV coupling. Remarkably, in contrast to VBF, which solely
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incorporates virtual vector bosons, VHH production provides a distinctive opportunity to dis-
entangle the xyw and kzz couplings, contingent on the decay products of the vector bosons in
the “final states”.

The final states of W/Z boson: The presence of W/Z bosons in the final state not only
affords the opportunity to unveil the HHWW/HHZZ vertices but also empowers analysts to
capitalize on the reconstruction of the decay products of the W/Z bosons, particularly the lep-
tons, for enhanced background constraint. From this perspective, the investigation of the VHH
process represents a judicious trade-off between the challenges posed by its low cross section
and the relatively purer signal it offers.

In summary, this analysis centers its attention on the VHH production process, encom-
passing all V decaying channels. The selection of the HH decay into a 4b final state is driven
by its largest branching ratio. The overarching strategy involves segregating events into dis-
tinct V decaying channels, supplemented by other categorization techniques. Simultaneously,
efforts are directed towards optimizing the signal-background ratios, with the overarching goal

of attaining maximum significance.
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3.2 Data sample and simulated events

This analysis relies on proton-proton collision data obtained during the years 2016 to
2018, within the framework of LHC Run 2, operating at a center-of-mass energy of /s =
13 TeV. Only data that has been certified as high-quality, as specified in the golden JSON files
listed in Table 3.1, has been chosen for inclusion in the analysis. Also the corresponding inte-
grated luminosities for each year are listed. The total Run-2 luminosity sums up to 138 fb™".
The datasets used for the analysis are listed in Table 3.2. In the table, various expressions
pertain to the conditions of the data: ”UL” stands for Ultra Legacy, which refers to the lat-
est officially reconstructed dataset. The terms "HIPM” and “pre(post)-VFP” denote different
phases of data collection. During these phases, certain events or objects may be excluded due
to malfunctioning detectors.

Table 3.1  Golden JSON files used in the analysis and the corresponding integrated luminosi-
ties.

Year | File name | L@
2016 | Cert_271036-284044_13TeV_Legacy2016_Collisions16_JSON.txt 36.3fb!
2017 | Cert_294927-306462_13TeV_UL2017 Collisions17_GoldenJSON.txt | 41.5fb!
2018 | Cert_314472-325175_13TeV_Legacy2018_Collisions18_JSON.txt 59.8fb7!

3.2.1 VHH signals

Simulated samples used for obtaining various VHH signal hypotheses are listed in Ta-
ble 3.3. They are all generated at leading order (LO) in perturbative QCD using MadGraph
generator. The signal cross sections oo multiplied by the branching fraction 8 into 4b final
state are also provided. In signal sample names, the chosen benchmark values of the coupling
modifiers are denoted as follows: CV refers to kv, C2V refers so xyy and C3 refers to «,.

In the analysis, the cross sections for signal samples featuring Standard Model-like cou-
plings (CV_1_C2V_1_C3_1) are set to the current-best theoretical cross sections of 0.3657 fb
(for ZHH, up to NNLO, which includes the contribution from the loop-induced gg — ZHH
process) and 0.5193 tb (for WHH, at NLO). These values align with the cross sections pro-
vided by the LHCHWGHH [60] within uncertainties. The slight discrepancy arises from the
use of the nominal PDF set, as our signals are generated with NNPDF 3.1 instead. Upon multi-
plication by the branching fraction 8(HH — 4b) = 33.92%, these cross sections yield 0.1240
fb (for ZHH, NNLO) and 0.1761 fb (for WHH, NLO).

As mentioned, the cross sections of the ZHH and WHH production processes have been
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Table 3.2 Primary Datasets

1L and 2L channels

2016

2017

2018

/SingleMuon/Run2016B-ver1 _HIPM_UL201 6_'-vl
/SingleMuon/Run201 6B-ver2_HIPM_UL2016_'-v1
/SingleMuon/Run2016C-UL2016_'-v1
/SingleMuon/Run2016D-UL201 6_'-vl
/SingleMuon/Run2016E-UL2016_'-v1
/SingleMuon/Run2016F-HIPM_UL201 6_'-vl
/SingleMuon/Run2016F-UL2016_!-v4
/SingleMuon/Run2016G-UL201 6_'-vl
/SingleMuon/Run2016H-UL201 6_'-vl
/SingleElectron/Run2016B-verl_HIPM_UL201 6_'-vl
/SingleElectron/Run2016B-ver2_HIPM_UL201 6_'-vl
/SingleElectron/Run2016C-UL201 6_'-vl
/SingleElectron/Run2016D-UL201 6_'-vl
/SingleElectron/Run2016E-UL2016_!-v2
/SingleElectron/Run2016F-HIPM_UL201 6_'-vl
/SingleElectron/Run2016F-UL2016_"-v2
/SingleElectron/Run2016G-UL201 6_'-vl
/SingleElectron/Run2016H-UL2016_'-v1
/DoubleMuon/Run2016B-verl_HIPM_UL2016_'-v1
/DoubleMuon/Run2016B-ver2_HIPM_UL2016_!-v1
/DoubleMuon/Run2016C-UL2016_"'-v1
/DoubleMuon/Run2016D-UL2016_'-v1
/DoubleMuon/Run2016E-UL2016_'-v1
/DoubleMuon/Run2016F-HIPM_UL2016_'-v1
/DoubleMuon/Run2016F-UL2016_'-v2
/DoubleMuon/Run2016G-UL2016_'-v1
/DoubleMuon/Run2016H-UL2016_"-v1
/DoubleEG/Run2016B-verl_HIPM_UL2016_'-v1
/DoubleEG/Run2016B-ver2_HIPM_UL2016_'-v2
/DoubleEG/Run2016C-UL2016_'-v1
/DoubleEG/Run2016D-UL2016_'-v1
/DoubleEG/Run2016E-UL2016_"-v1
/DoubleEG/Run2016F-HIPM_UL2016_'-v1
/DoubleEG/Run2016F-UL2016_'-v2
/DoubleEG/Run2016G-UL2016_'-v1
/DoubleEG/Run2016H-UL2016_'-v1

/SingleMuon/Run2017B-UL2017_"-v1
/SingleMuon/Run201 7C-UL2017_'-v1
/SingleMuon/Run2017D-UL2017_'-v1
/SingleMuon/Run2017E-UL20 17_'-v2
/SingleMuon/Run2017F-UL2017_'-v2

/SingleElectron/Run2017B-UL20 17_'-v1
/SingleElectron/Run2017C-UL20 17_'-v1
/SingleElectron/Run2017D-UL2017_'-v1
/SingleElectron/Run2017E-UL201 7 '-v2
/SingleElectron/Run2017F-UL2017_'-v3

/DoubleMuon/Run2017B-UL2017_!-v1
/DoubleMuon/Run2017C-UL2017_'-v1
/DoubleMuon/Run2017D-UL2017_"-v1
/DoubleMuon/Run2017E-UL2017_!-v1
/DoubleMuon/Run2017F-UL2017_'-v1

/DoubleEG/Run2017B-UL2017_'-v1
/DoubleEG/Run2017C-UL2017_"'-v1
/DoubleEG/Run2017D-UL2017_'-v1
/DoubleEG/Run2017E-UL2017_"'-v1
/DoubleEG/Run2017F-UL2017_'-v1

/SingleMuon/Run2018A-UL2018_"-v2
/SingleMuon/Run2018B-UL201 8 1-v2
/SingleMuon/Run2018C-UL2018_'-v2
/SingleMuon/Run2018D-UL201 8 l-v2

/EGamma/Run2018A-UL2018_"-v1
/EGamma/Run2018B-UL2018_'-v1
/EGamma/Run2018C-UL2018_"'-v1
/EGamma/Run2018D-UL2018_'-v2

/DoubleMuon/Run2018A-UL2018_!-v1
/DoubleMuon/Run2018B-UL2018_'-v2
/DoubleMuon/Run2018C-UL2018_"'-v1
/DoubleMuon/Run2018D-UL2018_'-v1

MET channel

2016

2017

2018

/MET/Run2016B-ver]_HIPM_UL2016_"-v1
/MET/Run2016B-ver2_HIPM_UL2016_'-v1
/MET/Run2016C-UL2016_'-v1
/MET/Run2016D-UL2016_"-v1
/MET/Run2016E-UL2016_!-v1
/MET/Run2016F-HIPM_UL2016_'-v1
/MET/Run2016F-UL2016_!-v2
/MET/Run2016G-UL2016_'-v1
/MET/Run2016H-UL2016_"-v1

/MET/Run2017B-UL2017_"-v1
/MET/Run2017C-UL2017_"-v1
/MET/Run2017D-UL2017_!-v1
/MET/Run2017E-UL2017_"-v3
/MET/Run2017F-UL2017_!-v1

/MET/Run2018A-UL2018_"-v2
/MET/Run2018B-UL2018_!-v5
/MET/Run2018C-UL2018_'-v1
/MET/Run2018D-UL2018_"-v1

Full Hadronic channel

2016

2017

2018

/BTagCSV/Run2016B-verl_HIPM_UL2016_'-v1
/BTagCSV/Run2016B-ver2_HIPM_UL201 6_'-vl
/BTagCSV/Run2016C-UL2016_'-v1
/BTagCSV/Run2016D-UL2016_'-v1
/BTagCSV/Run2016E-UL2016_'-v1
/BTagCSV/Run2016F-HIPM_UL2016_'-v1
/BTagCSV/Run2016F-UL2016_!-v2
/BTagCSV/Run2016G-UL2016_'-v1
/BTagCSV/Run2016H-UL2016_'-v1

/BTagCSV/Run2017B-UL2017_'-v1
/BTagCSV/Run2017C-UL2017_'-v1
/BTagCSV/Run2017D-UL2017_'-v1
/BTagCSV/Run2017E-UL2017_"-v2
/BTagCSV/Run2017F-UL2017_!-v1

/JetHT/Run2018A-UL2018_"-v1
/JetHT/Run2018B-UL2018_!-v1
/JetHT/Run2018C-UL2018_!-v1
/JetHT/Run2018D-UL2018_'-v1

I MiniAODv2_NanoAODv9

corrected to NNLO and NLO, respectively. In practice, the (N)NLO k-factors have been de-
rived using specially requested official production of signal NNLO and NLO samples with
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Table 3.3 List of the simulated VHH signal samples and the corresponding cross sections
times branching ratios (o x 8).

Dataset name o X B [fb]
/ZHHTo4B_CV_0_5_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/!->>4 0.0788
/ZHHTo4B_CV_1_0_C2V_0_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/!->->4 0.0432
/ZHHTo4B_CV_1_0_C2V_1_0_C3_0_0_TuneCP5_13TeV-madgraph-pythia8/!->-> 0.0729
/ZHHTo4B_CV_1_0_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/!- 2,34 0.1240
/ZHHT04B_CV_1_0_C2V_1_0_C3_2_0_TuneCP5_13TeV-madgraph-pythia8/!->>4 0.1990
/ZHHTo4B_CV_1_0_C2V_2_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/!->>4 0.3195
/ZHHTo4B_CV_1_5_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/!->->4 0.2713
/ZHHTo4B_CV_1_0_C2V_1_0_C3_20_0_TuneCP5_13TeV-madgraph-pythia8/’->3+ | 5.6211
/WHHTo4B_CV_0_5_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/"->** | 0.1229
/WHHTo4B_CV_1_0_C2V_0_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/"-** | 0.0647
/WHHTo4B_CV_1_0_C2V_1_0_C3_0_0_TuneCP5_13TeV-madgraph-pythia8/!--3-4 0.1010
/WHHTo04B_CV_1_0_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/"->** | 0.1761
/WHHTo4B_CV_1_0_C2V_1_0_C3_2_0_TuneCP5_13TeV-madgraph-pythia8/"->** | 0.2896
/WHHTo4B_CV_1_0_C2V_2_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/"->3* | 0.4755
/WHHTo4B_CV_1_5_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/"->** | 0.3790
/WHHTo4B_CV_1_0_C2V_1_0_C3_20_0_TuneCP5_13TeV-madgraph-pythia8/">*+ | 8.9292
NLO and NNLO samples o X B [fb]
/ZHHTo4B _CV_1 0. C2V_1 0 _C3_1_0 _TuneCP5_ 13TeV—amca‘[nlo—pythiaS/4 0.1093
/WHHTo4B_CV_1_0_C2V_1_0_C3_1_0_TuneCP5_13TeV-amcatnlo-pythia8/* 0.1761
/ggHHTo4B_CV_1_0_C2V_1_0_C3_1_0_TuneCP5_13TeV-madgraph-pythia8/* 0.0148

! RunITSummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic_preVFP_v11-v*
2 RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-vx*

3 RunIISummer20UL17NanoAODv9-106X_mc2017 realistic_v9-vx

4 RunITSummer20UL18NanoAODv9-106X_upgrade2018_realistic_v16_Llvi-vx
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SM-like couplings, as listed in Table 3.3. Utilizing the MadGraph generator, the LO cross
sections are calculated to be 0.2701 fb for ZHH and 0.4253 fb for WHH, in SM-like couplings,
without considering the branching fraction. The (N)NLO k-factors, approximately 1.354 and
approximately 1.221, are derived and scaled to the signal ZHH and WHH samples for normal-
ization. These values can be easily computed using the cross section provided at each level, as

specified in Table 3.4.

Table 3.4 Cross section of SM ZHH and WHH processes

Process | LO (fb) | NLO (fb) | NNLO (fb) | NLO+NNLO ( fb)
ZHH | 0.2701 0.3222 0.0435 0.3657
WHH | 0.4253 0.5193 - 0.5193

The (N)NLO k-factor is further determined as a function of the transverse momentum of
the Z and W bosons at the generator level, owing to the differences in kinematics induced by
the NLO and gluon fusion processes, as depicted in Fig. 3.3. Specifically, the vector boson
experiences greater boosting when the loop-induced process is included, while the NLO cor-
rection predominantly contributes to a larger cross section. For the ZHH process, the NNLO
k-factor increases up to approximately 1.5 starting from a p of around 150 GeV, whereas the
NLO k-factor of the WHH sample remains approximately 1.2 across the p7 spectrum of the
W boson. Following signal selection, any residual discrepancy from NNLO reweighting is
factored in as a systematic uncertainty on the ZHH signals. Further details are elaborated upon
in Appendix .1.

The gluon-fusion ZHH process (ggZHH) typically exhibits a larger average transverse
momentum (pr(Z)) than ZHH production at NLO. A representative diagram for ggZHH is
shown in Fig. 3.2 on the left. Both the NLO and ggZHH contributions are accounted for
by adjusting the LO ZHH samples. Initially, the LO simulated signals are scaled to NLO in
perturbative QCD using a constant factor. Subsequently, they are reweighted as functions of
pr(Z) to differentially incorporate the NNLO cross section enhancement. The comparison
between NLO and NLO+ggZHH is depicted on the right of Fig. 3.2, where the ratios in the
bottom panel represent the function utilized to reweight the NLO signals.

Regarding other signal samples with modified couplings, the LO cross sections provided
by the MadGraph generator are likewise adjusted using the same k-factor. This scaling method-
ology, along with the resulting values, is in line with other non-resonant double Higgs analyses.

The continuous scans of Higgs couplings, such as the «, coupling, are conducted using the
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Figure 3.2  Left: A representative diagram illustrating ZHH production initiated by gluon-
fusion via a quark loop, constituting approximately 14% of the total cross section for ZHH
production. Right: Distribution of pr(Z) with and without the ggZHH process. The ratio is
applied to NLO to incorporate the ggZHH cross section enhancement.
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Figure 3.3  Distributions of transverse momentum of the Z and W bosons comparing between
(N)NLO and LO at generator level and scale to 1 ab~!. The ratio plots are used as the k-factor
to scale all signal samples (both normalisation and shape corrections).
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HHinference toolkit [61], which relies on a specific HHModel, a physics model implemented in
the Combine tool. With these tools, any particular signal hypothesis (with desired values of «v,
kyvy, and k, ) can be constructed as a linear combination of six signal hypotheses with specific
combinations of these couplings, corresponding to six signal samples provided as input.

Alternatively, we can utilize more than six signal samples through the Moore—Penrose
inverse method [62, 63]. In this analysis, we opt to utilize all the signal samples to better model
signal hypotheses at large coupling values. To ensure that this reweighting method adequately
models all coupling points, we have conducted a validation of this method in the subsequent
subsection.

The VHH signal samples are generated at LO [64] using MG5_aMCNLO v2.4.2. The simu-
lated samples are generated for different combinations of the coupling modifier values («, , kv,
kyvy). Similarly to what is done for the ggF HH samples generated at NLO, samples correspond-
ing to any point in the (k, , kv, Kyy) parameter space can be obtained as a linear combination

of any six of the generated samples. The cross section can be described as:

22 4 2 2.3 2 ¢
(K, Ky, Kyy) = (KVK,UKV, KVV’KVK,pKVK/lKVV’KVKVV) 1. (3.1)
Lab
lac
lpe

where a, b and c are the squared amplitude terms and i, i, and i, are the interference

terms. We can rewrite Eq. 3.1 as:

o (Ka, Ky, Kyy) = c(Kp, Ky, Kyy)V (3.2)
where ¢(kq, kv, kyy) = (KbK3, Kby Ky, Ky Ko, KvKaKyy, Ky Kyy) s a vector of the cou-
pling functions and v = (a, b, ¢, i4p,i4c,1pe) 18 @ vector of the values of the six components.

Therefore, the total cross section corresponding to (k,, ky, kyy) can be obtained as a linear

combination of the six samples generated with different values of couplings as:

O-(K/la Ky, KVV) = CT(K/l’ Ky, KVV)C_IO- (33)

Signal reweighting validation
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Validation plots of signal reweighting are presented in Fig. 3.4.

For each of the 8 signal samples, the distribution of some observables is compared with
their reweighted counterpart. The original distribution is shown with solid circular dots, and
the reweighted distribution is shown with open rectangular markers. From the ratio plots at the
bottom of each plot, we can see that the difference between MC and reweighted signals is less
than 10% across all observables.

The implementation of this signal reweighting in HHinference is validated and shown

in Section 3.8.
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Figure 3.4 A comparison between true signals and reweighted signals (WHH+ZHH). The
solid lines represent the original signal and dots represent the corresponding reweighted signal
at each coupling point.

3.2.2 Backgrounds Processes

There are several background processes that significantly contribute to the analysis. We
treat them differently to achieve the best background modeling performance before proceeding
to the final fit, as effective background modeling can be crucial to the final results. Table 3.5 lists
the main samples generated using Monte Carlo methods for further study, with the DY+Jets
process listed separately due to specific operations.

In general, three dominant background processes are identified: 77 , DY+Jets, and QCD
Multijets. The QCD process will be modeled using a data-driven method, while simulation
samples will be employed for the other two. Various measurements are conducted for the
tt and DY+Jets processes to enhance their modeling accuracy. In this paragraph, we introduce
the most significant measurements; the minor ones will be introduced in the following sections.

tt+jets Samples

tt+jets production constitutes the primary background process in this analysis within the
leptonic channels. It is simulated using Monte Carlo (MC) methods. Of particular significance

are tf events accompanied by additional b-jet production: the count of b-jets mirrors that of
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Table 3.5 List of partial simulated Background samples and the corresponding cross sections
times branching ratios (o x B).

Dataset name o X B [tb] | k-factor
/TTToHadronic_TuneCP5_13TeV-powheg-pythia8/!->3* 377.96
/TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8/!->3-4 88.29
/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8/"234 365.34
/TTbb_4f_TTTo2L2Nu_TuneCP5-Powheg-Openloops-Pythia8/!>4 2.74
/TTbb_4f_TTToSemiLeptonic_TuneCP5-Powheg-Openloops-Pythia8/!34 11.33
/TTbb_4f_TTToHadronic_TuneCP5-Powheg-Openloops-Pythia8/!->3-4 11.72
/TTWJetsToLNu_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8/!-33-4 0.2043
/TTW]JetsToQQ_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8/'-2-34 0.4062
/TTZToLLNuNu_M-10_TuneCP5_13TeV-amcatnlo-pythia8/!->3* 0.2529
/TTZToQQ_TuneCP5_13TeV-amcatnlo-pythia8/'->3* 0.5297
/ttHTobb_M125_TuneCP5_13TeV-powheg-pythia8/'>3 0.295
/ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/!->3* 19.56
/ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/!:>>4 19.56
/ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8/'-2-34 3.36
/ST_t-channel_eleDecays_TuneCP5_13TeV-comphep-pythia8/!:>3-4 24.8
/ST_t-channel_muDecays_TuneCP5_13TeV-comphep-pythia8/!->34 24.8
/ST_t-channel_tauDecays_TuneCP5_13TeV-comphep-pythia8/'-2-34 24.8
/ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8/':>3* | 80.95
/ST_t-channel_top_4f InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8/!-23* 136.02
/ZJetsToNuNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8/"->3* 302.8 0.93
/ZJetsToNuNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8/"234 92.59 0.93
/ZJetsToNuNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8/"34 13.18 0.93
/ZJetsToNuNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8/"-34 3.257 0.93
/ZJetsToNuNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8/'-234 1.496 0.93
/ZJetsToNuNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8/!->3 0.3419 0.93
/ZJetsToNuNu_HT-2500Tolnf_TuneCP5_13TeV-madgraphMLM-pythia8/!->3 0.005146 | 0.93

' RunIISummer20UL16NanoAODAPVv9-106X_mcRun2_asymptotic_preVFP_vi11-vx
2 RunIISummer20UL16NanoAODv9-106X_mcRun2_asymptotic_v17-v*

3 RunIISummer20UL17NanoAODv9-106X mc2017 realistic_v9-vx

4 RunIISummer20UL18NanoAODv9-106X_upgrade2018 realistic_v16_Livi-vx
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the VHH signal events, and modeling these events presents theoretical challenges due to the
multi-parton final state with two vastly different energy scales.

A sophisticated r7+jets Background Model was devised in the ¢7/ttH(bb) Analysis. We
will adopt their methodology in this study.

The overarching approach is as follows: An exclusive t7+bb simulation at next-to-leading
order (NLO) in the four flavor scheme (4FS) is dedicated to modeling the ¢ + b jets events,
while an inclusive 7 simulation at NLO in the five flavor scheme (5FS) is utilized to depict
the entire t7+jets background, encompassing the t7 + b-jets events already accounted for in the
exclusive 7 + bb simulation. A merging technique has been devised to amalgamate both sets
of samples, ensuring comprehensive coverage of the ¢7+jets phase space without redundancies.
This amalgamated dataset is denoted as the merged ¢7+jets sample.

While the ¢7 + bb simulation is expected to provide a more accurate modeling of the
kinematics of such events, the same cannot be assumed for the cross-section prediction. Hence,
the merged ¢7+ jets sample is scaled to match the latest ¢f inclusive cross-section calculation
(NNLO+NNLL) computed in the 5SFS scheme. Essentially, the dedicated 7 + bb simulation is
employed to characterize the shapes of the kinematic distributions of 7 + b-jets events, while
the normalization of this process is adjusted to align with the yield predicted by the inclusive
tt+ jets SFS sample.

The merging procedure has been outlined in Refs. [65, 66]. ¢f + B events are defined as
events with at least one additional b jet satisfying pr > 20 GeV and n < 2.4. Essentially,
it involves substituting the 7 + B events from the dedicated t7 + bb sample into the inclusive
tt sample.

The tf + B events (i.e., those being replaced) are weighted such that their yield matches
the yield of the corresponding (replaced) ¢ + B component in the inclusive ¢ sample. Con-
sequently, the overall yield of all 77 + X events remains constant. The normalization of the
tt + B component is kept free-floating in the final fit. The procedure is depicted in Fig. 3.5, and

Table. 3.6 illustrates the weight for the exclusive t7 + bb sample, with an average value of 1.32.

Table 3.6 ttbb 4FS initial normalization factor to match tt SES yield.

Sample ttbb_AllHadronic ttbb_Dilep ttbb_SingleLep

2018 1.26 1.26 1.16
2017 1.05 1.18 1.20
2016PreVFP 1.21 1.16 1.18
2016PostVFP 1.26 1.20 1.20
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tt NLO (5FS) sample tt+hb NLO (4FS) sample

tt+LF, tt+C
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merged tt+jets sample

tt+LF, tt+C

3)

Entire tt+jets phase-space

Figure 3.5 Illustration of the procedure to merge the t7 + bb and t7 samples.

V+jets Samples

V+jets constitutes an irreducible background for the VHH signal, particularly prominent
in the 2-lepton channel. The cross-section of single V boson production is known at next-to-
next-to-leading order (NNLO) precision at 13 TeV:

e o(pp — Z+ X) =1906pb

e o(pp — W*+ X) =20080pb

The VHH analysis encompasses phase spaces corresponding to high p7 of the V boson
or large values of the invariant mass, especially in boosted topologies. To fully exploit the
sensitivity of all regions, it is crucial to minimize statistical fluctuations of the background
prediction compared to those in the data. To achieve this, the generation of the MadGraph
V+jets samples involves splitting the events according to the scalar sum of the p7 of the jets in

the event, denoted as Hr:
[0-70, 70-100, 100-200, 200-400, 400-600, 600-800, 800-1200, 1200-2500, >2500] GeV

All LO samples are subsequently reweighted to match the NLO samples over p7(V)
(LHE_Vpt), resulting in softer samples and improved agreement with data. The NLO samples
used are detailed in Table 3.8. Following this, the effect of the NNLO correction is incorporated
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Table 3.7 2018 simulation summary for V+ jets

Sample Name Xsec(pb) | KFactor
DYlJetsToLL_M-10to50" 15810.0 0.93
DYJetsToLL_M-50" 5343.0 0.93
DYJetsToLL_M-50_HT70to100' 146.5 0.93
DYJetsToLL_M-50_HT100t0200' 160.8 0.93
DYlJetsToLL_M-50_HT200to400' 48.63 0.93
DYlJetsToLL_M-50_HT400to600' 6.982 0.93
DYlJetsToLL_M-50_HT600to800' 1.756 0.93
DYlJetsToLL_M-50_HT800to1200" 0.8094 0.93
DYJetsToLL_M-50_HT1200t02500' 0.1931 0.93
DYJetsToLL_M-50_HT2500toInf" 0.003513 0.93

! _TuneCP5_PSweights_13TeVmadgraphMLM-pythia8

through the k-Factor, as shown in Table 3.7.

The weights are derived individually for each vector boson decay channel and jet flavor
composition. Jet flavor is determined by generator-level jets above 20 GeV within the detector
acceptance |n| < 2.4. The same jet selection criteria are applied to categorize the nB multi-

plicity as detailed in Table 3.9.

Table 3.8 NLO sample

Sample Name Xsec(pb) | KFactor
DYlJetsToLL_0J! - 1.0
DYlJetsToLL_1J' - 1.0
DYJetsToLL_2J! - 1.0
DYlJetsToLL_M-50! - 1.0
DYJetsToLL_Pt-50To100? - 1.0
DYlJetsToLL_Pt-100To250? - 1.0
DYlJetsToLL_Pt-250To400? - 1.0
DYlJetsToLL_Pt-400To650> - 1.0
DYJetsToLL_Pt-650ToInf> - 1.0

1_TuneCP5_13TeV—amcatn1oFXFX—pythiaS
2_MatchEWPDG2O_TuneCP5_13TeV—amcatnloFXFX—pythia8

Table 3.9 NLO sample

Channel nB NLO/LO

DYJetsToLL | 0 | 1.650 +0.002 — (1.707 + 0.020) x 10°pT (V)
DYlJetsToLL | 1 1.534 +0.010 — (1.458 + 0.080) x 10°pT (V)
DYJetsToLL | 2 | 1.519£0.019 — (1.916 + 0.140) x 10°pT (V)

Linear functions, specified in Table 3.9, are applied as event weights to the LO samples.
Their uncertainties are primarily driven by the limited size of the NLO sample. Figure 3.6

illustrates the effect of the NLO correction on the DY+Jets sample.
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Figure 3.6  The comparison of Data and MC estimated background in some certain regions
without(left) and with(right) the NLO correction on DY+Jets sample with 2016 data and MC.
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3.3 Event reconstruction and selection

Global event reconstruction, employing the particle-flow (PF) algorithm [67], aims to
reconstruct and identify individual particles within an event by optimizing information from
sub-detectors. Particle identification is crucial in determining the particle direction and energy.

Photons are identified as energy clusters in the electromagnetic calorimeter (ECAL) not
associated with charged particle trajectories. Electrons are identified as primary tracks with
corresponding ECAL energy clusters, accounting for bremsstrahlung photons within the tracker
material. Muons are recognized as tracks consistent with either muon system hits or tracks with
calorimeter deposits consistent with the muon hypothesis. Charged hadrons are identified as
tracks distinct from electrons or muons, while neutral hadrons are recognized as HCAL energy
clusters without associated charged hadron trajectories or as an aggregate of ECAL and HCAL

energy exceeding the expected charged hadron energy deposit.

3.3.1 The VHH decay channels

In this VHH study, the leptons, jets (especially b-jets), and missing transverse momentum
are the most important objects.

With the aim of achieving improved performance, we segment the entire analysis into
different vector boson decay channels and make further modifications based on their individual
characteristics. For the standard model (SM) vector boson decays, we consider both leptonic
and hadronic decays. This includes W* boson decays into a single lepton and a neutrino(1L
channel), Z boson decays into two leptons(2L. channel) or two neutrinos(MET channel), and
W=*/Z decays into quarks(FH channel).

Electron

Electrons are reconstructed with the Gaussian Sum Filter algorithm (GSF Electrons).
They are pre-selected by requiring pr > 7 GeV, || < 2.4, dy, < 0.05cm, d, < 0.2cm
(where both distances are measured with respect to the primary vertex), and a very loose rela-
tive isolation cut of 0.4, where the p-subtracted PF isolation in a cone of radius 0.3 is used.

A general-purpose multivariate discriminator is trained for electrons that pass a set of cuts
intended to include all electrons desired for standard analyses. A set of offline cuts on ECAL-
based electron quantities is then applied on top of the multivariate discriminator to reproduce
the conditions of the training sample:

pt>15 & (

(abs(superCluster() .eta)<1.4442 & fullbx5_sigmaletaleta<0.012 &

62



CHAPTER 3 SEARCH FOR THE HIGGS BOSON PAIR PRODUCTION ASSOCIATED WITH A
VECTOR BOSON

hcalOverEcal<0.09 &
(ecalPFClusterIso/pt)<0.4 & (hcalPFClusterIso/pt)<0.25 &
(dr03TkSumPt/pt)<0.18 & abs(deltaEtaSuperClusterTrackAtVtx)<0.0095 &
abs(deltaPhiSuperClusterTrackAtVtx)<0.065) ||
(abs (superCluster() .eta)>1.5660 & fullbx5 sigmaletaleta<0.033 &
hcalOverEcal<0.09 &
(ecalPFClusterIso/pt)<0.45 & (hcalPFClusterIso/pt)<0.28 &
(dr03TkSumPt/pt)<0.18)
).
Two cuts on the MVA ID discriminator are applied to define two different working points
based on the expected selection efficiency of either 90% (loose, WP90) or 80% (tight, WP80).
The loose WP90 working point is utilized for global event classification (based on vector
boson type and decay), in the counting of additional leptons for the veto requirement, and
in the event selection of the Z(ee)HH channel. The tighter WP80 working point is em-
ployed in the W(ev)HH channel to suppress the fake background in that final state. The
pr threshold in the W(ev)HH channel is 32 GeV (2017/2018) and 28 GeV (2016). For the
Z(ee)HH channel, thresholds are looser at 23 GeV and 14 GeV for the two electrons. For
the 2017 analysis, we use the mvaFall17V2Iso_WPXX working points with channel-specific
isolation cuts (pfRellso03_all < 0.06 for W (ev)HH and pfRellso03_all < 0.15 for Z(ee)HH).
Working points and isolation cuts for 2-lepton channels are generally looser because requiring
two leptons virtually eliminates all QCD background, whereas in the 1-lepton channels, tighter

cuts are necessary to remove QCD background.

vV e(u)
s
v e(u)
e(u) q
Vv\f\fkfbpbn - \l\f\{\f\f\f\
ay 7

Figure 3.7 Sketches of the vector bosons decay modes, we separate events into different anal-
ysis channels based on these decay modes.
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Muon

Muons are reconstructed from combined tracker and muon-chamber information (global

muons). They are preselected by requiring the loose muon physics object group (POG) iden-

tification (see below), pr > 5GeV, || < 2.4, d,, < 0.5cm, d, < 1.0cm (where both distances

are measured with respect to the primary vertex), and a very loose relative isolation cut of 0.4,

where the AB-subtracted PF isolation in a cone of radius 0.4 is used (isolation will be intro-

duced in the next section). They are further required to pass standard criteria suggested by the

Muon POG. Two working points are used: a loose and tight.

e T.oose muon:

Particle-Flow Muon:
isPFMuon()
is Global or Tracker Muon:

isGlobalMuon() || isTrackerMuon()

* Tight muon:

the candidate is reconstructed as a Global Muon:

isGlobalMuon ()

Particle-Flow Muon:

isPFMuon ()

x?/ndo f of the global-muon track fit:
globalTrack()->normalizedChi2() < 10.

at least one muon-chamber hit included in the global-muon track fit:
globalTrack()->hitPattern() .number0fValidMuonHits() > 0
muon segments in at least two muon stations; this implies that the muon is also
an arbitrated tracker muon:

numberOfMatchedStations() > 1

tracker track transverse impact parameter w.r.t. the primary vertex:
fabs (muonBestTrack () ->dxy(vertex->position())) < 0.2
longitudinal distance of the tracker track wrt. the primary vertex:

fabs (muonBestTrack()->dz(vertex->position())) < 0.5
number of pixel hits:

innerTrack()->hitPattern() .number0fValidPixelHits() > O
cut on number of tracker layers with hits:

innerTrack()->hitPattern() .trackerLayersWithMeasurement() > 5
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The pr threshold in the W (uv)HH channel is 25GeV. For the Z(uu)HH channel thresh-
olds are looser at 25GeV and 15GeV for the two muons.

Lepton isolation

Lepton isolation is the primary criterion for selecting prompt muons and electrons gen-
erated in the electroweak decay of massive particles such as Z or W bosons, and for rejecting
the numerous leptons produced in jets through the decay of heavy-flavour hadrons or the decay
in flight of charged pions and kaons. Isolation is quantified by estimating the total transverse

momentum (pr) of the particles emitted around the direction of the lepton:

1 charge neutra.
IPFEF(ZP;I gd+maX [O,ZPT t 1+Zp%/~_pl7)~U(€):|) (34)
T

charged

where the sums run over charged hadrons (p;

), photons (p%), and neutral hadrons
(pf;e“‘ral) within a distance AR of 0.3 (0.4) in the (77, ¢) plane around the electron (muon) mo-
mentum. The ¥, p3™** is the scalar sum of the transverse momenta of charged hadrons orig-
inating from the chosen primary vertex of the event. The Y, pi*™ and )} pJ. are the scalar
sums of the transverse momenta for neutral hadrons and photons, respectively. Since the iso-
lation variable is particularly sensitive to energy deposits from pileup interactions, a phY(¢)
contribution is subtracted, using two different techniques. For muons, we define ng(p) =
0.5%x; p};U’i, where i runs over the momenta of the charged hadron PF candidates not orig-
inating from the primary vertex, and the factor of 0.5 corrects for the different fraction of
charged and neutral particles in the cone. For electrons, the FASTIET technique is used, in which
pl;U(e) = p XA, where the effective area A.g is the geometric area of the isolation cone scaled
by a factor that accounts for the residual dependence of the average pileup deposition on the n
of the electron, and p is the median of the py density distribution of neutral particles within
the area of any jet in the event.

Both muon and electron channels are required to have a relative isolation smaller than
0.06. In both cases, the cuts were tightened to remove excess data in poorly isolated distribution
tails. Although the cuts are tight, there is no loss in expected sensitivity, and the data/MC
agreement is very good in the bulk of the isolation distribution.

Jets

Jets are reconstructed from particle-flow candidates using the anti — ky clustering algo-
rithm with distance parameter R = 0.4. Reconstructed jets require a small additional energy
correction, mostly due to thresholds on reconstructed tracks and clusters in the PF algorithm

and various reconstruction inefficiencies.
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Loose jet identification criteria are also applied to reject mis-reconstructed jets resulting
from detector noise, as well as jets heavily contaminated with pileup energy. Jets that overlap
geometrically (AR < 0.4) with preselected electrons or muons are discarded. Jets calibrated
using the official Jet/ MET (JME) physics object group (POG) prescriptions are considered for
the analysis if || < 2.5.

A dedicated algorithm to estimate the b-jet energy by accounting for the undetected en-
ergy from neutrinos in the B hadron decays is applied. This is referred to as the b-jet energy
regression, and the method is detailed in [68]. Energy scale and resolution uncertainties associ-
ated with the regression are considered by adding additional scale and smearing. The numbers
in Table 3.10 are conservatively taken from previous VHbb analyses, where large smearing
(+10%) with generous systematic coverage is provided. Scale uncertainties are also based on

previous measurements from VHbb and are 2%.

L diff en,
Stepl: p777 = pheco — pI
di
Step2: py = (P37 % (1+ fumear) + PF™) * (1 freare)
Table 3.10 b jet energy regression Scale and Smear
Year | Scale (correction) | Scale (uncertainty) | Smear (correction) | Smear (uncertainty)
2018 0.0 +0.02 0.10 +0.10
2017 0.0 +0.02 0.10 +0.10
2016 0.0 +0.02 0.10 +0.10

Identification of b-jets

The identification of jets originating from the hadronization of b quarks is performed with
the output of a multiclass flavor tagging algorithm called Deeplet [69].

The Deeplet algorithm relies on low-level variables and loose selection of the inputs,
using an architecture capable of efficiently processing these inputs. When compared with fully
connected models using a smaller set of engineered features, a gain in performance is observed
in all topologies of flavor tagging, in some cases exceeding a two-fold efficiency gain for the
same misidentification rate.

The Deeplet output can be used to select optimal working points with respect to this
analysis, in addition to the standard Loose/Medium/Tight working points defined by the BTV
POG and listed in Table 3.11.

The b-tagging information can be utilized in two ways within the training of the final

signal vs background discriminator in the signal region: either as a shape variable or in its
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Table 3.11 Definition of b-tagging working points (WP). The WPs are selected such that a
specific target for the mis-tag is achieved. That efficiency target is listed in the table per WP.

WP Name Mistag efficiency | DeepJet
Loose (2018) 10% 0.0490
Medium(2018) 1% 0.2783
Tight (2018) 0.1% 0.7100
Loose (2017) 10% 0.0532
Medium(2017) 1% 0.3040
Tight (2017) 0.1% 0.7476
Loose (2016pre) 10% 0.0508
Medium(2016pre) 1% 0.2598
Tight (2016pre) 0.1% 0.6502
Loose (2016post) 10% 0.0480
Medium(2016post) 1% 0.2489
Tight (2016post) 0.1% 0.6377

binned working point configuration. Depending on the usage, a set of different uncertainties
are applied to the calibration central values. The binned working point b-jet calibration extracts
central values and uncertainties using a combination of calibration methods that exploit b-jet
enriched phase-spaces through the presence of semi-leptonic decays in the jet or ¢ topologies.

In signal events where the Higgs boson has a boost of more than 250GeV, two AK04 jets
will begin to overlap as the opening angle shrinks. These events can be interpreted as a single
“fat jet” with a wider cone. A cone size of 0.8 is selected because this is geometrically the
point where AK04 jets would start to overlap, so AKOS8 jets are referred to in this analysis as
FatJets.

A novel multivariate classifier based on graph neural networks, ParticleNet, is applied to
identify the jets corresponding to Higgs decays [70].

The ParticleNet tagger is a multiclassifier algorithm, assigning a set of output scores for
each jet. Each score corresponds to the probability of this jet originating from a W, Z, Higgs,
or top decay, and can further classify each jet based on the decay modes with different flavor
content (e.g., H — bb,H —> cé, H — q4qq)- This translates to 17 scores per jet, making
ParticleNet a very versatile boosted-jet algorithm. In the context of the VHH analysis, we
define the bb-tagging discriminant D, by aggregating the scores to provide separation of b

quark pairs against background jets stemming from QCD radiation, formulated as:

3 ParticleNetMD_score(X — bb)
b ParticleNetMD_score(X — bb) + ParticleNetMD_score(QCD)

Three working points (WPs) are defined for the bb-tagging discriminant D,;,, correspond-

(3.5)
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ing to Dy, values larger than 0.90 (Loose WP), 0.94 (Medium WP), and 0.98 (Tight WP).
These are the same working points used in the search for nonresonant Higgs boson pair
production via vector boson fusion in the boosted 4b final state at 4/s = 13 TeV (AN-20-231).
By choosing the same working points, we can directly use the ParticleNet-bb calibration in
that analysis. Table 3.12 summarizes the scale factors (SFs) for the three data-taking years,
which are taken from the CMS internal note AN-20-231. ParticleNet Regressed jet mass is
also used, and the jet mass scale (JMS) and jet mass resolution (JMR) uncertainties are 1%

and 5%, respectively.

Table 3.12 Summary of the ParticleNet-bb scale factors obtained with proxy jets from gluon
splitting. (AN-20-231)

WP AKS jet [GeV | pr
200-250 250-300 300-350 350-400 400-500 > 500
2016

LP 1.10+0.06 1.05+0.04 1.16=0.04 1.12+0.04 1.15+0.03 1.09=0.03

MP 1.08+0.06 1.06+0.04 1.14+0.04 1.14+0.04 1.16+0.03 1.10=0.03

HP 1.09+0.06 1.01+0.05 1.14+0.05 1.14+0.05 1.19+0.04 1.09=0.04
2017

LP 1.11+005 1.10+£0.05 1.08+0.05 1.10+0.04 1.07+0.03 1.05=0.02

MP 1.11+0.05 1.09+0.04 1.07+0.05 1.09+0.05 1.06+0.03 1.06=0.03

HP 1.12+0.06 1.11+0.05 1.09+0.06 1.11+0.06 1.13+0.04 1.09=0.03
2018

LP 096+0.04 1.06+0.05 1.06+0.05 1.03+0.05 1.05+0.03 1.02=0.02

MP 0.96+0.04 1.03+0.05 1.08+0.05 1.05+0.05 1.04+0.03 1.03=0.03

HP 0.99+0.05 1.06+0.05 1.07+0.05 1.14+0.05 1.09+0.04 1.06=0.03

3.3.2 Trigger requirement

As introduced in the previous chapters, there are levels of triggers designed to reduce
the data volume while retaining events with ’physics meaning’ for analysis. The data events
recorded offline for this analysis are selected with a set of L1 triggers and high-level trigger
(HLT) triggers that require the presence of muons, electrons, or jets.

The selection criteria for triggers utilized in this analysis adapted to the data-taking condi-
tions across the 2016 (36.3 fb™"), 2017 (41.5fb™ "), and 2018 (59.8 fb~ ") datasets. The figures in
parentheses denote the integrated luminosities [71-73]. The MET channel requires a substan-
tial L1 missing transverse momentum signature, exceeding 120 GeV (110 GeV for early 2016),
derived from roughly constructed calorimeter energy deposits. The minimum p?iss threshold
at the HLT is 170 GeV (180 GeV for 2017-2018 data) for 2016. Anomalous high-p'* events
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may arise from various sources, such as reconstruction failures, detector malfunctions, or non-
collision backgrounds. To mitigate such occurrences, event filters are implemented, aiming to
identify over 85-90% of spurious high-p™** events with a mis-tagging rate of less than 0.1%
[74]. In the 1L channel, a single electron or muon is mandated, whereas the 2L channel neces-
sitates two electrons or muons. The transverse momentum (pT) thresholds for these leptons
vary annually, with muons subjected to less stringent criteria compared to electrons, owing to
the higher probability of jets being misidentified as electrons rather than muons. In the FH
channel, the trigger strategy directly addresses the decay products of the Higgs boson: four
jets, of which at least two or three are consistent with originating from b quarks.

The selection requirements imposed at the trigger level are listed in Table 3.13 and Ta-
ble 3.14. The criteria for the FH and MET channels are more stringent than those for the
other two channels, as necessitated by the significant background noise originating from SM

processes, particularly QCD multijet events, characterized by the exclusive production of jets

through strong interactions.

Table 3.13 The L1 Triggers.

Channel Year L1 trigger

MET 2016 p?‘f; > 110 or 120 GeV
2017/2018 p?f; > 120GeV

1 electron 2016 Er 1 > 27GeV
2017/2018 Er 11 > 30GeV

1 muon 2016 pr.(w) > 22GeV
2017/2018 pr.(w) > 25GevV

2 electrons 2016-2018 Er11(1) >22and E711(2) > 10GeV

2 muons 20162018 pr.oi(pr) > 15and pr i (un) > 8GeV

FH 2016 Four E7 11 > 50 or Hy > 280GeV

Two E7 1, > 100 or one E7 1, > 200GeV
Two E7 1, > 100 or one E7 1, > 170GeV
or Hr > 280GeV

2017 Four E7 1, > 60 or Hy > 380 or
Er 11 >70, Er i > 55, E7 113 > 40,

ET,L1,4 > 35 and HT,LI > 280GeV
Two ET,LI > 100GeV with Aﬂl,z <1.6

2018 Four E7 1, > 60 or Hy > 380GeV or
ET,Ll,l > 70, ET,Ll,Z > 55, ET,L1,3 > 40GeV,
ET,L1,4 > 40 and HT,LI > 320GeV
Two ET,LI > 112GeV with Aﬂl,g < 1.6 or two ET,LI > 150GeV
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Table 3.14 The HLT Triggers.

Channel  Year HLT
MET 2016 poss > 170GeV
2017/2018 prss > 180G eV
1 electron 2016 pr(e) > 32GeV
2017/2018 pr(e) > 35GeV
1 muon 2016 pr(p) > 24GeV
2017/2018 pr(p) > 27GeV

2 electron p7(e;) > 22 and pr(e,) > 10GeV
2muons  p7(u;) > 17 and pr(uy) > 8GeV

FH 2016 Four jets with p7 > 45GeV
Two jets with pr > 100GeV and An;, < 1.6
Two jets with pr > 90 GeV
and two jets with pr > 30GeV

2017 Four jets with pr | > 75GeV,
pr.s > 45, pr.a > 40GeV,
and Ht > 300GeV
Two jets with pr > 100GeV and An;, < 1.6

2018 Four jets with p7; > 75, pr., > 60GeV,
pr.a > 45, pra > 40GeV,
and Ht > 330GeV
Two jets with pr > 116GeV and An;, < 1.6

3.3.3 Object reconstruction and selection

The basic PF object candidates are described in previous sections of this chapter, while
the truth-level objects consist of one vector boson and two Higgs bosons.

Table 3.15 summarizes the kinematic thresholds for the selection of leptons (MET) and
jets, as well as the pre-selection criteria for the vector bosons. The vector bosons are recon-
structed with either 2 good leptons” (2L), 1 ”good lepton” with MET (1L), MET (MET), or 2
jets (FH). The collision events lacking a sufficient number of eligible candidates will be filtered
out.

The reconstruction of the Higgs Bosons

We are investigating a scenario where both Higgs bosons decay into a pair of bottom
quarks. This analysis comprehensively considers various topologies, including the Resolved,
Semi-Boosted, and Boosted topologies. However, our primary focus is on the Resolved and
Boosted topologies, as the contribution from the Semi-Boosted topology is negligible. Fig-

ure 3.8 illustrates a cartoon of the resolved and boosted topologies.
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Figure 3.8 Cartoon of Resolved (left) and Boosted (right) topologies. The resolved category
requires 4 AK4 Jets and pairing 2 Jets to form a Higgs candidate. The boosted category needs
2 AKS Jets and each Jet is a boosted Higgs candidate.

In the resolved topology, each of the two Higgs bosons is reconstructed with a pair of el-
igible b-jet candidates. In all V-leptonic channels, although the selection criteria vary slightly,
they all require at least four eligible jets, and among them, the four jets with the highest b-
tagging scores are referred to as "Higgs Candidate Jets’. In this topology, the DeepJet score
introduced in Section 3.3.1, which based on the CMS standard jet reconstruction techniques,
is utilized.

After obtaining the 4 Higgs candidate jets, the subsequent jet pairings are crucial and non-
trivial in order to minimize potential combinatorial background. Once the four final candidates
are selected, their pairing is performed by calculating the invariant mass of the two di-jet can-
didates. All combinations are checked, and the one presenting the minimal Dyyis considered

final, where Dyyis defined by the following equation:

Dy = J 7 (3.6)

where k = 1.05 is a constant that can be optimized based on significance. mg;;; is the
invariant mass of two jets that can be reconstructed as the leading pr Higgs boson, and my»;;
is that of the sub-leading Higgs boson. This can be visualized in the 2-D mass plot shown in
Figure 3.9, where A, B, and C represent three different pairings of the four candidate jets, and
B has the minimal Dgg.

There is a different reconstruction strategy applied in the V-hadronic channel. Among the

6 jet candidates required by the pre-selection, the combination that satisfies the most stringent
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Figure 3.9 The definition of Dy where A,B,C represent three different pairing of the four
candidate jets.

72



CHAPTER 3 SEARCH FOR THE HIGGS BOSON PAIR PRODUCTION ASSOCIATED WITH A
VECTOR BOSON

criteria for jet separation, AR(J, j) (AR = +/(An)? + (A¢)?), will be selected for reconstructing
the two Higgs bosons. (S7 in the equation is defined as the combined transverse momemtum

of the jets.)

360GeV 650GeV
Y _05<  Leading Sy dijet AR(j, /)< max (1.5, A 0.5)
Myj Myj
2
35GeV < Sub-leading Sy dijet AR(j, j)< max (1.5, 030GeV 0.7)
Myj My

If more than one view is selected, only one will be kept at random, which will not effect the
final result and the reason will be explained in detail in the following sections. The distributions
of AR(j, j) in SM signal and background are shown in Figure 3.10.

In the boosted topology, at least 2 capable fat jets or, using CMS standard reconstruction
terminology, 2 AKS8 jets are selected for the events in this topology. They will be ranked
according to the machine learning (ParticleNet) score obtained by equation 3.5. The top 2
candidates will be used to reconstruct the two higgs bosons respectively.

The reconstruction of the Vector Boson

In the 2L channel, events must contain 2 ’good electrons’ or 2 ’good muons’. These
two same-flavor and opposite-charged leptons are used to reconstruct the Z boson. To sup-
press background contributions, the Z boson is required to have a transverse momentum (pr)
threshold of 50 GeV.

In the 1L channel, events must contain 1 *good electron’ or 1 ’good muon’ along with a
well-reconstructed missing transverse energy (MET) object. These components are combined
to reconstruct the leptonic decay of the W boson. To suppress background contributions, the
W boson is required to have a transverse momentum (p7) threshold of 125 GeV.

In the MET channel, events must contain a well-reconstructed missing transverse energy
(MET) object, which is directly used to reconstruct the Z boson.

In the FH channel, at least 6 AK4 jet candidates are selected to reconstruct the Higgs
bosons and the vector boson. The Higgs boson part has already been introduced. After se-
lecting the 4 jets with the leading Deeplet scores as the "Higgs candidate jets’, we pick the 2
leading HT jets from the remaining capable jets to reconstruct the vector boson. To improve the
purity of the signal, the reconstructed vector boson should fit within the mass window between

65 GeV and 105 GeV.
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Table 3.15 Thresholds on kinematic variables for all selected objects are listed for each chan-
nel. Objects are always required to be within the acceptance of the CMS sub-detectors, which
is |n| < 2.5 for electrons and 2.4 for all other objects, as well as outside of barrel-endcap tran-
sition regions near || ~ 1.5. The di-jet mass of the two jets with the lowest b tagging scores in
the FH channel is denoted m;j, .

Vector boson decay Vector boson .
Channel . : Jet selection
products selection selection
MET miss >4 small-radius jets
small-radius pr > 150Gev with pr > 35GeV
MET >2 large-radius jets

PS> 250GeV

large-radius with pr > 200GeV

>3 small-radius jets
with pr > 25GeV
pr(e) > 32 (28)GeV AND
2018/2017 (2016) >4 small-radius jets
OR pr(W) > 125GeV with pr > 15GeV
pr(u) > 25 GeV OR
>2 large-radius jets
with pr > 200GeV

IL

pr(tip2y) > 20 [20]GeV
2L OR pr(£0) > 50GeV
pr(eip)) > 25 [20]GeV

>4 small-radius jets
with p7 > 20GeV

>4 small-radius jets
with pr > 40GeV and

>6 small-radius jets

with pr > 20GeV

FH pr(j;) > 20GeV 65 < mj,j, < 105GeV

3.3.4 Event selection

As introduced in the previous section (Section 3.3.3) and summarized in Table 3.15, only
events containing a sufficient number of capable object candidates can pass the ’pre-selection’
and proceed to the reconstruction process.

In the MET channel, additional cuts are applied to all Higgs candidate jets in the resolved
topology to further suppress the QCD MultiJets background. Figure 3.11 shows the distribution
of [(A¢(Jet, p™*))| vs. p™S, where the red line represents our cuts. The z-axis denotes the
ratio between MC and Data. Events below the red line have a low ratio, indicating a higher
abundance of data compared to MC in this phase space. Therefore, we choose to remove these
events. The ratio along the red line is approximately 0.8.

Figure 3.12 displays the distribution with this cut reversed, i.e., selecting events below the
red line. Not only is the overall normalization incorrect, but also the shape of the kinematics

does not agree. Therefore, it is crucial to have these additional cuts in the MET channel.
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Then, events in different vector boson decay channels and different topologies will be
selected separately. The baseline selection criteria for the Higgs bosons and vector boson are
listed as follows:

e 2L channel(resolved):

pr(V)> 50GeV
e 1L channel(resolved):
pr(V)> 125GeV
e 1L channel(boosted):
pr(V)> 125GeV,
pr(H)> 200GeV
e MET channel(resolved):
pr(V)> 150GeV,
[(Ap(Jet, pmis3))| > 0.4¢*~PF/50GV 4 (.07
e MET channel(boosted):
pr(V)> 250GeV ,
pr(H)> 200GeV ,
[(Ap(Jet, pmis®))| > 0.4e*~PF*/500V 4 (.07

e FH channel(resolved):

65GeV <p1(V)< 105GeV

It is notable that a key concept in our analysis strategy, which will be elaborated on in
detail in the next section (Section 3.4, Analysis strategy), is to retain events and categorize them
rather than filtering them out directly. This approach is adopted because we are investigating
a rare process with stringent object requirements, meaning that events in different categories
may contribute differently to enhance the final results.

If we only consider the higher-level triggers and the basic selections outlined in this sec-
tion, we can observe the dependence of the absolute efficiencies (acceptance times trigger and
analysis selection efficiencies) on the mass of the HH at the generator level, m¥;, in Figure 3.13.
The leptonic channels generally exhibit high efficiency after the HLT selection because no jets
are required. However, the FH selection necessitates four jets at the HLT, resulting in a gener-
ally lower efficiency. Even after applying all the analysis selections, the 1L and MET channels
still maintain relatively high efficiencies at high my; due to the inclusion of the large-radius

regions.
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Figure 3.10 AR(j, j) distributions of the leading S dijet (Left) and sub-leading S dijet
(Right) for SM signal (Top), multijet background (Middle), and 77 background (Bottom). The
red curves represent the boundaries of the AR(j, j) criteria.
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Figure 3.13 The SM VHH efficiencies of trigger selections (dashed lines) and full selections
(solid lines) are illustrated for all four analysis channels. The full selection efficiency in the FH
channel is scaled up by a factor of 10 for visibility. Both sets of efficiencies represent absolute
efficiencies (acceptance times selection efficiencies).
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3.4 Analysis strategy

Unlike traditional high-energy physics analyses, event categorization is a crucial concept
in this VHH analysis. Events are subdivided into various phase spaces based on kinematics or
higher-level parameters to fully exploit their information.

As mentioned in previous sections, events are divided into four orthogonal channels based
on the decay modes of the vector boson. This approach enables us to fully utilize the avail-
able information and optimize separately for each channel. In this section, we will outline the

general strategy and discuss specific measurements tailored to each channel.

3.4.1 Resolved and Boosted topologies

This analysis encompasses both the resolved and boosted topologies, allowing for the
proper study of events both within and outside of very large transverse momentum regions, as
briefly discussed in Section 3.3.3 and illustrated in Figure 3.8.

In the actual analysis, we focus solely on the boosted topology in the 1L and MET chan-
nels. This decision is driven by the fact that the 1L channel involves W + HH, which has a
relatively large cross section, while the MET channel necessitates Z — vv, which boasts the
largest branching ratio among Z leptonic decays.

As outlined in the preceding section, the reconstruction of Higgs bosons varies between
these two topologies, necessitating orthogonality between events or the events could go into
more than one topologies. This raises the question of priority: which topology takes prece-
dence in selecting events from the pool?

This question is addressed by comparing the outcomes of a ’resolved prioritized (R prior-
ity)” study with those of a ’boosted prioritized (B priority)” study, selecting the approach that
yields the more accurate final result. Since the final results depend on the processes outlined
in the subsequent sections, this aspect is detailed in Appendix .2.

The conclusion drawn is that the ”B priority” strategy delivers superior performance in

the analysis. Therefore, we proceed with this strategy for the subsequent steps.

3.4.2 Research regions

Signal regions
After obtaining the two reconstructed Higgs bosons (sec. 3.3.3), for ease of analysis and
understanding, we rank them by their py. The leading one is denoted as H; , and the sub-

leading one is denoted as H, . With these two Higgs bosons, we define signal regions. The
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definitions vary slightly between the V-leptonic channels and the V-hadronic channel. The
utilization of these signal regions will be detailed in subsequent sections.
In all V-leptonic channels, we firstly define ryy as a distance on a two dimensional mass

plot as shown in Fig.3.14(right):

ram = Vmpy — 125X r1)2 + (mpn — 125 X rp)2 (3.7)

In this case, we choose r; = r, = 1, it is easy to find that the ryy is the distance be-
tween the reconstructed mass of two Higgs bosons and the SM Higgs boson mass. With dif-

ferent ryy areas, we define the signal region, the control region and the side band as shown in
Fig.3.14(left).

s‘ - A
@ 400 u %‘
T or =
300— i (Hgy, Hgz)
- g
o0 rHH
I | (aHp, bHy,)
100:: . (125,125)
0 1| ‘ T - | L1 ‘F\.re\“r\nilnqryl 0 »
0 100 200 300 400 e
mH,(GeV) mH; [GeV]

Figure 3.14  The definition of ryy (right) and the definitions of signal region, control region
and side band based on ryy (left).

e Signal Region (SR):
rug < 25GeV

e Control Region (CR):
25GeV < rgg < 50GeV

e Side Band (SB):
50GeV < rgg < 75GeV

In the V-hadronic channel, we define a égy and choose r; = 1.02 and r, = 0.98:

Siaps = \/(’"Hl — 125.0GeV x 1,y )2 N (mm ~ 125.0GeV x 5\’ s

myy myp

and the signal region is defined as following, and the territories on the 2-D plots is illus-
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Figure 3.15 The signal region and side band of the signal in the FH channel. The signal
events in the signal regions are blinded during the process of modeling.

trated in figure 3.15.
e Signal Region (SR):
Opn < 0.19
e Side Band (SB):
0.19 < épn,
my; € (52,180)GeV, my, € (50, 173)GeV
In the large-radius jet analysis (boosted topology) in the MET and 1L channels, events are
divided into three regions using the D, defined with equation 3.5 as sketched in figure 3.16.
e High-purity Region (HP):
min(Dpp 1, Dpp2) > 0.94
e Low-purity Region (LP):
0.90 < min(Dpp.1, Dpp o) < 0.94
e Failed Region:
0.80 < min(Dpp.1, Dpp2) < 0.90
b-jet multiplicity
Principally, only events containing equal to or more than 4 b-tagged jets could possibly

be considered signal events. However, the existence of mis-tagging rates and other minor nui-
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Figure 3.16 llustration of the ParticleNet score cuts used to define the Low Purity(LP) and
High Purity (HP) D, search categories

sances may result in genuine signal events being filtered out.

According to our simulation study, in the leptonic channels, SRs with 3 or 4 b jets both
exhibit significant signal yields, with the 4 b-jets region being the most significant. In the
2L channel, N, = 4 and 3 are optimized and statistically analyzed separately, while in other
leptonic channels, they are validated separately but analyzed together. The FH channel will

only consider the N, = 4 region for calculating the signal region.

3.4.3 Kappa parameter categorization

In this analysis, the most important objective is to explore and constrain the values of
the kappa parameters, thereby maximizing sensitivity to enhanced SM coupling strengths. To
achieve this goal, a viable approach is to utilize kinematic variables whose distributions exhibit
significant differences when one or the other coupling of interest exceeds the SM prediction.

In the previous study of ggF or VBF HH production modes, we have already observed
that «, leads to significant differences in the distributions of kinematic variables such as myy.
In this VHH study, we leverage this feature to explore additional kinematics. Simultaneously,

kyv 1s another coupling we aim to constrain. As shown in Equation 1.44, the diagrams of VHH
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interfere with each other, and as calculated at leading order (Equation 3.3), the absence of the
tri-linear HHH diagram will naturally enhance the HHVV diagram.

Kinematic dependence on «,

The dependence of signal kinematics on «, is illustrated in Fig. 3.17 and Fig. 3.18. Signals
are re-weighted to different «, values, ranging from 0 to 20. The most distinguishing features
include the HH mass, transverse momentum (pr), and angular separations between V, Hi,
and H,. These features enable us to identify an enhanced region for «, and, correspondingly,
another region enhance vy .

Meanwhile, the 2-D distribution of some main backgrounds is shown in Fig. 3.19. No-
tably, the background is independent of the kappa parameters, providing a stronger motivation
to optimize our analysis in different "kappa-enriched’ regions. It can also be observed that,
in the 2-D mass distributions, the background events are concentrated along the diagonal line.
This is a side effect of the HH reconstruction strategy, as we tend to select reconstructions that
match the distance from the diagonal line, as shown in Fig. 3.9. Consequently, the kinematics
tend to align with this line. Fortunately, the signal distribution is concentrated around the (125,
125) point as expected, allowing our signal regions (SRs) to effectively limit the background
yields.

Our basic strategy is to utilize reinforcement learning technology, specifically Boosted
Decision Trees (BDT) [75, 76], to exploit the differences in kinematic distributions between
k, -enriched signal events and kyvy-enriched signal events. This categorization allows us to
classify signal events into different super-parameter categories accordingly. Subsequently, we
can optimize the signal extraction process within these two categories based on the differing
kinematics of signals and backgrounds. This approach enables us to achieve the best sensitivity
to both «, and «yy simultaneously.

The BDTs are trained separately in different V-decaying channels to maximize sensitivity
enhanced by the varying mass resolution and kinematic effects of the trigger and selection
criteria. The training samples consist of BSM simulation events with x, = 0 against x; = 20
events. Additionally, other pairs of enhanced coupling samples were tested in the training of
candidate categorization BDTs. The selected pair was chosen from several equally optimal
pairs in terms of separating signal kinematics. Moreover, the x, = 20 point is closer to our
expected boundary of the allowed interval for the upper limit scan of « .

Notably, the categorization BDTs are optimized and trained in all channels using the

small-radius jets topology (resolved topology). In the boosted channel, no k, -enrichment
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1s possible since the two large-radius jets tend to have A¢ ~ 7. As a result, boosted regions are

inherently considered «yy-enriched by construction.
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Figure 3.17  «, dependence of different variables.

The BDTs are trained separately using the ScikiT-LEARN software [77] and TMVA [76].
To enhance training performance, all three years’ simulated signal samples in the signal regions
are combined to increase the amount of training data. Figure 3.20 illustrates that the kinematic
distributions are consistent across different years.

In the 2L channel, several sensitive variables are shown in Fig. 3.21 shows the distribu-
tions of the kinematics in the truth level, where various «, values are displayed for continuous
comparison of the signals, while vy and kv are both fixed to their SM values.

The trained BDT distribution is shown in Fig. 3.22.

In 1L channel, the leading importance variable and the output of the BDT score are shown
in figure 3.23 as an example.

In MET and 1L channel, an AdaBoost classifier is utilized, and the score returned repre-
sents the mean accuracy of the prediction. A BDT score < 0 or > 0 indicates that the event is
more likely to belong to the corresponding categories. Thus, naturally, O is chosen as the divi-
sion point, where the mean prediction correctness is 50%. With the categorization BDT, events

are classified into «,-enhanced (cateBDT score > 0, High score) and «yy-enriched (cateBDT

83



JEETR A A R S

200 CMS simulation 0.0035

my, [Gev]

180 0.003

160 0.0025

140 0.002

120
0.0015

0.001

0.0005

60 80 100 120 140 160 180 200

Myz [GeV]

CMS simulation

200

180

my, [GeV]

0.0025
160

140
120 0.0015

100

0.0005

60 80 100 120 140 160 180 200
my, [GeV]

CMS simulation

600

[GeV]

Pl

500

400

300

200

pTHZ [GeV]

CMS simulation

[GeV]

Pl

n | Ll n | R B | n
100 200 300 400 500 600 0

pT. . [GeV]

Figure 3.18
points.

200 CMS simulation

0.003

my; [GeV]

0.0025
140 0.002

120 0.0015

100 0.001

0.0005

60 80 100 120 140 160 180 200

Myz [GeV]

CMS simulation

200
0.003

my, [GeV]

0.0025
0.002
120 0.0015
100 0.001

0.0005

60 80 100 120 140 160 180 200
My [GeV]

CMS simulation

L
200

CMS simulation

600

[GeV]

H1

pT,
a
3
S

400

300

200

500 00 °
pT. , [GeV]

mp1 Vs myy (top) and pTy; vs pTyo (bottom) distributions at different coupling

84



CHAPTER 3 SEARCH FOR THE HIGGS BOSON PAIR PRODUCTION ASSOCIATED WITH A
VECTOR BOSON

200

my, [GeV]
m,, [GeV]

180

180 200
m,, [GeV] m,, [GeV]

my, [GeV]
m,, [GeV]

60 80 100 120 140 160 180 200 80 100 120 140 160 180 200

m,, [GeV] my, [GeV]

Figure 3.19  mpg Vs mpy, distributions of different major backgrounds: ¢7 (top left), 17 + bb
(top right), single top (bottom left), and ¢7V (bottom right).

score < 0, Low score) regions. Fig. 3.24 also shows the distinct distribution of some input
variables when we separate them using the BDT score.

As a summary, based on the different kinematic features and objects (e.g., lepton mul-
tiplicity) involved in different V-decay channels, we train 4 categorization BDTs to construct
k, -enriched and «vyy-enriched categories in each channel. The variables used for these BDTs
are listed in Table 3.16.

3.4.4 Background control

In different channels, the dominant backgrounds are different. For the FH channel, the
dominant background is mainly QCD multi-jets process and majority ¢ . In the MET and
1L channel, the main background is #7 include 7 + bb process. In the 2L channel, the main
backgrounds are both DY+Jets and ¢7 .

The FH channel differs from the leptonic channels in that the QCD multi-jet process is
challenging to describe accurately using Monte Carlo simulation. Therefore, the background
estimation will be accomplished using a data-driven method, which will be introduced in detail
in the next section (Section 3.5, Background Modeling).

In all channels, Sidebands (SBs) are employed for studying background models, while

Control Regions (CRs, not in the FH channel) serve to validate these models. Signal Regions
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(SRs) are of paramount importance, as they yield the highest signal contributions and signifi-

cantly enhance sensitivity analyses. In the boosted topology, the Failed selection Region(FR)
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is used as background control region, and the LP/HP regions are the signal regions.

Specially, due to the high precision reconstruction of the two leptons, the invariant mass
of the vector boson can be accurately reconstructed with good resolution in the 2L channel.
Leveraging this capability, we employ a mass window’ to establish upper and lower limits of

the vector boson mass (my). With this window, the two main backgrounds (DY+Jets and 7 ,

including ¢7 + bb ) can be studied separately.

According to the Monte Carlo (MC) simulation study, the principal background processes
in the 2L channel consist of DY+Jets, ¢, and t7 + bb . These backgrounds are estimated using

MC simulations as detailed in Section 3.2.2. An overview of the background components
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Figure 3.24 Distribution of some input variables in «, -enhanced and «yy-enhanced region
with SM signal. Events with lower HH mass, smaller angle between H1,H2 and more boosted
vector boson are easier to have higher catgeorization BDT score.

is presented in Figure 3.27 based on events within and outside the Z mass window. As the

number of b-jets increases, contributions from DY+Jets and ¢ decrease, while 77+ bb becomes
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Figure 3.26 Categorization BDT («x, =20 vs «, =0) used in MET channel

dominant, as demonstrated in Figure 3.28 using events from the ¢tf _CR. Due to the limited
statistics of DY+Jets and ¢t MC samples in high b-multiplicity bins, 2b MC events are utilized
to model events in 3b and 4b bins. A BDT-based reweighting method is developed to correct
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Table 3.16 Variables used in the categorization BDTs for the separation of the «, - and «yy-
enriched regions and in BDTg,gfor extracting signal-like events. The v'symbol indicates that
the BDTs include the variable. These variables include the reconstructed Higgs boson with
higher transverse momentum (H1) and the lower one (H2), the Higgs candidate jets ordered
by the DeepJer b tagging score (j12.3.4), the scalar sum of the transverse energy of all the jets
excluding ji 234 (Hr®™), the number of jets (Njes), the selected leptons in the 2L channel (¢4,
elly), the N-subjettiness [78] ratio 7,/7; and 73/7,. The small-radius (large-radius) regions are
designated with an ”’S” (”’L”) in parentheses. Table come from public analysis summary [79].

Cats. SvB Cat. SvB
Input variable MET/IL FH MET(S) 1L (S) MET/IL (L) Input variable 2L 2L

pr(V), pr(H1) v v v v v pr(V),pr(H) vV
pr(H2), pr(HH) v v v v Myy v v
My, My v v v v AR(HI, H2) v v
Myy v v v v v A¢p(V,H2) v v
AR(H1,H2) v v pr(H2)/pr(H1)
A¢(V,H2) v v v v v pr(HH) v
pr(H2)/pr(HI) v v myp, my v
An(H1,H2) v v v An(H1,H2) v
A¢(H1,H2) v v v v v Energy of H1 v
Energy of H1 v v Energy of HH v
Energy of H2 v v pr(elly)/pr(€) v v
Energy of HH v v Ap (L1, elly) v v
e v v A?](f] . ellz) v v
MH1 v v AR(ru2,jom2)
o(V) v v v AR(1.11,j2.11) v
Sb-rag(J1,2.3.4) v v pr(t)/my v
H v pr(t) v
Niets v pr(j3.4) v
T2/T| (Hl, H2) V4 H¥HH V4
73/ (H1, H2) v pr(V)/pr(HH) v
A¢(V,HH) v
pr(t)/my v

kinematic differences between the b-jet bins, although a detailed description will be provided
in the next section (Background Modeling, Section 3.5).

The fitting topology in the 2L channel is depicted in the diagram shown in Fig. 3.29. For
the template fit, we combine events from three years and categorize them into four regions
based on the x; BDT score and b-tag multiplicity, as follows: «, -enriched with 3b-tags (3, 7),
K, -enriched with 4b-tags (2, 6), kyy-enriched with 3b-tags (4, 8), kyy-enriched with 4b-tags
(1, 5). The SBs (9, 10) and ¢ CRs (11, 12) are fitted simultaneously and do not follow the «-
parameter categorization. The other channels are somehow simpler, the 1L and MET channel

don’t have #f _CR, and the FH channel doesn’t have CR and 7 _CR.
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Figure 3.27  Backgrounds in 2b CR inside Z mass window(left) and outside Z mass
window(s7 CR)(right).
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Figure 3.28 Ratio between t7 and ¢7 + bb varies when the b-jets multiplicity going higher.

3.4.5 Signal extraction

For signal extraction, we utilize various machine learning techniques to improve sensitiv-
ity. In different V-decay channels, we optimize separate machine learning models for signal
versus background, notably in both the «, -enriched category and the «yy-enriched category
parallely.

In the leptonic channel, we are adapting BDTs for signal extraction, namely SvB BDTs,
and the outputs of these BDTs are used as the observables in the final fit. The training samples
consist of MC simulated events of both signals and backgrounds. The backgrounds include the
most dominant ones. In the 2L channel, they are ¢7 , DY+Jets, and ¢ + bb . In the 1L channel
and the MET channel, they are ¢7, t7+bb , and single-Top events. The signal samples depend on
the kappa categories. In the kyy-enriched category, we are using SM VHH samples, while in
the «, -enriched category, we are using k, = 20 VHH samples to maintain higher significance.
The variables used in the SvB BDTs are selected from all available kinematics and are chosen
to minimize overlap with the categorization BDTs in order to preserve sensitivity. The SvB
variables can also be found in the summarizing table 3.16.

In the 2L channel, the signals and backgrounds consist of events from the Signal Regions

(SRs) that we defined above, ensuring that the models are optimized in the most sensitive
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Figure 3.29  The regions that contains in the final template fit in 2L.
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regions. The results of the over-training test can be found in Figure 3.30 for two different
kappa categories. Additionally, the Boosted Decision Tree (BDT) outputs of the events in the
4b-tagged SRs are shown in Figure 3.31. These output BDT scores will be used as observables
for the final fitting.

TMVA overtraining check for classifier: BDTG TMVA TMVA overtraining check for classifier: BDTG IMvA
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Figure 3.30  Over training test for the SvB BDT in the xyy-enriched region(right) and «, -
enriched region(left).
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Figure 3.31 Distribution of the SvB BDT output in the «, -enriched region (left) and «vyy-
enriched region (right) in signal region with four b-tagged jets.

In the 1L channel, as mentioned earlier, categorization BDTs are utilized to categorize the
signal regions. Additionally, two SvB BDTs are further trained to optimize signal extraction
within their respective categories, as illustrated in Fig. 3.32. Furthermore, the separation of
signal versus background in categorized regions can be examined in Fig. 3.33.

The SvB BDT distribution in the SB3B+SB4B region is depicted in Fig. 3.34. The upper
row corresponds to the single lepton channel, while the bottom row represents the single muon
channel. The left plots display the «, -enriched BDT, while the right plots depict the «vyy-
enriched BDT. The limits shown in Fig. 3.96(a) indicate that a BDT trained for one coupling is
not necessarily optimal for another. However, with the current strategy, BDTs can be optimized
for both «yy and « .

In the MET channel, similar to the single lepton channel, two SvB BDTs are trained
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Figure 3.32  SvB BDTs in 1L channel, resolved topology.
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Figure 3.34  The SvB BDT distribution in the SB3B+SB4B region is presented. The left plot
corresponds to the «, -enriched BDT, while the right plot depicts the «yy-enriched BDT. These
plots represent prefit distributions with ¢7 and ¢7 + bb scale factors (from final fitting) applied.

in different signal categories. They are illustrated in Fig. 3.35 and will be utilized in their
corresponding categorized regions, with their output scores serving as the variables for the
final fitting.

The SvB BDT distribution in the SB3B+SB4B region are shown in Fig. 3.36. The left
plots are k, -enriched BDT, the right plots are kyv-enriched BDT.

In the 1L and MET channel, we also consider the boosted topology. As previously men-
tioned, since AKS jets are utilized in the boosted topology, there is already an implicit require-
ment that the two Higgs candidates are not close to each other; otherwise, they would already
be merged into the same AKS8 jet. Consequently, events with the boosted topology are in a rel-
atively xyy-enriched region and only one SvB BDT is trained for these regions. The training
variables that used in this topology are also listed in the table 3.16.

In the FH channel, the Signal vs Background (SvB) classifier is a neural network dis-
criminator with the architecture described in [80]. The SvB classifier comprises two substruc-
tures: a Hierarchical Combinatoric ResNet (HCR) that handles the four Higgs candidate
jets, and a Multi-head Attention Block that manages other jets. The HCR consists of three
blocks, as depicted in Figure 3.37, designed to identify the two Higgs dijets. The dijet block
takes the kinematics of the four b-tagged jets as input and evaluates all three possible combina-
tions. Subsequently, the quadjet block and the event-level block process the output from their
respective former blocks, accompanied by some engineered features, and ultimately yield the
probability that an event is signal-like. The Multi-head Attention block corrects the dijet block
output based on the kinematics of other jets, including those from the vector boson.

The training dataset comprises both WHH and ZHH signals with all 8 couplings, 1 Monte
Carlo (MC), and the multijet background. The signals from each coupling are scaled to have

the same summed weight; otherwise, the training would be dominated by the one with the
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factor (from final fitting) applied.
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largest cross-section. The target output for each event is a one-hot label.

[#¢, multijet, x, enhanced signal, xyy enhanced signal]| 3.9)

where the «, -enriched or kyy-enriched categorization is determined by the kinematic
categorization BDT described previously. A k-folding technique is applied by evenly dividing
the entire dataset into three training sets, with 2/3 of events in each set. From these sets,
three classifier models are obtained respectively. Each model is then used to predict on the
remaining 1/3 of events not involved in the training to reduce over fitting. Figure 3.38 depicts

the distribution of the kinematic categorization BDT output and SvB classifier output.
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3.5 Background modeling

The background modeling varies from one topology to another and differs across different
channels. Generally speaking, we are using Monte Carlo (MC) simulated events to study the
behavior of the backgrounds. In the leptonic channels, the background processes taken into
consideration include DY+Jets, Z(vv)+Jets, t7 , tf+bb , TTV, TTH, single top, and Multi-Jets.
Among these, the DY+Jets, tf , tf + bb , and the Multi-Jets processes are dominant in certain
V-decay channels, and the accuracy and stability of the modeling of these processes are vital

for this analysis.

3.5.1 The BDT re-weighting method

In the 2L channel, particularly in the 3b-tagged and 4b-tagged Signal Regions (SRs) and
the high-purity (HP) and low-purity (LP) regions in the boosted topology, we encounter a lack
of statistics, leading to large statistical uncertainty and difficulties in training the SvB classifier.
To address this issue, we opt to estimate the background of the important processes using the
following method: In the 2L channel, we re-weight the 2b-tagged Monte Carlo (MC) events
to estimate backgrounds in the 3b-tagged and 4b-tagged SRs. Additionally, we re-weight
the failed selection MC events to estimate the backgrounds in the HP and LP regions
within the boosted topology.

In the 2L channel, in order to include the kinematics information as more as possible,
BDTs are trained to learn these distributions that can tells the differences between 2b-tagged
events and 3 or 4b-tagged events. This re-weighting method is applied to both DY+Jets and
tt inclusive samples due to the lack of statistics in the 3b-tagged and 4b-tagged regions. Hence,
four BDTs have been trained to implement this process, as illustrated in Fig. 3.39.

The training samples are derived from the Sideband (SB) (with ryy greater than 50 GeV
and inside the Z mass window), while the validation samples are from the Control Region
(CR) and Signal Region (SR). We utilize the same variables as those in the SvB BDT for the
training inputs of the re-weighting (RwT) BDT. This is done to maximally reproduce the 3b
and 4b final fitting templates using 2b events, aiming to obtain more stable background models
with significantly smaller statistical uncertainties.

The number of events should remain unchanged in the re-weighting process. Table 3.17
to 3.19 are used to project the normalization from 2b to 3b and 4b.

To validate the kinematic corrections introduced by the RwT BDTs, key distributions are

compared before and after the re-weighting to the real 3b and 4b events. First of all, the pr
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Figure 3.39 4 RwT BDTs trained with SB events.

Table 3.17 Event yield of background MC yield in different tHH regions. (2018)

Background DY TT TTBB

rHH_SB_2B | 19569.281 25357.826 818.052
rHH_SB_3B | 1949.411 2542947 723.666
rHH_SB_4B | 116.525 135.757  178.626
rHH_CR_2B | 4327.48  9021.811 27545
rHH_CR_3B | 505.716 886.676  262.981
rHH_CR_4B 22.809 47.348 64.027
rHH_SR_2B | 1740.239  4129.035 125.13
rHH_SR_3B | 162.436 410.135 118.88
rHH_SR_4B 7.075 21.334 31.529

distributions of the third and fourth ranked jets using DeeplJet score are compared in Fig. 3.40.
The original 2b distributions (fail the 3/4b selection, in blue) apparently deviate from 3b and
4b, while the re-weighted distributions (green) match well the real 3b and 4b shapes. Then, the
SvB BDT distributions used as the final fitting templates are compared in Figs. 3.41 and 3.42,
where the re-weighted distributions reproduce the real 3b and 4b ones decently.

The distributions of the remaining important input variables are also compared between
the real 3b and 4b events and re-weighted 2b events, along with the re-weighting uncertainty
(which will be introduced in the following texts), in Figures 3.43 to 3.45.

Furthermore, to assess the benefits of using high-statistics 2b events for 3b and 4b, Fig-
ure 3.46 provides a direct comparison using the original DY+Jets and ¢f Monte Carlo (MC)
samples and the re-weighted 2b MC samples. The MC statistical uncertainty is significantly

reduced.
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Figure 3.41 The comparison of the original MC events in the signal region(Red) with the
MC events in the 2b-tags region(blue) over the SvB BDT output in 3b-tagged signal region.
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Table 3.18 Event yield of background MC yield in different tHH regions. (2017)

Background DY TT TTBB
rHH_SB_2B | 18581.785 18458.348 606.333
rHH_SB_3B | 1155.817 1637.511 510.733
rHH_SB_4B 40.184 78.456 121.898
rHH_CR_2B | 3434.052 6587.921 211.26
rHH_CR_3B 232.51 580.235  184.942
rHH_CR_4B 13.095 29.059 45.439
rHH_SR 2B | 1394.181 3005.955 94.784
rHH_SR 3B | 148.178 261.143 86.075
rHH_SR_4B 4.229 13.52 20.615

Table 3.19 Event yield of background MC yield in different tHH regions. (2016)

Background DY TT TTBB
rHH_SB_2B | 10201.914 9027.777 419.792
rHH_SB_3B | 760.564  968.877 346.799
rHH_SB_4B 43.513 51.98 87.34
rHH_CR_2B | 2105.781 3217.84 142.942
rHH_CR_3B | 194936  334.080 124.165
rHH_CR_4B 9.502 18.771 27.57
rHH_SR_2B | 877.797 1476.517 61.984
rHH_SR 3B 80.934 149.144  63.185
rHH_SR 4B 3.597 8.042 14.071

In addition, control plots are provided for additional variables with the re-weighted DY+Jets
and t7 using 2b events in Figures 3.47 and 3.60.

Although the statistical uncertainties are reduced, the re-weighting method intro-
duces additional uncertainty to the background models. The re-weighting uncertainties
consist of two sources. The first one (Type 1) arises from the fitting uncertainty of the fitting
function (polynomial functions, where x represents the RwT BDT score) that re-weights 2b to
3b and 4b events. The function

ROOT: :Fit::FitResult: :GetConfidenceIntervals(0.95)

is used to obtain the 95% confidence intervals of the fitting value variations. The vari-
ation is shown in Fig. 3.48 as the dashed yellow curves. This uncertainty is constructed in
the likelihood as a nuisance parameter that contains "bkgrwt_t1” in the name (Appx. .3), e.g.,
”CMS_vhh4b_bkgrwt_t1_2L._tt” for 2L ¢t . The second source comes from a bin variation
of the weight curve, which contains shifts to one neighboring bin on the left and the right,

as shown in Fig. 3.48 as the solid red curve. Its nuisance name contains “bkgrwt_t0”, e.g.,
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Figure 3.42  The comparison of the original MC events in the signal region(Red) with the
MC events in the 2b-tags region(blue) over the SvB BDT output in 4b-tagged signal region.

CMS_vhh4b_bkgrwt_t0_2L_tt for 2L #7 .

We share the same thoughts in the boosted topology, background events (¢7 , t7 + bb )
in the failed region

'(Dpp(H1) >= 0.9 and D,,(H2) >= 0.9) AND (D,,(H1) >= 0.80||Dpp(H2) >=
0.8)

are well populated. Therefore, we can use these events to mimic the events in the signal
region. Two re-weight BDTs are trained to discriminate background events in the failed region
and signal regions (LP, HP), as shown in Fig. 3.49 top and bottom left plots. Then we can
choose a binning to make the “Passed bkg.” distribution flat. This step essentially transforms
the original BDT score to a new score, which makes the red distributions flat (Fig. 3.49 top
and bottom middle plots). Due to the slight difference in the MC event weight, we can’t make
it completely flat. The next step is to divide the “Passed bkg.” distribution by the “Failed bkg.”
distribution, and we obtain the weights for “Failed bkg.” as shown in Fig. 3.49 top and bottom
right plots. In the end the weight is parameterized with a second order polynomial function
and the up and down versions are used as the type-1 uncertainty, left and right version are used

as the type-2 uncertainty.
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Figure 3.43  The comparison of the original MC events in the signal region (black histogram)
with the re-weighted MC events in the 2b-tags region(blue) and the re-weighting uncertainties.
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Figure 3.44  The comparison of the original MC events in the control region (black his-
togram) with the re-weighted MC events in the 2b-tags region(blue) and the re-weighting un-
certainties.
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Figure 3.45 The comparison of the original MC events in the sideband region and 7 CR
(black histogram) with the re-weighted MC events in the 2b-tags region(blue) and the re-
weighting uncertainties.
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Figure 3.46  Data vs. MC background validation plots from 2018 in different regions. (Left:
Original MC estimation; Right: Dominant background estimated using re-weighted 2b-tagged

MC events.)
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Figure 3.47 Data vs. MC background validation plots from 2018 in Z mass window and SM
Kk, region. (With re-weighted background)
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Figure 3.48  The re-shaping histograms for 7 and DY+Jets background processes and two
different types of uncertainty in different regions.
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Figure 3.49  Re-weighting BDTs trained with MC events in the HP vs failed region (upper
row), and MC events in the LP vs failed region (bottom row) for the single lepton channel. Plot
in the middle is the BDT distribution after score transforming. The goal is to make the “Passed
bkg.” distribution as flat as possible, so even for the high score events, we can still have enough
statistical precision.

So all the events in the failed region get a weight according to the re-weighting BDT
score, and their kinematics distribution becomes similar to the distribution of real passed events
after reweighing. We then use this as the background template in the boosted topology, which
provides us with much better statistical precision. During the training of the re-weighting BDT,
events in the failed regions are randomly split into two parts, which are used for training the

high-purity (HP) and low-purity (LP) regions. A table of input variables is listed in Table 3.20.

Table 3.20 Input variables of Re-weight BDTs in the Boosted Topology.

pTv PTH PTH2

mmy y: myH
PTun dv dH1

¢ Ta(H1) 121(H2)
o(H1)  13,(H2)

The weights are also parameterized with a linear line as shown with examples in Fig. 3.50
for both 1L and MET channel. Dedicated uncertainty is implemented accounting for small
difference between reweighed distribution and real kinematics distribution.

In Fig. 3.51, you can see the distribution of SvB BDTs in the signal region (SR) and
the mass of the sub-leading jet in the sideband (SB) region. The BDT distribution of passed

events has large statistical uncertainties. In the last several bins, which are our sensitivity
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region, usually there are no events from passed events. But the reweighed failed events have
much better distributions. In the same figure, we can validate the top background reweighing.
Reweighted distributions are compared with the true distribution. The statistical uncertainty
is greatly reduced, and the shape is maintained. Additionally, we can see that the type-1 and
type-2 variations are able to enclose the ’Pass” distributions.

In the LP and HP categories, we use 50 < rgy < 75 GeV as the validation region to check
the MC agreement with data. Figure 3.52 shows some kinematics distributions in this valida-
tion region, where the re-weighted failed events are used. We mainly focus on the 1L boosted
analysis because the boosted MET analysis shares the same procedure. More validation plots

and the handling of uncertainties could be found in the following sections.
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Figure 3.50  Weight parameterization in the boosted 1L channel signal region (Top) and
boosted MET channel SB region (Bottom). The solid blue line is a linear fit to the original
weight. type-1 Error is from varying the fit value by 95% confidence interval obtained from
GetConfidencelntervals(0.95). type-2 Error comes from shifting the fitted line horizontally by
1 bin.
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Figure 3.51 [Top] Comparison of “Pass” and "FailReweight” sub-leading Jet mass distribu-
tion as well as their up and down variations in 50 < rgg < 75 GeV for the 1L channel. [Bottom]
Comparison of ”Pass” and “FailReweight” SvB BDT distribution as well as their up and down
variations in rygy < 50 GeV for the 1L channel. These are the variable used int the final fitting.
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Figure 3.52  WIiv channel kinematics distribution (Pre-fit) in 50<rgyy <75 GeV in HP category.
From left to right, upper to bottom are: dR(H1,H2), m(H1), pr(H1), m(H2), pr(H2), MET,
mun, pr(HH), pr(V).
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3.5.2 The data-driven method

In the FH channel, the background model consists of two parts: 1 MC simulation
and data-driven multijet background. The four-tag multijet background can be approxi-
mated by the three-tag data with some higher-order corrections under the assumption that they
contain the same processes despite the difference in total event rate, and the signal purity in
three-tag events is much smaller. To suppress the signal contamination, we define the Side-
band (SB) around the SR as follows to derive the corrections on three-tag data. The background

model is validated in the closure test with mixed data described in the following sections.

52GeV < Leading St dijet mass < 180GeV
50GeV < Sub-leading S7 dijet mass < 173GeV

The first-order correction is from the Jet Combinatoric Model (JCM), accounting for
the lower jet multiplicity in the three-tag events. Each untagged jet has the possibility to be
b-tagged when it is either a true b-jet or a mis-tagged light or charm jet. By emulating this
effect, we can assign each untagged jet a constant pseudo-tag rate f, and weight the event

with the probability to promote a three-tag event with n untagged jets to a four-tag event:

Wiem = Zn:(é)fix (1-F)""x(1+e/n?x (i mod?2))

i=1 \ !

where the last factor enhances the condition that b-jets appear in pairs. The parameters
are fitted to the jet multiplicity distribution of four-tag data minus ¢7 in the SBs.

The higher order kinematic based correction is from the Fourtag vs Threetag (FvT)
classifier, a neural network which has been introduced in the previous section (signal extraction,
Sec. 3.4.5). For each event, the FvT classifier will output the regressed joint probabilities that an
event is Four-tag data P(Dyy,), Three-rag data P(Dsy,), Four-tag ¢7 P(tty,) and three-tag ¢7 P(ttsp).
So the probability for Four-tag multijet is P(Myy):

P(Myy,) = P(Dasp,) — P(ttyy)

and we can re-weight the event with:

_ P(May)
P(Ds,)

eyt
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The FvT classifier is trained using both Four-tag and Three-tag data and t# MC events in SB
with JCM weight applied to Three-tag data. The final multijet background is the Three-tag
data weighted by rg,r X wycm. Fig.3.53, 3.54 compare the distributions of boson candidate jets,

quadjets kinematics respectively in Four-tag data and background model in Sideband.
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Figure 3.53 Kinematics of Higgs candidate jets in Sideband

We use hemisphere mixing, as described in [80], to generate a sample used for the closure
test of the background method. The mixed sample provides a signal-free dataset that can be
used as a closure test in the SR. The approach involves treating mixed events as *4b-data’ and
predicting the yield from 35 data using the same background procedure as used in the analysis
on the non-mixed sample. We then derive a systematic from the comparison of the predicted
background to the observed mixed event yield in the SR. In previous iterations of this analy-
sis [81], the modeling in the Control Region (CR) was used to validate — and derive systematic
uncertainties on — the background prediction in the SR. Figure 3.55 shows a schematic of this
previous background procedure [81].

Kinematic requirements on the di-jet masses suppress signal in the 45 SB and CR. The
3b — 4b corrections were derived in the Sideband region and validated in the CR. Testing the
background model in the CR validates the 30 — 4b extrapolation in an orthogonal dataset with
events that have kinematics similar, but not identical, to those in the SR. Observing closure in

the CR is promising, but it validates the extrapolation of the model in a phase space different
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Figure 3.54 Kinematics of quadjets formed by four Higgs candidate jets in Sideband

from the SR and is statistically limited in most relevant regions. The extent to which validating
the SB—CR extrapolation validates the background in the most relevant region, the SR, is
shown in Figure 3.56. The left-hand plot shows the SvB in the CR, while the right plot shows
the SvB in the SR. The high-SvB bins, which are most relevant for signal sensitivity, have
negligible yield in the CR. Therefore, testing the background modeling in the CR provides
little-to-no insight into how the background extrapolates to the most sensitive phase space in
the SR.

Using the mixed sample for closure tests has the advantage of allowing validation of the
full SB — SR extrapolation. Figure 3.57 depicts a schematic of the background procedure
used in the closure test for this analysis. Here, the 3b — 4b corrections are again derived in
the SB; however, now, because the mixing suppresses signal in the SR, the background model
can be validated directly in the SR. This approach follows a similar philosophy to that of using
Monte Carlo (MC) in a closure test of a data-driven prediction. Ideally, the synthetic (mixed)
dataset should closely resemble the expected background, although perfect consistency with
the expected background is not required. What is critical is that the closure test has the same
failure modes as the full background prediction.

Using the mixed samples for a closure test requires that mixed events: a) are signal-free

and b) approximate the expected 4b background. The extent to which these requirements are
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Figure 3.55 Schematic of the datasets used in the previous 4b background procedure.
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Figure 3.56 Problem with validating the Background estimate using the CR. SvB distribution
in the CR is shown on the left. SvB distribution in the SR is shown on the right. The most
sensitive SvB bins in the SR have little to no yield in the CR.

met is described in [80].

We use the 3b dataset as the input data that is mixed. This 35 dataset is a factor of fifteen
larger than the 4b dataset. For the closure test, it is important that the emulated 45 sample
has roughly the same statistics as the non-mixed 4b sample. The FvT background fit in the
Sideband region is limited by the statistics in the 4b Sideband data; for the closure test on
the mixed sample to be appropriate, we need a similar limitation in the mixed events. The 3b
dataset is first sub-sampled before mixing to achieve similar statistics in the 4b dataset. The
sub-sampling is done stochastically using the JCM weights so that the jet multiplicity in the
sub-sampled 35 data matches that in the 4b dataset. The larger 3b statistics allow us to create
fifteen independent sub-samples which match the 45 statistics. The results of the closure test
can be run separately on these different sub-samples and combined to improve the systematic
uncertainty on the background.

Averaging allows systematic uncertainties to be determined with higher precision than
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Figure 3.57 Schematic of the datasets used in the background closure test.

statistical uncertainties in the 45 data, which was not possible in previous data-driven analyses.
Figure 3.58 demonstrates this point, comparing the statistical sensitivity of the Nominal 4b

sample and a single mixed dataset to the average of the fifteen mixed datasets.
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Figure 3.58 Plots of the SvB distribution in the SB for the nominal 4b sample (left) one of
the 3b-mixed sub-samples (middle) and after averaging over all fifteen of the 3b sub-samples
(right).

Figure 3.59 provides a concise summary of the advantages of using mixed data to perform
a closure test. The SvB distribution is displayed in the SB (left) and SR (right). The unmixed
4b data is represented by black data points, with the SR blinded. The unmixed 35 data, from
which the background model will be derived, is shown in yellow before applying the kinematic
FvT corrections (stacked with the 4b tt MC). The mixed data (3bMix4b) is displayed in red.
The mixed data serves as a proxy dataset that is well-modeled and can be extrapolated to the
SR without signal contamination.

The further results of the closure test and the quantification of the uncertainties brought by
this method will be introduced along with the other channels in the next section (background

validation, Sec. 3.5.3).
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3.5.3 The background modeling validation

In this section, we present plots testing the consistency between background models and
the real experimental data as validation of our background modeling. Any discrepancies ob-
served are rigorously studied, either by making modifications or by introducing modeling un-
certainties to ensure the final results are conservative. Itis important to note that the discussions
in this section are based on the fundamental operations previously introduced in Section 3.2.2
(weighting, scaling, etc.).

The 2L channel

In the 2L channel, validation plots both inside (research region) and outside (¢f control
region) the mass window have already been presented in the previous section on BDT re-
weighting (Sec. 3.5.1), as shown in Figure 3.46 and Figure 3.47.

As introduced in the previous sections, we are employing a ’stitching” method to replace
the 17 + bb events generated alongside the ¢7 inclusive sample (SFS) with the 7 + bb events
generated separately (4FS) in order to reduce the modeling uncertainty. The generated #7 +
bb samples are scaled (Table 3.6) to match the #7 inclusive samples, as illustrated in Fig-
ure 3.5.We validate this method in all the leptonic channels. In the 2L channel, the ¢7 control
regions (CRs) are used for validation, which can be found in Figures 3.60, 3.61, and 3.62.
These plots indicate that the 7 + bb process is well-modeled with MC samples.

Notably, as described in the analysis strategy (Sec. 3.4), the 7 control regions (CRs) will
be used to control the floating of the ¢7 fraction as well as the 7 + bb fraction (yield 7 + bb /
yield #7 inclusive) in the final fitting.

The DY+Jets pt(Z)uncertainty

From Figure 3.63, we observe a discrepancy between data and Monte Carlo (MC) sim-
ulations in the sideband (SB) region over pt(Z). To extract the trend of the discrepancy, we
relax the pt(Z)> 50 GeV cut for plotting and fitting in this section, although the events will be
truncated in the final fit.

We introduce a shape uncertainty on the DY+Jets process to account for this discrepancy.

The difference, shown in Figs. 3.64 and 3.65 (the black histogram), is calculated as

s _ Data—other MC w/o DY+Jets
diff = DY+Jets

We use a linear function to fit the residual difference under pr(Z)at 200 GeV and a con-
stant over 200 GeV to obtain the upper bound, and then symmetrize it. The fitted linear func-
tions and constants are listed in Tab. 3.21. To validate the fitted bounds, they are tested with

the data-MC comparison in the CRs. The bounds can generally cover the data-MC difference,
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. MC background validation plots from 2018 in 7 control region (CR).

(In ryy signal region with re-weighted background with 3b-tagged)
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as shown in Fig. 3.65. This DY+Jets modeling uncertainty is propagated to the variation in
the final fitting variable SvB BDT score, as shown in Figs. 3.66 to 3.68. The corresponding
nuisance parameter in the final fit likelihood is named "CMS_vhh4b_DYZptCor”.

Table 3.21 DY+Jets pr(Z)correction uncertainty

Region nB Function

SB_SM 3 | 1.000+—-1.560 x 10! +2.601 x 1073 pT(Z)
SB_High | 3 | 1.000+-2.667 x 10~! +3.446 x 107 pT(Z)
SB_SM 4 | 1.000+-5.592x 1071 +8.612 x 1073 pT(Z)
SB_High | 4 [ 1.000+-3.430 x 10! +4.300 x 1073 pT(Z)

25—

400 600
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Figure 3.64  Upper(red) and lower(blue) bounds of DY+Jets pr(Z)uncertainty extracted from
the SB. The points are the residual difference between DY+Jets MC and Data minus all back-
ground MC except DY+Jets in the SB.

The 1L channel

The 1L channel as well as the MET channel are dominated by the ¢7 (and ¢7 + bb ) events,
as is the boosted topology in these two channels.

The Top pT re-weighting

Top pt reweighing is implemented according to the formula:

SF= exp(—0.202274+1.09734x10~*xpT((top))—1.30088%x 10~ xpT((top))>+(58.3494/(pT((top))+
196.252)))
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MC and Data minus all background MC except DY+Jets in the ryg CR.
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Figure 3.66  The upper and lower bounds of the pr(Z)uncertainty over the nominal DY+Jets
distribution in ryy SB.
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Figure 3.67 The upper and lower bounds of the pr(Z)uncertainty over the nominal DY+Jets
distribution in ryg CR.
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Figure 3.68 The upper and lower bounds of the Z pT uncertainty over the nominal DY+Jets
distribution in rHH SR.
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Where pT((top)) is the Gen level top pt. The distribution of reconstructed vector boson
pT distribution in SB3b+SB4b of Wev, Wuv, Zvy are shown in Fig 3.69. The pre and post fit
are in Fig 3.70.
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Figure 3.69 Distribution of reconstructed vector boson pT distribution in SB3b+SB4b of
Wev, Wuv, Zvv(from left to right) channels after top pt reweighing and their up/down version.
Up version is applying top pt reweighing twice. Down version is without top pt reweighing.

The shapes of the ¢7 and 7 + bb backgrounds are taken directly from MC, but the normal-
ization is left free-floating and constrained in the fit. Except for ¢7 and t7 + bb , all the other
background estimations are directly taken from MC. Top pr reweighing is also implemented
as discussed earlier. Figures 3.71 to 3.72 show the comparison of data and MC in the regions
of CR3B and SB3B+4B. These are pre-fit plots with ¢7 and ¢7 + bb normalization applied from
the final fitting. In general, we observe good agreement between data and MC, with #f and
t7 + bb being the main components of the background.

The MET channel

In general, the agreement between data and MC is good in Figures 3.73 to 3.74. It’s impor-
tant to note that pr(V)is reconstructed from MET in this channel, so the plot of pr(V)actually
represents the MET object.

The FH channel

Figures 3.75 to 3.78 present the results of applying the nominal background model proce-
dure to the mixed data samples. The 36 — 4b background procedure, is repeated using mixed
samples as a proxy for the 4b data. The mixed sample allows the modeling of the background
to be tested directly in the Signal region. Non-closure seen in these models is combined to
infer a systematic on nominal 35 — 4b extrapolation. This part describes how these results
are used to define a systematic uncertainty on the nominal background prediction.

The plots below show the FvT and SvB distributions before and after the FvT re-weight,
but include the *JCM jet’ multiplicity normalization. Figures 3.75 and 3.76 show the distribu-
tions in the SB, while Figures 3.77 and 3.78 show the distributions in the SR. These distribu-

tions are input to the closure test described above.
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Figure 3.70  Distribution of reconstructed vector boson pT distribution in SB3b+SB4b of
Wev(upper row) Wuv(bottom row) channels before and after fit.
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Figure 3.71 1 lepton channel MC validation (CR3B Wiv). Pre-fit plots with ¢7 and t7+bb scale
factor (from final fitting) applied.
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Figure 3.72 1 lepton channel MC validation (SB3B+SB4B Wiv). Pre-fit plots with 77 and
tf + bb scale factor (from final fitting) applied.
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Figure 3.73 MET channel MC validation (CR3B). Prefit plots with ¢7 and t7bb scale factor
(from final fitting) applied.

The Data-Driven Uncertainty

To extract quantitative systematic uncertainties from the mixed sample background mod-

els, we follow a three-step process: variance, bias, and spurious signal.

1. Estimate the variance among the fifteen mix models by comparing each model to their
average. This is achieved by fitting shape basis elements (as described in equation 3.10
and illustrated in figure 3.79) with increasing frequency components until the pulls (de-
fined as the fit value minus the average value, divided by the statistical error of the bin)
of adjacent bins of the target distribution are consistent with being uncorrelated. It is
important to decorrelate the basis elements from each other with respect to the target
distribution so that the fit parameters will be decorrelated, and independent Gaussian
priors can be estimated. Decorrelation of the basis is achieved by diagonalizing the ini-
tial basis using the Gram-Schmidt process (as described in equation 3.11). The diago-
nalized basis elements are normalized such that the range from minimum to maximum
is 1. This allows the fit coefficients to be easily interpreted in terms of percent varia-
tion. Evidence for the remaining correlation in the pulls of adjacent bins is estimated

with the p-value of the Pearson correlation coefficient (p-value > 5%). The results of
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Figure 3.74 MET channel MC validation (SB3B+SB4B). Prefit plots with ¢7 and t7bb scale
factor (from final fitting) applied.)

these fits are shown in figures 3.80. Gaussian priors are assigned using the standard
deviation over the fifteen fits of the shape basis coeflicients.

2. Estimate the bias of the average mix model including the variance priors from the pre-
vious step by fitting to the average of the fifteen mix samples. The Gaussian priors are
removed sequentially starting with b, until the fit is good (p-value > 5%) and an F-test
of the nested models does not prefer the next less constrained model by more than 95%.
The gaussian priors on the fit parameters are expanded to cover the observed bias (and
additional non-closure parameters if required). This is done by adding the observed
bias in quadrature with the variance from the previous step and the bias fit uncertainty.
The results of these fits are shown in figures 3.81, 3.82.

3. Estimate spurious signal risk by fitting this final average model including variance and
bias priors with and without an unconstrained signal template. There is no signal in
the average mix sample so the best fit signal residual mismodeling degenerate with
the expected signal distribution. If the F-test prefers the model with the unconstrained
signal template at greater than 95%, a Gaussian prior will be applied to the spurious

signal systematic with one sigma range { + o, where { is the best fit spurious signal
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Figure 3.75 Plots of the FvT (upper row) and SvB (lower row) before FvT reweighting in the
SB. The left-hand plots show the nominal 45 data; the middle plots show an example of one of
the mixed datasets; and the right-hand plots show the average over all mixed datasets samples.

strength and o is its uncertainty. The results of these fits are shown in figures 3.81,
3.82.

The variance between the fifteen mix models is due to the finite statistics used in the
fitting of the JCM and FvT models. In principle with infinite statistics, these models should
converge to a unique best fit, though it is hard to know that for certain with stochastic training
methods. The events which are weighted by the JCM and FvT models are the same in all fifteen
models, this component of the statistical uncertainty is included as per bin nuisance parameters
in the final fits. The difference between the average of the mix models and the average mixed
sample is an estimate of the systematic bias of the model procedure relative to the true target
distribution. We believe this bias comes primarily from the phase space extrapolation of the
model from the Sideband to the Signal Region. There may also be small contributions from
the finite dimensionality of the JCM and FvT corrections.

This three-step process is carried out independently for the final signal selection where

the regressed signal probability.

sin(47x) k odd
by = (3.10)
cos(%nx) k even
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Figure 3.76 Plots of the FvT (upper row) and SvB (lower row) after FvT reweighting in the
SB. The left-hand plots show the nominal 45 data; the middle plots show an example of one of
the mixed datasets; and the right-hand plots show the average over all mixed datasets samples.

k-1 1
b;b; ) )
by « by — E w (b;by) = / b; hby, dx where h is the target histogram (3.11)
i=0 0

(b;b;)
B
L) = ([ e[ ertlreesl) 612
bins j J basis i

B =tt;+mj,(1+c;b;;)

The background model B likelihood of observing data D is given in equation 3.12 where
o, i 1s the standard deviation of the fit coefficient c; from the variance fit, ¢; is the best fit value
from the bias fit, and 0% ; is the statistical uncertainty from the bias fit. The total expected
background depends on the #f template, the multijet template, the fit coefficients ¢; and the
normalized basis elements b;.

We find two basis elements in addition to a normalization term are needed to appropriately
model the expected variance among the multijet models in both the k, and vy categories. In
both categories none of the fit parameters are needed to be unconstrained in the bias fit to satisfy
the goodness of fit or F-test criteria. In neither case, do we find a significant improvement in

the model fit when including a spurious signal term.
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Figure 3.77 Plots of the FvT (upper row) and SvB (lower row) before FvT reweighting in the
HHSR. The left-hand plots show the nominal 45 data; the middle plots show an example of
one of the mixed datasets; and the right-hand plots show the average over all mixed datasets
samples.
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Figure 3.78 Plots of the FvT (upper row) and SvB (lower row) after FvT reweighting in the
HHSR. The left-hand plots show the nominal 45 data; the middle plots show an example of
one of the mixed datasets; and the right-hand plots show the average over all mixed datasets
samples.
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Figure 3.79 Fourier basis after diagonalization and normalization.
Left: «, enhanced categorization
Right: «yv enhanced categorization
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Figure 3.80 The results of step 1 (variance)

Top row: «, enhanced categorization. Bottom row: xyy enhanced categorization.

Left column: The Pearson correlation coefficient r and its corresponding p-value as a function
of the number of basis elements. Right column: The fit parameters of each mix model and a
blue ellipse showing the gaussian priors (projected into the plane) used for the bias fit in the
next step.
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Multijet Model Bias Fit (VHH PS LBDT)
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Figure 3.81 The results of step 2 (bias) and step 3 spurious signal in «, enhanced categoriza-
tion.
Top Left: The fit p-value and f-test as a function of polynomial order. The star denotes the se-
lected order where no unconstrained parameter, additional basis or spurious signal is required.
Top Right: The fit parameters are shown with the blue ellipse being the priors from the pre-
vious step and the red ellipse being the updated priors which will be applied for the spurious
signal fit in the next step.
Bottom Left: The fit of the average mix model plus the /7 model to the average mixed data sam-
ple. The last couple bins show the pulls of the fit parameters given the gaussian priors from the
previous step. The fit parameters are shown with their corresponding statistical significance.
Bottom Right: The fit of the average mix model plus the 7 model plus Standard Model
ZHH + WHH signal to the average mixed data sample.

139



R A2 A 8 ST

Multijet Model Bias Fit (VHH PS SBDT)

Multijet Model Bias Fit (VHH PS SBDT)

¢ = 23%

1.0 84
— p-value A
— f-test .
= = f.test Spurious Signal G
0.8 1 44
2
5 001 =
% é_/ 0
: G I
z 1
0.44
_4
c2
0.2 64
_s
0.0 T T T T T T i i i i i i
0 1 2 3 4 5 6 7 s =6 -4 -2 0 2 4 6 8
Unconstrained Parameters o (%)
CMS Internal HH Signal Region Pass m CMS Internal HH Signal Region Pass
ﬂ T T T T T T 1 ﬂﬁ_‘T T T T T T T | ‘(g C T 71 T T L T T 1 T T 1 T T T T L
= [ ¢ [Mixed Data0132.6/fb Fit: . = [ # (MiedDamni326/b Spurious Signal Fit:
2 500{— ] MultijetD X2/DoF = 11.6/11 = 1.06 — L 600 ] mutien X2/DoF = 9.7/11 = 0.88 ({=0)
I F g p-value = 39% q1 w E [« X?/DoF = 8.5/10 = 0.85
 — Fit (O unconstrained parameters) Co =-3.4%: 2.40 ] [ —Fitz=0 p-value = 58% (f-test = 75%)
400 c, ==1.2%: 0.40 - 500[— — Fitz=s.6:39 Cy =-4.6%: 2.80
i c, =2.3%: 0.8 n [ === VHHT04B_CV_1 0 C2V_1.0.C3 20 0 Runiix100) ~C, =-1.6%: 0.50
C J c,=2.9%: 0.70
= ] 400F
300 — - E
r ] 300
200(— — E
= . 200(—
100= - 100 }
= 1 T . Ju| o *‘\l—\—‘—v—‘— i i
v 5[ : — w 5[ : : : . —
5 f 1 35 ]
e F e — %, " — —
-5 C L L L L L - -5 C L L L L L ]
2 4 8 10 12 14 2 4 6 8 10 12 14

SvB P, Bin OVHH PS SBDT
ianal

SvB P, Bin OVHH PS SBDT
ianal

Figure 3.82 The results of step 2 (bias) and step 3 spurious signal in xyy enhanced catego-

rization.

Top Left: The fit p-value and f-test as a function of polynomial order. The star denotes the se-
lected order where no unconstrained parameter, additional basis or spurious signal is required.
Top Right: The fit parameters are shown with the blue ellipse being the priors from the pre-
vious step and the red ellipse being the updated priors which will be applied for the spurious
signal fit in the next step.
Bottom Left: The fit of the average mix model plus the /7 model to the average mixed data

sample.

Bottom Right: The fit of the average mix model plus the 7 model plus Standard Model
ZHH + WHH signal to the average mixed data sample.
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3.6 Systematic uncertainties

The systematic uncertainties considered in this analysis can either affect the expected
signal and background yields or alter the shape of the distribution that enters the template
fit to the data. In this section, each source of systematic uncertainty is discussed, providing
details of the method of its calculation or its estimated size, and categorized into theoretical or

experimental groups based on its source of origin.

3.6.1 Experimental uncertainties

Bin-wise statistical MC uncertainties

Due to statistical fluctuations of Monte Carlo (MC) samples, when the statistics used are
finite, the number of selected MC events in a given bin is not always a reliable estimator of
expected signal/background events in that bin. This is particularly true for bins with a low
number of MC counts. To address this issue, the "’lite” modification of the Barlow-Beston
approach was utilized in the analysis. To reduce the number of free parameters in the fit and
enhance the robustness of numerical minimization, nuisance parameters corresponding to MC
expectations in particular bins were introduced only for bins with at least one MC event. This
represents the largest uncertainty in our analysis.

Luminosity

From the recommendations of the CMS luminosity group, a luminosity uncertainty of
1.0% is included for the 2016 dataset, 2.0% for the 2017 dataset, and 1.5% for the 2018 dataset.
Additionally, a correlated uncertainty for Run 2 is considered: 0.6% (2016), 0.9% (2017), and
2.0% (2018). Furthermore, a correlated uncertainty for 2017 and 2018 is also included: 0.6%
(2017) and 0.2% (2018).

Pile up

The systematic uncertainty on the signal and background shapes introduced by the pile-
up re-weighting procedure is quantified by varying the minimum bias cross section within its
+4.6% uncertainty.

L1 prefiring correction

Effects stemming from the uncertainty of the L1 prefiring correction are accommodated
by propagating the provided uncertainties on the event weights to the scale factors. The L1
prefiring correction is decorrelated between the 2016 and 2017 datasets and is not applicable
for 2018.

Lepton Efficiency
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Uncertainty arising from the choice of baseline selections for lepton identification and
reconstruction criteria, as well as trigger effects, is incorporated as a nuisance parameter. Scale
factors corresponding to these uncertainties are applied to the Monte Carlo samples, and an
uncertainty is evaluated from bin-by-bin differences using alternative samples on lepton scale
factors by combining all these sources. A separate analysis note for the Lepton Efficiency
measurement is available: CMS-AN-21-209.

Jet energy corrections (JER/JES)

To assess the impact on the signal and background shapes resulting from jet energy scale
and jet energy resolution, alternative templates of the MVA discriminant were derived by vary-
ing the absolute jet energy scale and resolution within their uncertainties and propagating the
events through the full reconstruction chain. This source was treated as a shape uncertainty in
the fits.

We adopt the ”11 scheme” of merged JEC sources as implemented throughout the CMS-
HIG-PAG. In this scheme, the sources "FlavorQCD” and “RelativeBal” are fully correlated
across all years. The source ’RelativeSample” is fully decorrelated across the years. All other
sources are divided into a component that is fully correlated across the years and another com-
ponent per year that is uncorrelated, following the recommendations.

AK4 jet b-tagging

Following the recommendations of the measurements from the CMS-BTV-POG, we apply
the efficiency and misidentification scale factors as event weights to the Monte Carlo (MC)
and generate alternative up/down shape templates by varying the scale factors by +10 of their
uncertainties.

Double b-tagging

ParticleNet uncertainties are incorporated using the uncertainties outlined in Table 19 of
CMS-AN-20-231: Search for non-resonant Higgs boson pair production via vector boson
fusion in boosted 4b final state.”

Top pr re-weight uncertainty

It ‘s a known issue that the Top pr distribution in ¢t MC samples is harder than in data.
However the SF provided by Top PAG derived from data is not suitable for analyses using ¢ to

model background.

3.6.2 Theoretical uncertainties

Cross section
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The total signal cross section has been calculated to next-to-next-to-leading order accu-
racy, with a total uncertainty of about 3.6% for both ZHH and WHH processes, which includes
the effects of scale and PDF variations.

H — bb Branching ratio

The uncertainty for H — bb Branching ratio is -1.26% / +1.24% according to Branching
ratios reported in CERN Report 4 [82].

Matrix Element Factorisation and Renormalization scales

The uncertainty arising from the choice of the factorization and renormalization scales
in the calculation of the matrix element of the hard-scattering process is estimated by varying
each scale by a factor of 1/2 and 2, excluding nonphysical anticorrelated combinations due to
large logarithmic corrections | In(ug/ur)| > 1, to calculate the envelope around the central
value. This is accommodated via weights obtained directly from the generator information.
The effects on the signal and background are considered uncorrelated.

PDF's uncertainty

In order to estimate the impact on the limit due to the uncertainty on proton PDFs, event
weights corresponding to different sets of NNPDF MC replicas were applied and propagated
to the fit template’s shape. The total uncertainty is estimated as the envelope of all individual
variations at the level of the final discriminant template. For each PDF variation, we first con-
struct the final template distribution, then compute the residual difference between the varied
and the nominal template in each bin, and finally compute the envelope of these residuals.

PS scales ISR/FSR

In order to evaluate the impact of the choice of ay in the parton shower simulation, the
scales in the shower simulation are varied by a factor of 0.5 and 2 using weights obtained
directly from the generator information. This variation is done independently for the ISR and
FSR showers.

3.6.3 Summary of systematic uncertainties
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Table 3.22

Systematic uncertainties considered in the analysis. “Type” refers to rate (R)

or shape (S) uncertainties. “Correlation” indicates whether the uncertainty is treated as corre-
lated, partially correlated (as detailed further below), or uncorrelated across the years 2016-18.

Source

Type Correlation Remarks

Experimental uncertainties

Norm. scales

Scale factors for 7 (SFS sample), t7+B
(4FS sample) and DY sample

R partially

Integrated luminosity R partially Signal and all backgrounds, all channels
Lepton efficiency S uncorrelated 1L and 2L channels
MET efficiency S uncorrelated MET channel
L1 prefiring correction S uncorrelated 2016 and 2017
Pileup S uncorrelated Signal and all backgrounds
Jet energy scale (11 scheme) S partially Signal and all backgrounds
Jet energy resolution S uncorrelated Signal and all backgrounds
b tag HF/LF fraction S partially Signal and all backgrounds
b tag HF/LF stat (linear) S uncorrelated Signal and all backgrounds
b tag HF/LF stat (quadratic) S uncorrelated Signal and all backgrounds
b tag charm (linear) S partially Signal and all backgrounds
b tag charm (quadratic) S partially Signal and all backgrounds
b regression smear/scale S uncorrelated Signal and all backgrounds
unclusteredEnergy S uncorrelated Signal and all backgrounds
particleNet mass regression S uncorrelated Signal and all backgrounds
b regression smear/scale S uncorrelated Signal and all backgrounds
particleNet tag eff. S uncorrelated Signal
top pt reweighing S correlated tt, t1+B
tf mis-modeling S uncorrelated tf, t1+B
Pileup Jet ID scale factor S uncorrelated FH
Jet trigger emulation S uncorrelated FH
Re-weight DY +Jets S uncorrelated DY+Jets
Re-weight TT S correlated tt (S5FS sample)
DY+Jets pr(Z) S correlated DY+Jets
Multijet background modeling S uncorrelated multijet
Theoretical uncertainties
BR_hbb R correlated Signal
ZHH_NNLO S correlated Signal
QCDscale, ug, ur S correlated Signal, tf, tt+B, 11V, ttH
PDF+a, S correlated Signal, tf, tt+B, 11V, ttH
PS scale ISR/FSR S correlated Signal, tf, tt+B, 11V, ttH
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Table 3.23  Uncertainties from Renormalisation and factorisation, PDF, ISR/FSR, they are
correlated across the years 2016—18. In the table, x is the p7(V), maximum is 525 GeV, minimal
is 125 GeV.

Source Type size (%) formula (%)
Mg and pp
tt Up 0.18 ~7.99  -0.061 - 2.30e-3*x +3.36e-5*x*x
Down -0.12~-6.10 0.146 + 8.66e-4*x -2.43e-5*x*x
tt+B Up 0.3 ~14.38 -16.7 + 0.160*x -1.92e-4*x*x
Down -0.92 ~-4.52 3.44 - 0.041*x +4.92e-5*x*x
1tV Up 0.55~592 0.171+ 6.06e-4*x + 1.97e-5*x*x
Down -0.90~-4.99 -1.02 + 3.67e-3*x -2.14e-5*x*x
ttH Up -0.03~294 -1.40 + 1.18e-2*x - 6.73e-6*x*x

Down -0.18 ~-3.92  1.69 - 1.63e-2*x +1.07e-5*x*x
singletop  Up 24 ~32 0.151 +5.18e-3*x +1.06e-4*x*x
Down -1.6~-21.8  0.243 -6.65e-3*x -6.74e-5*x*x

VHH Up -0.24 ~4.61 -1.47 +9.27e-3*x + 4.40e-6*x*x
Down 0.24 ~-4.61 1.47 - 9.27e-3*x - 4.40e-6*x*x
PDF
tr InN 2.45
ti+B Up 0.22~1.70 0.038 +9.61e-4*x + 4.19e-6*x*x
Down -0.22~-1.70 -0.037 -9.67e-4*x - 4.18e-6*x*x
ttV InN 1.82
ttH InN 2.16
VHH InN 1.46
ISR
tf InN 0.77
ti+B InN 0.30
ttV InN 0.01
ttH InN 0.17
VHH InN 1.15
FSR
tt InN 0.79
ti+B InN 2.46
ttV InN 1.74
ttH InN 1.48
VHH InN 1.89
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Table 3.24 The contribution of each group of uncertainties is quantified relative to the total
absolute uncertainty in signal strength, which is the final line. To compute these relative con-
tributes, the group of nuisance parameters are fixed to the best fit value while the likelihood is
scanned again profiling all other nuisance parameters. The reduction in the up and down bands
are shown in each line. The likelihood shape is asymmetric, and so up and down are quantified

separately.

Uncertainty sources 2L 1L MET FH Combined
Systematic uncertainty +54%/-40%  +47%/-40%  +64%/—-45%  +51%/-36%  +68%/—49%
Lepton +2%/—1% +4% /—1% +0%/—1% +0%/—0% +3%/—4%
MET +O°70/—0070 +lc7c/—1c70 +0070/—1% +1070/—OC70 +0c70/—]6c70
Small-radius jet +17%/—-5% +15%/—5% +26%/-23% +21%/-2% +26%/—16%
Large-radius jet +2% /—0% +12%/—-18% +3%/-3% +1%/—0% +5%/—17%
b tagging +41%/—4% +35%/—3% +56%/—-29% +36%/—1% +62%/—34%
Total modeling +53%/-38%  +37%/—-19%  +54%/-29%  +44%/-19%  +62%/—-40%
Normalization +40%/—12% +34%/—4% +52%/-25% +35%/—-0% +58%/—32%
Re-Weight +34%/-36%  +13%/-17%  +22%/-13% +12%/—1% +25%/—-19%
Kinematic +11%/-10% +17%/-3% +13%/—4% +24%/-24%  +19%/—14%
Luminosity +6°70/ —-0% +507c/ —1% +8070/— 1% +4070/—0C70 +6°70/ —4%
Theory +16%/—-3% +3%/—12% +23%/-10% +15%/—-2% +17%/—=T7%
Others +3%/—6% +4% /2% +8% /7% +3%/—-0% +9%/ —14%
Statistical uncertainty +84%/-91%  +88%/-92%  +77%/-89%  +86%/-93%  +73%/—87%
Total absolute uncertainty +136/-99 +111/-83 +161/-123 +163/-132 +81/-63

Table 3.25

The contribution of each group of uncertainties is quantified relative to the total

absolute uncertainty in signal strength, which is the final line. To compute these relative con-
tributes, the group of nuisance parameters are fixed to the best fit value while the likelihood is
scanned again profiling all other nuisance parameters. The reduction in the up and down bands
are shown in each line. The likelihood shape is asymmetric, and so up and down are quantified

separately.

Uncertainty sources 2L 1L MET FH Combined
Systematic uncertainty +42%/-39%  +49%/-39%  +43%/-38%  +36%/-42%  +46%/—-38%
MET +0%/—1% +4%/—1% +2%/—1% +1%/-0% +0%/—0%
Small-radius jet +8%/ 3% +17%/-10%  +21%/-21% +3%/—7% +15%/-10%
Large-radius jet +0%/—1% +7%/—-10% +2%/—2% +0%/—0% +3%/-3%
b tagging +10%/—-6% +30%/—-5% +28%/—-9% +0%/—6% +28% [ —4%
Total modeling +41%/-36%  +32%/-17%  +27%/-16%  +25%/-27%  +37%/-27%
Normalization +16%/—8% +26%/—-3% +23%/—-5% +0%/—-6% +26% /—6%
Re-Weight +37%/-35%  +13%/-13%  +15%/-14% +0%/ —6% +18%/—-24%
Kinematic +0%/ 7% +15%/-1% +3%/-1% +25%/-27%  +15%/-13%
Luminosity +4%/—1% +0%/—0% +2%/—1% +0%/—1% +3%/-0%
Theory +6%/ —5% +11%/-14% +8%/—-8% +4% / —4% +0%/—-11%
Others +7%/—6% +0%/—3% +7%/—=7% +0%/—1% +9%/—7%
Statistical uncertainty +91%/-92%  +87%/-92%  +90%/—-93%  +93%/-91%  +89%/—93%
Total absolute uncertainty +85/-52 +113/-81 +80/-66 +89/-77 +44/-36
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3.7 Statistical interpretation

After all the analysis procedures introduced before, including the estimation of back-
grounds and the evaluation of systematic uncertainties, a statistical procedure is needed to
evaluate the presence or absence of signals in the observed data. The statistical framework
used for this search corresponds to the frequentist approach adopted by the ATLAS and CMS

collaborations in the context of the Higgs analyses combination [83].

3.7.1 Likelihood function and nuisance parameters

In the forthcoming discussion, we denote the anticipated signal event yield as s, and the
aggregate background event yield as b. Since binned distributions are employed in the inves-
tigation of HH production outlined herein, s and b are represented as vectors, encompassing
the anticipated event yield in all bins across the distributions examined within the three final
states and event categories.

In a model-independent search, the signal normalization is arbitrarily fixed (cc X B = 1
pb in this case) and is scaled by a signal strength modifier factor u. The predictions of s and
b are affected by systematic uncertainties discussed in Section 3.6. Each of these sources of
systematic uncertainties is represented as a ’nuisance parameter” 6;.

The entire set of §; considered is collectively denoted as 6, so that s = s(6) and b =
b(0). An example of 6; is the uncertainty on the integrated luminosity, which is known with a
precision of 2.5% and affects the normalization of both the signal and background estimations.
The shape uncertainties related to the 7, and jet energy scales do not impact the total values of
s and b but affect their distribution among the considered bins. Generally, nuisance parameters
affect the statistical model but do not provide interesting information, unlike the signal strength
u that we are seeking.

From prior considerations or auxiliary measurements, the estimation of nuisance param-
eters (with events independent from those entering the HH signal regions) is represented by
g;. Our confidence in the true value of 6;, given its estimation 6;, is conveyed through the
Bayesian probability density function p(6;|d;). Applying Bayes theorem transforms this prob-
ability into a frequentist probability p(6;|6;), utilizing a flat prior elucidated by the functional
forms of p later in this section. Assuming uncorrelated systematic uncertainty sources, the
combined probability density function p(6|9) is the product of individual probabilities p;, i.e.,
p(010) = [1; p:(6;10;). Given observation n, the likelihood function L is formulated as:
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L(n,0|u,8) = P(n|us +b) - p(6)6) (3.13)

where P represents the evaluation of the probability density function of the events, de-
pendent on mus and b, given the data n. The latter may refer to either the measured data or
the values obtained from a “pseudo-experiment,” namely a set of pseudo-random numbers
sampled from the expected distributions given mus, b, and theta. In the case of binned distri-

butions, P is expressed as the product of Poisson probabilities for every considered bin ;'

. R
(us;j+b;) Ie—(,usj+bj)

.|
n;.

P(nlp-s+b) = ]_[ (3.14)

J

Two cases are considered to select a functional form of p(6;|6;). If the uncertainty arises

from an independent measurement, such as those related to the luminosity or trigger efficien-
cies, the log-normal function is used and defined as:

P(9i|§i;K) =

_(ln(gi/éi))z) (3.15)

Varin(a)f ( 2(In(x))?

For small uncertainties, the log-normal distribution with k = 1 + € is asymptotically
identical to a Gaussian distribution of width €, but it has the advantage of correctly describing
positively defined observables by approaching zero as 6; = 0.

Uncertainties on the background estimated from the data in control regions or ’failed re-
gions’ are handled using a separate approach. This applies to scenarios such as the multijet
background estimation with 3-b tagged data or the ¢7 estimation with the 2-b tagged MC events.
The estimation involves computing the number of events » in the signal regions from the num-
ber of events N in the ’failed regions’. A transfer factor « is utilized, resulting in n = aN. In

this scenario, the uncertainty on » is described by the gamma distribution:

E)N exp(—n/a)

> N (3.16)

PN = -

that signifies the dissemination of the statistical uncertainties on N = n/a from the control

region to the signal region.

3.7.2 Hypothesis testing

The likelihood formalism establishes the foundation for a hypothesis testing procedure

used to quantify the presence or absence of a signal in the observed data. This procedure
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utilizes two hypotheses: one where a signal contribution is present (H,.5) and another where
it is absent (H}). To set a limit on the presence of a signal, it’s necessary to determine a value
of u for which the H ., hypothesis can be excluded in favor of the H;, hypothesis. Conversely,
if there is a signal excess that needs quantifying, the compatibility of the observed data with
the H;, hypothesis is articulated in terms of a probability or p-value. The hypothesis test is
conducted using the “test statistics,” a quantity derived from the likelihood of Eq. 3.13.

The test statistic g,,, utilized for setting exclusion limits (upper limit), is computed as:

L(n,0,|u,8)

Lnan S

< u (3.17)

=

qu=-2In

The symbol HAM in the numerator represents the conditional maximum likelihood estimator
of 0, i.e., the value of 8 that maximizes the likelihood of Eq. 3.13 for a fixed u. Thus, QA# is
a function of u itself. The symbols £ and 6 in the denominator, instead, denote the global
minimum of the likelihood function, i.e., the values obtained when minimization is performed
on both parameters simultaneously. The constraint 4 > 0 indicates that the signal contribution
cannot be negative, while the other constraint 4 < u ensures that upward fluctuations of the
data, if larger than expected for a signal of strength u, are not considered evidence against the
signal hypothesis itself. This definition implies that larger values of g, represent increasing
incompatibility between the data n and the hypothesized value of u. This definition of the
q, test statistic slightly differs from that used in searches at the LEP or Tevatron colliders. It
has been adopted for LHC experiments due to the asymptotic properties of Eq. 3.17, which
allow the derivation of the g, distribution under the H .., and H; hypotheses with analytical
formulas [84] instead of using pseudo-experiments when a large number of background events
is expected. This asymptotic approximation is utilized in deriving the results presented in this
chapter. It has been verified for a few signal hypotheses that these formulas yield the same
result as a complete computation based on pseudo-experiments.

Exclusion limits are calculated using g, in the modified frequentist criterion CL; [85],

obs

[86]. Given an observed value of the test statistic g "

(obtained by computing the value of

Eq. 3.17 using the data n), the probability for g, to be equal to or greater than qzbs under the
H s+, and Hj, hypotheses is defined as:
CLS b(,u) = P(C] = q()bSlH s b)
’ oo e e (3.18)

CLy (1) = P(qu 2 47" |H,)

where the dependence of the two probabilities on the value of u has been explicitly indi-
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cated. The CL; quantity is defined as:

CL, () = CLonn (1) (3.19)

CLy ()

A signal of strength yu is considered excluded at a confidence level (CL) of  if CL;(u) <
1 — . Exclusion limits are typically computed for @ = 95%, with the value of i being adjusted
until the condition is met. Using the CL; criterion is preferred over an exclusion based on
CL;+» () because the construction in Eq. 3.19 guards against under-fluctuations in the back-
ground that could erroneously exclude a signal even if it is absent. Additionally, it’s important
to note that the CL; criterion yields a limit on the value of x, which can be converted into a limit
on the signal cross-section by a simple re-scaling of the initially fixed signal normalization.

The test statistics g used to quantify an event excess is:

]n L(I’l, §0|0’ é())
L(n,014,0)"

a definition corresponding to the test statistics used for upper limits with a signal strength

do= -2 4>0 (3.20)

u=0.
The significance of an excess is measured as the probability of g, to be larger or equal

than the observed ngs under the assumption that no signal is present:

p = P(qo > q3*|H}) (3.21)

This quantity, well known as p-value, corresponds to the probability of the background
fluctuating and producing an excess at least as large as the one observed in the data. By def-
inition, it is independent of the normalization of the signal, although the value of fi retains
information about the magnitude of the excess compared to the expectation. The p-value is

typically converted to a Z significance by expressing it as a one-sided Gaussian integral:

_ -x*/2
p= / —e dx (3.22)
z N2m

It is customary to consider a significance of 30 (Z = 3, p = 1.3 x 107°) as “evidence”
and a significance of 50 (Z = 5, p = 2.8 X 1077) as an “observation” of a signal. However, it
should be noted that when searches for different signals are conducted simultaneously, such as
when examining the presence of a resonance under various my mass hypotheses, the p-value

underestimates the probability of observing a significant fluctuation for any of the hypothesized
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signals. A procedure to correct for the combined probability associated with this multiple
testing and to compute a ”global” p-value, as opposed to the "local” p-value introduced above,

is outlined in Ref. [83].

3.7.3 Validation of the statistical model

The statistical methodology outlined above provides an objective means to quantify the
presence of a signal or to determine an upper limit on its magnitude using the collected data.
Both the CL; and p-value quantities are formulated within a frequentist framework, allowing
them to be interpreted as probabilities of an observed outcome under well-defined hypotheses.
Still, a danger lurks beneath the method and can distort the inference that we draw from the data:
the bias from the analysts. If the selection is made based on the observed data, the probability of
observing an excess cannot be calculated a priori using the methods discussed in the preceding
sections, as it becomes contingent on the data themselves. A common scenario is fine-tuning
the kinematic selections to maximize the number of observed signal-like events in real data:
in such cases, the likelihood of observing an excess of events is artificially heightened during
the selection process. Put differently, an analysis strategy defined based on the observed data
introduces a bias that cannot be addressed within the statistical procedure outlined above.

To prevent this scenario, high-energy physics collaborations typically adhere to the "’blind
analysis” procedure. This involves defining, developing, and validating the analysis strategy
using only Monte Carlo (MC) simulation or data from signal-free control regions. Only after
the procedure is established is it permissible to examine the data in the signal region (the "un-
blinding” procedure) and ascertain if a signal is present. Blind analyses are standard practice
in searches conducted by the CMS Collaboration, and the one outlined in this thesis is no ex-
ception. Each time a new dataset became available, the search was developed and optimized
in a blinded manner, with the unblinding process being preceded by thorough checks of the
quality of the physics modeling.

Significant checks involve controlling the impacts of nuisance parameters and their *pulls’.
These pulls are the disparity between the § estimate derived from likelihood maximization and
the initial value of the nuisance parameter, normalized to the uncertainty value.

For our VHH analysis, this validation is depicted in Figure 3.83 (based on the fit during
the blinded procedure) using the non-resonant signal in a combined likelihood maximization
simultaneously conducted on the four decaying channels and two event categories in each chan-

nel. Only the top 30 significant nuisance parameters are shown in this figure. The *unblinded’
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impact plots can be find in the appendix .3.
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7 CMS_TT_norm_2016_2017_2018 1.000:1’222
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9 prop_binvhhab_Wmn_11_13TeV2018_bind e
10 prop_binvhhd4b_Znn_2_13TeV2017_bin8 : : l—‘_l : i
1 prop_binvhhdb_Znn_1_13TeV2018_bin7 —————
12 CMS_Reg_Scale_2018 ; : —— :
13 prop_binvhhab_Znn_2_13Tev2016_bing D — ——
14 prop_binvhhab_Wmn_11_13TeV2017_bind . SSE——
15 CMS_Reg_Smear_2016 ——t ﬁ
16 CMS_Reg_Scale_2017 ——
- : : 40.05 ¢
17 CMS_DY_norm_2016_2017_2018 . . 1.00.4)‘05 i
18 prop_binvhh4b_Wen_6_13TeV2016_bin21 : ! p— ey :
19 prop_binvhh4b_Wmn_10_13TeV2018_bin21 l—'_l -
20 CMS_btag_hfstats1_2016 P ——
21 prop_binvhhdb_Znn_2_13TeV2018_bin7 l—._l
22 CMS_scale_j_RelBal |—.—|
23 prop_binvhh4b_Wmn_10_13TeV2016_bin21 l—._l
24 prop_binvhhdb_Wen_6_13TeV2018_bin21 —————!
25 prop_binvhhdb_Znn_3_13TeV2018_bin3 ——t
26 CMS_pileup_2017 I—.—I
27 prop_binvhhab_Znn_1_13Tev2016_bin7 D————!
28 CMS_scale__Abs_2018 —
29 prop_binvhhab_Wmn_10_13TeV2017_bin21 —— :
30 prop_bincard_hists_Runll_R_ZIl_Kibdt SM_4b_Il_bin SR Z_bin11 | ?_?_1 |
2 1 0 1 R 2 5 0 5 )
-=-Pull [[J+16 Impact [[J-1o Impact (0-9,)/A6 Ar

Figure 3.83 The pull-impact summary plot from the HHCombine tool, the data is blinded.

Further confirmation of the accurate modeling of the data is furnished by the goodness-of-
fit assessment using the “saturated” method [87]. It is an extension of the y? method designed
for data that deviate from normal distribution, such as the event counts in the binned distri-
butions utilized in this study. This test is structured as a likelihood ratio, with the alternative
hypothesis aligning precisely with the data. The distribution of this test statistic is derived
from pseudo-experiments generated based on the modeled background, then compared to that
computed using the observed data. The findings are elaborated in Figure 3.84. The observed
value is situated within the central region of the anticipated distribution, indicating that the

background accurately models the data.
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Figure 3.84 Unblinded Goodness-of-Fit test in all the channels
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3.8 Result

Given the Feynman diagrams in Figure 3.1, this process depends on four couplings: v,
kww, kzz, and k, . The HH inference tool [61] developed in the HH group is the natural tool
to implement interpolations and extrapolations of cross sections and kinematics with different
coupling schemes, and so the following results have been obtained using it.

The VHH analysis has implemented an eight-LO-sample basis. All of the LO cross sec-
tions for each coupling sample, listed in Table 3.3, are derived from MadGraph. In addition,
considering known NLO (and NNLO for ZHH) effects, we have scaled all of these LO cross
sections by the ratio of NLO/LO (NNLO/LO for ZHH) assuming standard model couplings.
For WHH, this effectively corresponds to a scale of 1.2 across the p7 of the W boson at the gen-
erator level, while the scale of ZHH varies across the pr of the Z boson up to 1.5, as mentioned

in Section 3.2.1.

3.8.1 HHinference Validation

For each of the 8 signal samples, the expected upper limit extracted directly from the
Higgs Combine tool is compared with its counterpart using the HHinference tool and shown
in Table 3.26, utilizing datacards combining all channels.

Table 3.26 Expected upper limits for each signal sample from Combine and HHinference,
using datacards combining all channels.

Signal point \ Higgs Combine tool \ HHinference
CV_0_5_C2v_1_0_C3_1_0 80. 63*3253697] 81. 75+32i’1‘231
CV_1_0_C2vV_0_0_C3_1_0 89. 38*‘;273791 89. 75*‘;275873
CV_1_0_C2vV_1_0_C3.0_0 163. 75’?87965 165. 50+Zé§é
CV_1_0_C2v_1_0_C3_1_0 124. 69+54 17 125. ()()*“54317
CV_1_0_C2v_1_0_C3.2 0 78. 44*32‘_%((’)87 78. 75*32‘;2126
CVvV_1.0.C2v_2.0.C3_1.0 29. 45“291 29. 38Jr12 38
CV_1.5_C2vV_1_0_C3_1_0 32. 66“1‘(‘)%75 32. 50‘“1958176
CV_1_0_C2v_1_0_C3_20_0 171”%756l 170*%75(;

3.8.2 Stacked background templates + signal templates

The post-fit distributions with the signal+background hypotheses are depicted in Figs. 3.85
to 3.86.
For a comprehensive and simultaneous representation, the signal regions (SRs) are amal-

gamated by binning all discriminant outputs into bins of escalating signal purity, expressed as
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Figure 3.85 Postfit BDT distributions with the signal-plus-background hypotheses of the FH

and 2L channels.
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Figure 3.86 Postfit BDT distributions with the signal-plus-background hypotheses of the
MET and 1L channels.

log,, (100(Ssm/B)), where Ssy signifies the signal anticipated by the Standard Model, and B

denotes the estimated background. These bin sums are computed separately for each enrich-

ment type. In Fig.3.87, these aggregated distributions are depicted, superimposed with data
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and signal models falling within the sensitivity of this analysis. For clarity, the Single-Top,

ttH , and t7V backgrounds are amalgamated and denoted as ”Other” in Fig.3.87.
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Figure 3.87 Machine learning output distributions are transformed to log,, (100(Ssm/B)) and
summed for «, - and «yy-enriched SR samples separately. The filled histograms represent the
postfit simulation. The total postfit uncertainty is represented by the hatched band. The SM
contribution and two signal models near expected exclusion at the 95% CL are shown with the
dashed lines.

3.8.3 Scans on signal strength and cross sections

A test statistic derived from the profile likelihood ratio [88] is employed to ascertain the
signal strength, with the combined signal strength serving as the parameter of interest (POI).
Systematic uncertainties are integrated as supplementary nuisance parameters. In the likeli-
hood computations, each of these parameters contributes an extra multiplicative factor to the
total likelihood. Alternatively, four signal strengths are designated as POI for each channel
and compared to the combined signal strength. Figure 3.88 illustrates the signal strengths per
analysis channel, along with the combined signal strengths.

In Fig. 3.87, an excess of data compared to the background-only anticipation is observable

in the most signal-enriched bins across both enrichment regions. In the «, -enriched region,
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the excess 1s roughly consistent with background expectations within approximately one stan-
dard deviation in the most sensitive bin. However, in the MET channel «yy-enriched region,
the excess is more pronounced. For a signal resembling the SM, the observed local signifi-
cance, discounting any look-elsewhere effect [89], stands at 2.6 standard deviations. The signal
strength determined is 145 times the SM signal when all coupling modifiers are set to 1. [79]
The observed excess requires further investigation with additional data. Results from two fits
are illustrated in Figure 3.88: an inclusive fit employing a single signal strength modifier, and
a second fit with distinct signal strength modifiers per channel. In the latter fit, the excess is
predominantly observed in the MET channel, accompanied by some additional excess in the
FH and 2L channels.

138 b (13 TeV)
L T AL B A R B
CMS e Observed
+10 (stat O syst)
= +15 (Syst)

Inclusive —e—— 145 +5i_? (stat) +2595 (syst)
FH 3 —_— e — 190 j’1124:;) (Stat) :1883 (SySt)
MET ——— 283123 (stat) _*5154 (syst)

L _..__ 12 %% (stat) *3532 (syst)
2L j——— 101?91014 (Stat) :Z(;t (SySt)
A I PR TR S SR ST SRS N

0 200 400 600 _ 800, 1000

Signal strength

Figure 3.88 Results from two maximum likelihood fits are presented. The first entry, labeled
“Inclusive,” represents the outcome of a single signal strength fit across all channels. The
remaining four entries stem from a fit of identical regions but with separate signal strengths
allocated to each channel. Thinner blue bands denote one standard deviation from the full

likelihood scan in that parameter, while thicker red bands represent one standard deviation
bands of the systematic uncertainties exclusively.

Two-dimensional likelihood scans of «, versus kxyy and kzz versus kww are shown in
Fig. 3.89 and 3.90, respectively. Other couplings are fixed to their SM values.

Using the CLs criterion [85, 86] and asymptotic formulas [84], we establish the upper
limits on the VHH cross section at a confidence level of 95%. These limits are obtained under
two scenarios: with the SM couplings and through scans on the coupling modifiers. The upper

limit at 95% CL of the VHH production cross section is observed (expected) to be at 294 (124)
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Figure 3.89 Expected (left) and observed (right) likelihood scans in «, versus «yy are dis-
played, with other couplings fixed to the SM predicted strength. The excess is most prominent
in the kyy-enriched region, and thus the most likely point of the scan at xyy = 10.1 and «, =
-2.6 is shifted from the SM mostly in the «xyy dimension.
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Figure 3.90 Expected (left) and observed (right) likelihood scans of kww versus «zz are
shown, with other couplings fixed to the SM predicted strength. The excess is most promi-
nent in the MET channel, and so the most likely point of the scan at xww = 7.1 and «zz = 12.3
is pulled from the SM mostly in the «zz dimension, to which the signal in the MET channel is

solely sensitive.
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Figure 3.91 The left plot shows the VHH cross section limits per channel and combined for
SM value couplings, while results with «; = 5.5 and «yy = ky = 1.0 are shown on the right.

times the SM prediction. Because of destructive interference with positive «, in leading HH
production modes (ggF and VBF), VHH searches can significantly contribute to the overall
HH program near the corresponding minimum in HH sensitivity. Particularly, in the range of
4 < k, < 7, this search exhibits sensitivity comparable to other HH searches. For instance,
the pp — HH cross-section 95% CL expected limit from this VHH search is approximately
3—4 times the bb7*7~ cross-section in this range on the equivalent dataset [90]. Figure 3.91
illustrates the SM 95% CL cross-section limits, as well as those for x; = 5.5, positioned in
the middle of the highlighted region, with other coupling modifiers set to unity. The upper
limits on VHH and total HH cross-section as functions of «, , kyv, and ky are depicted in
Figures 3.92, 3.93, and 3.94. The 95% CL limits are summarized in Table 3.27.

Table 3.27 Observed and expected 95% CL upper limits on the coupling modifiers.

K Kyy Ky K77 Kww
Observed (-37.7,37.2) (-12.2,13.5) (-3.7,3.8) (-17.4,18.5) (-14.0,15.4)
Expected (-30.1, 28.9) (-7.2, 89) (-3.1,3.1) (-10.5,11.6) (-10.2,11.6)

One of our motivation to explore the VHH production mode is because of it’s constructive
interference as explained in Section. 1.3. We can find the comparison of the «, scan at Fig. 3.95
to see that VHH has a very hard distribution at around «, = 5 and around, only weaker than the

well known channel like bbbb, bbyyand shows no destructive interference.
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Figure 3.92  Upper 95% CL limits on VHH (left) and HH (right) signal cross section scanned
over the «, parameter while fixing the xyy and «v to their SM-predicted values. The indepen-
dent axis is the scanned «, parameter, and the dependent axis is the 95% CL upper limit on

signal cross section.
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Figure 3.94 Upper 95% CL limits on VHH (left) and HH (right) signal cross section scanned
over the xy parameter while fixing the vy and «, to their SM-predicted values. The indepen-
dent axis is the scanned «y parameter, and the dependent axis is the 95% CL upper limit on
signal cross section.
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Figure 3.95 The upper limit scan for multiple published HH channel, we can find VHH have
a very hard distribution at around «, = 5 and around, only weaker than the well known channel
like bbbb, bbyyand shows no distructive interference.
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Chapter 4  Future Prospects for HH searches

HE discussion in the previous chapters emphasized the rarity of HH production signals and
T the challenges inherent in physics analysis due to limited statistics. To improve physics
performance or even directly detect these signals, one straightforward approach is to increase
data accumulation under higher luminosity or upgrade detectors to expand acceptances or en-
hance precision. However, upgrading experimental instruments, particularly for large exper-
iments like CMS or those conducted at the LHC, poses significant challenges. This will be
further explored in Chapter 5.

In the context of utilizing current data, there are still two aspects to consider for future
HH research.

If we examine the typical analysis process, we can conclude that the efficiency of detecting
a signal amidst the backgrounds primarily relies on effectively identifying fundamental objects
such as leptons, jets, etc. Additionally, the efficiency depends on extracting the signal from the
background, involving processes like selection and categorization. By employing more robust
algorithms or dedicated analysis strategies, we can significantly enhance physics performance.
In this chapter, we will explore the potential of the data using HH decays into the bb7*7~ and

bbu*u~ channels as example.

4.1 The HH decay to bbt*7~ final states study in Boosted topology

Both CMS and ATLAS Run-2 have observed a sensitive channel for probing HH [17,
18]. Referring to Figure 1.10, we observe that the bb7*7~ decay mode has the third-largest
branching ratio, approximately 7.3%, which is less than a quarter of the largest 4b decay mode.
However, due to its relatively cleaner backgrounds, the sensitivity is comparable to the 4b
mode, setting the second most stringent limit on the cross-section upper limit as well as the
allowed interval of the kappa parameters of interest.

If we look back into the CMS Run-2 HH to bbt*7~ search, we can find a certain amount of
points that could further improve the results. According to the Run-2 analysis flow chart(Fig. 4.1),
we could point out some measurements that could potentially improve the result in Run-3 or
even with Run-2 data.

Exploring the usage of cutting-edge machine learning techniques for jet tagging, we delve

into ParticleNet, a model already instrumental in the VHH analysis (detailed in Sec. 3.3.3) and
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Figure 4.1 Potential improvement point based on CMS Run-2 bb7r*r~ analysis.(The DNNs
are also potential measurements.)

numerous other studies. Its standout deployment includes a double-b large radius jet tagger in
the boosted HH to 4b analysis [91], significantly tightening constraints on the kappa parame-
ters, particularly «yy. This analysis was pivotal in ruling out the xyy = 1 scenario with over six
standard deviations at the 95% CLs level. Among the channels probing kyy, the bbt*7~ decay
emerges as notably sensitive, especially at elevated energies. Another motivating factor for
adopting ParticleNet is its recent enhancement to effectively tag double tau large radius jets,
enabling consistent tagging of both Higgs to 2b and Higgs to 2tau decays with a singular frame-
work. This advancement simplifies the analysis of HH to bb7*7~ decays in the boosted regime
by focusing on a single entity: the large radius jets (AKS jets, per CMS’s official reconstruction
methodology).

We conduct a Monte Carlo-based preliminary study to investigate the potential of this
channel (HH to bbt*7~ in the double boosted topology). Given that the only object used
for the reconstruction of Higgs bosons is the AK8 Jet, we commence with an AK8 Jet-based
analysis to assess the potential enhancements achievable through the utilization of ParticleNet.
The analyses presented in this section are grounded on simulated events from CMS Run-2.
Our objectives include evaluating the performance of the mass regression generated by the
ParticleNet model and comparing this new tagger with the current tagger, DEEPTAU [92].

We utilize the ggFHH sample generated for the CMS 2018 study as the signal sample,
along with the main background processes consisting of DY+Jets and ¢7 inclusive samples,

all of which are officially generated by CMS for Run-2 study. Initially, we focus on events
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Figure 4.2 Cartoon of the categorization of the AKS jets, only typel is signal jets.

containing at least 1 AKS8 jet with p7 higher than the 200 GeV threshold, as our interest lies
primarily in the boosted topology. Subsequently, we analyze all AKS jets from the events to
conduct the jet-based study, considering these AKS jets as potential Higgs candidates.

For the reason of comparing the mass distribution and the performances of the taggers, all
the AKS jets are categorized into 4 different types based on the matching results referring to
the generator level information, as illustrated in the cartoon Fig. 4.2. Typel jets match with 2
generator level hadronic decay taus, which are the only kind that been considered as signal jets
but will not only contains di-tau decay from Higgs but also di-tau decay from the Z boson. Since
we are comparing the power of the di-tau jet taggers, we define typel as the signal category.
There are also type2, in which jets match with only 1 hadronic decayed tau. Type 3 match O
hadronic taus but match with heavy flavor generator level jets, so it would contains the H decay
to bb candidates. Type4 jets match neither hadronic tau nor heavy flavor jets.

The mass distribution can be found in Fig. 4.3. In the left panel, the mass spectrum of
the type 1 jets is displayed. Due to the missing energy during tau decay, the mass peak of
the Higgs boson or Z boson is smaller than their theoretical value. Comparing the solid line
with the dashed lines, which represent the distribution of jet mass after the mass regression
provided by the ParticleNet model, reveals that both the HH and DY+Jets processes exhibit
improved mass resolution. However, the background ¢f process does not show the expected
improvement. Nevertheless, this enhanced resolution will provide additional sensitivity in the
full analysis.

The subsequent step involves comparing ParticleNet with DEEPTAU in terms of their
ability to suppress backgrounds while maintaining signal acceptance efficiencies. We aim to
conduct a direct comparison between these two taggers, which is not very easy. DEEPTAU
scores can only be evaluated when the objects are recognized as taus, meaning that only AK8

jets containing two tau objects can yield two DEEPTAU scores to determine whether they are
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Figure 4.3 Jet mass distribution of typel(left) and type3(right) jets. The solid lines are the
soft-drop mass and the dashed lines are the mass after PNet regression.

X(17) jets. Conversely, ParticleNet scores can be assessed for any AKS jets, ensuring that each
jet is associated with a PNet score. Our initial task is to assess the impact of this difference on
the number of affected jets and how these jets may influence the overall physics performance.

In CMS, the 7 is reconstructed using an algorithm known as the Hadron Plus Strips
(HPS) algorithm [93], which achieves approximately 90% efficiency under the typically rec-
ommended working point for reconstructing single 7 objects. In Fig. 4.4(left), the matching
efficiencies of the HPS tau pair with type 1 AKS jets are illustrated. The first data point is
calculated based on all type 1 jets, and from left to right, the evaluation is performed on jet sets
with higher p; ranges. The purple and red dots represent the results for jets with or without a
loose Higgs mass window limitation between 60 to 150 TeV. From the initial data point, the
overall matching efficiency is approximately 80%, comparable to the single HPS reconstruc-
tion efficiency. However, as the pr increases, the efficiencies drop significantly, attributed to
the increasing merging of the two 7’s inside one jet due to higher energy. This figure suggests
that the 20% of lost jets could be reintroduced into the analysis by employing ParticleNet as
the jet tagger, with the potential to recover even more jets in higher p; ranges. These jets are
all type 1 jets and are those matched with two generator-level taus. In Figure 4.4(right), the
ROC curve of the ParticleNet model is depicted, dividing signal jets (type 1) and background
jets (types 2 to 4). Different colors represent the ROC curves of type 1 jets against different
backgrounds, where dashed lines represent results from the jets set without HPS matching,
while solid lines depict those with matching. This panel indicates that the classification power
of ParticleNet remains unaffected even when all jets that cannot be analyzed using DEEPTAU
are reintroduced and more statistics is almost always an advantage.

Jets that fail to match are selectively excluded from the comparative jet collections to en-
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Figure 4.4 The HPS matching efficiency of the type 1 AKS jets in different pr ranges. The
purple dots are the jets within the Higgs mass window, the red dots are all the jets. Within
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jets. Different colors represent the ROC curves of type 1 jets against different backgrounds,
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sure a balanced evaluation. Currently, DEEPTAU offers solely a single tau tagger, prompting a
synchronization of dual objects within AKS jets, where both must exceed a specified threshold
to qualify as X(77) jets. Figure 4.5 illustrates the comparative analysis. The Receiver Operat-
ing Characteristic (ROC) curves, differentiated by color, display the discriminatory capability
of type 1 jets against types 2 to 4 jets for both ParticleNet and DEEPTAU taggers, utilizing an
identical jet set. ParticleNet’s efficacy is depicted by solid lines, whereas DEEPTAU’s perfor-
mance is delineated by dashed lines. The horizontal axis measures the signal jets’ efficiency,
and the vertical axis gauges the background jets’ acceptance, positioning curves towards the
lower right as indicative of superior performance. This visual comparison underscores Par-
ticleNet’s consistent outperformance over DEEPTAU in segregating type 1 from other back-
ground jets. Table 4.1 further clarifies these findings, detailing background survival rates at
signal acceptance benchmarks of 80%, 50%, and 20%. ParticleNet exhibits enhanced effec-
tiveness, particularly against types 3 and 4, with certain rejection rates surpassing those of
DEEPTAU by one to three orders of magnitude. Regarding type 2 jets, which inherently con-
tain a genuine tau, DEEPTAU’s tagging efficiency is naturally higher. However, ParticleNet’s
AKS jet tagger, not specifically trained for this scenario, faces challenges. Moreover, type 2
jets exert minimal impact on the overall background due to their scarce prevalence.
Conclusively, employing the cutting-edge machine learning tagger, ParticleNet, is antic-

ipated to significantly enhance the search for the HH process in the bbt* 7~ final state within
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Figure 4.5 The ROC curve comparing the performance of ParticleNet and DEEPTAU tagger

in the same jets set. The solid lines represent the

PNet performance while the dashed lines are

DEEPTAU. The horizental axis equal to the efficiency of the accepting of the signal jets and
the vertical axis represent the acceptance of the background jets. So the curves at the right

bottom side indicating a better performance.

Table 4.1 The comparison between ParticleNet

and DEEPTAU of the background acceptance

rate(x10~%)under the same signal acceptance. Smaller the number, better the backgrounds

rejection performance.

DEEPTAU T1vs. T2 T1vs. T3 T1vs. T4
80% 5.45 1.02 5.26
50% 1.13 1.17x107! 291
20% 3.89 4.20x1072 2.09

ParticleNet T1vs. T2 T1vs. T3 T1vs. T4
80% 9.65 1.46x107" 2.11x107!
50% 1.39 1.65x1072  2.84x1072
20% 2.07x107"  8.09x10™* 1.82x107°
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a boosted topology. This approach is expected to reintroduce at least 20% more statistics into
the analysis pool without compromising the signal extraction capability. Moreover, ParticleNet
demonstrates formidable background suppression efficiency, particularly against heavy flavor
and light jets, in comparison to the currently utilized DEEPTAU tagger. The deployment of
a meticulously optimized and calibrated tagger like ParticleNet promises substantial improve-

ments in physics performance.

4.2 The HH decay to bbu* i~ final states study on HL-LHC

In the previous section about the bb7r*7~ final state, we discussed about how the ML
algorithm adapted in the object tagging level can potentially boosted our physics performance.
In this section, we discuss about another decay mode to see how the algorithms adapted in the
event level can effect the final result.

To date, investigations into Higgs boson pair (HH) production have predominantly fo-
cused on decays to bosons and third-generation fermions, leveraging their substantial branch-
ing ratios. Conversely, decays to second-generation fermions, such as HH — bbu*u~, remain
underexplored despite their rarity, owing to the exceptional dimuon invariant mass (m,,,) res-
olution of 1-2 GeV at the LHC, mirroring the precision achieved with m,, [94]. CMS has
substantiated evidence of H — uu [94], with ATLAS reporting significant findings in the
same decay channel [95], rendering this avenue experimentally viable.

This study delves into the HH — bbu*u~ channel, scrutinizing both the gluon-gluon
fusion (ggF) and vector boson fusion (VBF) production mechanisms, with particular attention
to the Higgs self-coupling («x,) and the HHVV coupling (k,y). The analysis adheres to the
precedent set by recent ATLAS and CMS research, fixing other couplings like ky and «;, pivotal
to the primary HH diagrams, to their Standard Model (SM) values. Discussions on «y and
K, typically grounded in single Higgs phenomena, fall beyond this paper’s ambit. Both cut-
based and boosted decision tree (BDT) methodologies were employed to refine event selection
strategies. The evaluation hinges on kinematic distributions, specifically m,, and the dijet
invariant mass (7, ), contrasting with existing studies such as Ref. [96], which contemplated
HH — bbu*u~ through a cut-based approach for SM ggF HH production, and Ref. [97],
which applied a BDT analysis for HH — bbu*u~ in the context of the high-energy LHC.

In our simulated event-based analysis, gluon-gluon fusion (ggF) HH processes are pro-
duced at next-to-leading order (NLO) in QCD using POWHEG-B0OX-V2 [98, 99], whereas vector
boson fusion (VBF) HH processes are generated at leading order (LO) in QCD with MG5_aMC@NL02.6.5.
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We created a total of seven ggF HH Monte Carlo (MC) samples with varied «, values of -5,
0,1, 24,5, 10, and 20, alongside seven VBF HH MC samples featuring different «vy values
of -10, -5, 0, 1, 2, 5, and 10. The selection of other coupling values for subsequent analysis
relies on merging these generated samples, as the differential cross-section undergoes modi-
fication by a second-order polynomial in «,; and vy, aligning with leading-order electroweak
precision. This methodology of blending samples across diverse coupling scenarios adheres
to practices outlined in Ref. [79, 100].

In our analytical approach, events are classified into four distinct categories based on their
originating processes and kinematic characteristics: ggF SM, ggF BSM, VBF SM, and VBF
BSM. The differentiation between ggF and VBF processes hinges on the kinematic profile of
the two VBF jets, identified by selecting the jet pair with the highest dijet mass, m)P". This
selection criterion and the contrasting kinematics of the jet pair are depicted in Figure 4.6,
upper panel. Within both ggF and VBF categories, events are further divided into SM and BSM
groups based on variations in the critical kinematic parameter, myy. For enhanced accuracy,

we utilize a corrected version of this parameter, detailed in Equation 4.1:

Mygeor = Mgy — (M, — 125) = (mpp, — 125) (4.1)

corr

The corrected di-Higgs mass distribution, myjy,

is depicted in Figure 4.6, with the lower
panel distinctly showcasing the categorization: the left segment for the ggF HH processes and
the right for the VBF HH processes. This parameter demonstrates sensitivity to variations in
coupling, leading to the higher energy side representing the SM domain of the ggF category,
while the lower end signifies the SM domain of the VBF category. The demarcations for these

regions are detailed in Table 4.2.

Table 4.2 Summary of the event categorization[101].

Category m}’JBF (GeV) mr (GeV)

ggF SM <880 >400
geF BSM <880 <400
VBF SM >880 <680
VBFBSM  >880 >680

A cut-based analysis has been conducted, meticulously examining each parameter in-
volved in distinguishing signal events from background noise. Synchronized cuts, applied
across multiple dimensions, were optimized to enhance sensitivity to the utmost degree. The

variables selected for background filtration are comprehensively listed in Table 4.3.
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Figure 4.6 Kinematic distributions utilized for categorization in the HH to bbu*u~ analysis
are depicted. Top: myJBF is utilized to distinguish between the ggF and VBF enriched cate-
gories. Bottom: m{T is employed to differentiate between the SM and BSM regions, with the

left side representlng the ggF process and the right side depicting the VBF process. [101]
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Table 4.3 Summary of the optimized cuts for background suppression and the corresponding
efficiencies € in all the four categories. The efficiencies are calculated with the number of
events passing the full set of cuts over the number of events that enter the category. For the
signal efficiencies, only the relevant signals in the corresponding categories are listed.[101]

Category Variable cut €Signal EDY+it
ggF SM |Anun| < 1.9 53% (k,=1) 11%
el Imy, > 1.1
pitmy, > 1.1
pl;b/mHH > 0.3
Hr > 320 GeV
ggF BSM |An¥ < 2.3 55% (ky=5)  13%
|Anp,| < 1.6
ET™ < 40 GeV
VBFSM  mgf >370GeV  39% (koy =1) 3%
|Anuu| < 1.5
|Anp,| < 1.7
|Anp| > 0.7
VBF BSM Cuu > 0.8 69% (koy = 10)  15%

The variables selected for analysis derive from fundamental kinematics, with their re-
spective thresholds finely tuned to maximize overall sensitivities. Notably, the variable C,,,,
as defined in Eq. 4.2 and referenced from [102], was included. Signal events typically exhibit
a greater 7 separation between the two VBF jets, leading to values of C,,,, closer to 1 compared

to those of background events.

VBF VBF
+
R Ml el

Cun = exXpl———gr——vpr; X )’] (4.2)
Hu (nYBF — 5VBF)2 D)

In the boosted scenario, where the two b quarks are indistinguishable as separate small-R
jets, merged jets are instead reconstructed with R = 0.8. Consequently, the final state is charac-
terized by a large-R jet accompanied by two muons. Nonetheless, this region exhibits limited
statistical significance, ultimately rendering its contribution to the overall analysis, which pri-
marily relies on resolved b quarks, as minimal.

In the ggF SM and BSM categories, the availability of sufficient statistics permits the use
of machine learning algorithms to enhance sensitivity further. The BDT algorithm, utilizing
the XGBoost package [103], is selected for this purpose. This approach involves training a sub-
stantial number of shallow decision trees to achieve robust discriminatory capabilities through
the collective strength of the tree ensemble. The training configuration comprises 2,500 trees,

with a tree depth set to 3 and a learning rate of 0.08 for the ggF SM category and 0.1 for the
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BSM category. Limiting the tree depth to 3 is a strategic choice to prevent overfitting. The MC
samples are divided into 64% for training, 16% for validation, and 20% for application, equat-
ing to event counts of 101,000 (335,000) for training, 25,000 (84,000) for testing, and 32,000
(104,000) for application within the ggF SM (BSM) categories. The signal to background
ratio, including DY +Jets and ¢ events, is adjusted to 40:60:1 (4:7:1) for the ggF SM (BSM)
categories, respectively, reflecting the lesser significance of #7 in the ggF SM category. The
variables selected for model training are detailed in Table 4.4, with training processes tailored
separately for the ggF SM and BSM categories. For the ggF SM category, the signal sample
produced with x, = 1 is employed in the training, whereas signal samples with «, values of
5, 10, and 20 are used for the BSM category training. Both DY +Jets and 7 backgrounds are
incorporated in the training across both categories.

Table 4.4 Summary of input variables for the BDT training in the two ggF categories. Be-
sides the variables that are already explained in the texts, |A17,TZX is the maximal |Arn| between

muons and bjets, while |Anztger| is for the other muon and bjet. |AR2‘}J“| and |ARZ§,‘CY| are defined
accordingly. [101]

Input variable ggF SM  ggF BSM
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To enhance signal purity, a threshold on the BDT score is established, aiming to match
the signal efficiency observed in the cut-based analysis, approximately 50%, as detailed in
Table 4.3. Setting the threshold at this level significantly reduces background efficiency to
0.85% and 0.94% for the ggF SM and BSM categories, respectively—representing a tenfold
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Figure 4.7 The ROC curve in the training of the ggF SM and BSM categories. The red dots
present the performance of the cut-based approach. [101]

decrease compared to the efficiency rates yielded by the cut-based method, also documented in
Table 4.3. The efficacy of the BDT approach is further illustrated in the ROC curves, displayed
in Figs. 4.7(left) and ??(right), with the cut-based analysis outcomes marked by red stars for
comparison. Events scoring above this BDT threshold are subsequently incorporated into the
final analyses.

Table 4.5 The upper limits at 95% CL of the ggF and VBF HH cross section in the cut-based
and BDT analyses. [101]

Analysis type 300 fb=' 450 fb~! 3000 fb~!

geF HH (0 /osm)
Cut based 152487 123479 474261
BDT 967 1T Hy  287%
ggF + VBF HH (0 / osmggr+vBR)
Cut based 152786 12270 46%2%
+56 77+45 78+16.2
BDT 96 7 ~23.9 8%
VBF HH (0/csy)
Cutbased 3195140 2555+1130  gge3s0

With an integrated luminosity of 3000 fb~', the search for HH decay into bbu*u~ does
not achieve the threshold for discovery. Upper limits on the cross sections at a 95% con-
fidence level (CL) are determined using the modified frequentist CLs method, applying the
asymptotic approximation. For the SM ggF and VBF HH cross sections, their 95% CL upper
limits are expressed in terms of their SM cross section values, as detailed in Table 4.5. These
limits are given for integrated luminosities of 300 fb~'(corresponding to LHC Run 3), 450
fb_l(combining Runs 2 and 3), and 3000 fb_l(encompassing all LHC and HL-LHC runs). The
expected 95% CL upper limit on the ggF HH cross section is calculated to be 47 (28) times its

174



CHAPTER 4 FUTURE PROSPECTS FOR HH SEARCHES

Table 4.6 The 95% CL constraints on «, and «yy in the cut-based and BDT analyses. [101]

Analysis type 300 fb~! 450 fb~! 3000 fb~!
K, constraints
Cut based (-26.9,32.2) (-24.0,29.3) (-13.8,19.1)

BDT (-20.7,26.2) (-18.3,23.8) (-10.0,15.5)
Kyy constraints
Cut based (=7.6,9.8) (-6.6,8.8) (-3.4,5.5)

SM prediction using the cut-based (BDT) analysis with the total integrated luminosity. Sim-
ilarly, the expected 95% CL upper limit on the VBF HH cross section is 928 times its SM
prediction using the cut-based method with the complete luminosity. Expected upper limits
are also established for the combined ggF and VBF HH processes, assuming their SM cross
sections. Given the relatively low VBF rate, its influence on the combined ggF and VBF HH
upper limits is considered marginal. All results are extracted assuming the Higgs mass equals
125 GeV, closely matching the most precise measurement of the Higgs boson mass to date,
mpy = 125.38 + 0.14 GeV [104].

Additionally, constraints on «, and «yy are determined for lower integrated luminosities,
specifically 300 fb~! from LHC Run 3 and 450 fb~! from the combined Runs 2 and 3, as
summarized in Table 4.6. The 95% confidence level constraints are —13.8 < k; < 19.1
(=10.0 < k4 < 15.5)and -3.4 < kyy < 5.5, using the cut-based (BDT) approach, respectively.

Recent experimental outcomes for HH — bbt*7~, leading in HH sensitivity, are ex-
tended to projections at the HL-LHC with an integrated luminosity of 3000 fb~! and /s = 14
TeV [105]. For an equitable comparison, only projections incorporating statistical uncertain-
ties are discussed. The anticipated 95% confidence level constraints on x, are 1.2 < x; < 4.2
for HH — bbyy and 2.4 < k; < 4.5 for HH — bbt*t~. The expected 95% CL upper
limits on the cross section are 0.86 and 0.49 times the SM predictions for HH — bbyy and
HH — bbt*1~, respectively.

In summary, while the HH — bbu*u~ decay channel may not independently lead to
observation up to the HL-LHC with the methodologies described herein, it holds potential for
a significant contribution to the combined HH search efforts and exhibits sensitivity to BSM
enhancements due to its low occurrence rate and the precise dimuon mass resolution.

From the forward-looking study on HH searches utilizing both existing and anticipated
CMS experimental data for HH decays into bbt*7~ and bbu*u~ final states, the advantages
of incorporating machine learning algorithms are evident. These algorithms not only facili-

tate the tagging of basic physical objects, thereby amplifying our analysis capabilities, but also
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significantly improve categorization and signal extraction processes. The integration of such
cutting-edge tools can streamline analytical procedures and bolster final outcomes. Concur-
rently, the “black box™ nature of machine learning, alongside the selection and refinement of
machine learning models, will continue to pose significant challenges in future physics research

endeavors.
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Chapter 5  Upgrading CMS: Muon and Timing Detectors for
HL-LHC

THER than the new approaches with cautious adoption of machine learning techniques
O and the dedicated design of analysis algorithms, there is a more straightforward way to
achieve additional opportunities in physics or enhance the current analysis performance. This
approach involves upgrading the experimental instruments: increasing the experimental data
statistics, enhancing detection performance, and adding measurement dimensions.

The High-Luminosity LHC (HL-LHC) is anticipated to commence operations by the end

2s~1, it will fa-

of 2027. Engineered to achieve a peak instantaneous luminosity of 5 x 10**cm~
cilitate access to a total integrated luminosity of 3000 fb™", thereby augmenting the discovery
potential of the LHC. The HL-LHC promises to enable more precise measurements of Stan-
dard Model (SM) properties and enhance sensitivity to rare processes, potentially revealing the
existence of previously unknown particles and Beyond Standard Model (BSM) scenarios.

The increased luminosities anticipated at the HL-LHC will lead to significantly higher
pile-up rates, with approximately O(200) events per bunch crossing, and unprecedented ra-
diation levels, with fluences reaching up to 10'°ne,/cm?* and doses of approximately 2 MGy.
Consequently, several technical challenges will arise for the operation of the detectors and the
overall infrastructure. For instance, the LHC tunnel will necessitate the deployment of the most
advanced superconducting magnets, vacuum pipes, cryogenic systems, and superconducting
radio-frequency cavities.

The CMS Collaboration, along with other LHC experiments, is embarking on a series of
significant upgrades to the sub-detectors. These upgrades are anticipated to be commissioned
during the second and third long shutdowns, aiming to uphold the current physics performance
in the challenging environment of the HL-LHC.

Section 5.1 provides a concise overview of the CMS upgrade plans, while Section 5.2 and
5.3 delves into the specifics of the Endcap Muon GEM detector (ME) and Barrel Timing
Layer (BTL) of the MIP Timing Detector (MTD) respectively.
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5.1 The CMS Phase-II upgrade

The HL-LHC project imposes greater demands on the detectors of the experiments, prompt-
ing the upgrading projects of the CMS [106, 107].

There are two main aspects that determine the content of this upgrading program. Firstly,
from a technical perspective, the upgrade of the existing detectors as well as the newly proposed
detector systems should be carefully designed to tolerate the high radiation doses resulting from
the HL-LHC collisions. Secondly, from a physics standpoint, the higher integrated luminosity
is intended for direct research into rare processes, potential hints of BSM physics, and higher
precision measurements. However, the higher instantaneous luminosity will lead to increased
pile-up, which may degrade the performance of data analysis.

As a brief summary, these two aspects directly pose two challenges for the new CMS
detectors:

e The unprecedented radiation doses:

Necessitate a complete replacement of the tracker and the endcap calorimeter systems,
as well as the adoption of new technologies for the electrical boards (EB). Additionally,
substantial improvements in the electronics systems of the barrel calorimeters and the
muon detectors are required.

e The increase in the pileup rate:

Mandates highly granular readouts wherever feasible within the detector, the incorpo-
ration of precision timing detectors, and the development of novel approaches to pileup
mitigation.

Fig. 5.1 illustrates a cross section of the CMS detector, along with the various upgrades
planned for the HL-LHC. Some detectors will undergo complete replacement, while others
indicate new detector systems not included in the current CMS design that will be installed.
The blue boxes represent the sub-detectors involved in the work of this thesis.

The tracking system will undergo complete replacement to increase the granularity of
the detector, thereby enhancing reconstruction performance, while simultaneously reducing
the overall material budget. The inner tracking system will consist of pixel detectors of smaller
size compared to the current ones, while the outer tracking stations will incorporate strips and
macro-pixel sensors, extending the coverage up to || = 3.8 [108]. This design choice will
improve longitudinal and transverse resolutions, and it will lead to lower fake rates, thereby
enabling the reconstruction of L1 trigger tracks up to || = 2.4.

The endcap calorimeters will be replaced with the HGCAL, a high granularity sampling
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Figure 5.1 Cross section of the CMS detector with the indicated upgrades planned for the
HL-LHC. Blue boxes represent the sub-detectors that are involved in the work of this thesis.

calorimeter that will provide, thanks to its features, enhanced shower separation and particle
identification, as well as additional precise timing information [109].

With a similar goal of increasing the overall granularity and providing additional timing
measurements, an upgrade of the ECAL and HCAL barrel electronic readout is foreseen [110].

The complex of the current muon detection system featuring Drift Tubes (DTs), Re-
sistive Plate Chambers (RPCs), and Cathode Strip Chambers (CSCs), will be increased
with the installation of Gas Electron Multiplier(GEM) chambers and a new generation of
RPCs [111], which will also extend the coverage up to || = 2.8 and |n| = 2.4, respectively.

MTD [112] will be placed in front of the barrel and endcap calorimeters to increase the
available timing information on physics objects.

The works represented in this thesis will focus on the GEM detectors in the endcap muon

system and the barrel MTD.
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5.2 The endcap Muon detector upgrade

Originally designed for high hermeticity and redundancy, the CMS muon sub-detector in-
corporates three distinct detection technologies. Drift tubes (DT) in the barrel enable precision
measurements and Level 1 (LL1) triggering, effective up to an acceptance of || < 1.2. In con-
trast, the endcaps employ cathode strip chambers (CSC) for coverage in the 1.0 < || < 2.4
range. Furthermore, resistive plate chambers (RPC) offer additional trigger capabilities and
coarse localization within both the barrel and endcap areas, although their deployment was
limited to || < 1.6, stemming from performance concerns under high background particle
flux. [113]

Investigations into muon triggers for the CMS Phase 1 Upgrade, as detailed in Ref. [114],
indicate that post-LS2, securing an acceptable L1 trigger rate for muons with pT below 25 GeV
necessitates notable efficiency sacrifices in the endcap areas, which account for more than half
of the total CMS muon coverage. To preserve muon trigger and reconstruction performance
amidst high background levels, the CMS experiment’s Muon Spectrometer’s forward section
will undergo enhancements, incorporating Gas Electron Multipliers (GEM) and the advanced
Resistive Plate Chambers(iRPC) technology [111].

The CMS GEM upgrade plan involves installing three detector stations, namely GE1/1,
GE2/1, and MEQO (as illustrated in Fig. 5.2), in the endcap region. This addition aims to sup-
plement the current CSCs located in the high pseudorapidity region and broaden the geometric
acceptance of the muon system to encompass the very forward region. During the Long Shut-
down 2 (LS2, 2019-2021), the initial GEM station (GE1/1) was installed, followed by the
installation of a second station (GE2/1) in the winters of 2023-24 and 2024-25, and a novel
6-layer station (MEO) is planned for the third Long Shutdown (LS3, 2026-2028). The GE1/1
installation marks a precursor to the Phase-2 upgrades, enhancing the pr threshold efficiency
by integrating GEM with CSC readings in the forward muon system, doubling the expected
LHC luminosity (£ =2 x 10**cm™2s~!, 50 PU). Following Run-3’s outset in 2022, which gar-
nered nearly 40 fb~', GE1/1’s commissioning is on the verge of completion [115], with most
chambers maintaining over 95% efficiency, paving the way for the 2023 CSC-GEM trigger
integration demonstration. Insights from GE1/1’s deployment have propelled enhancements

in both detector and electronic designs for GE2/1 and MEO Phase 2 detectors.
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Figure 5.2 Quadrant of a section of the CMS muon spectrometer, showing the Phase-1 muon
stations and the new stations after the Phase-2 upgrade (in red and orange)
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5.2.1 Assembly and quality control of the GEM detector

A Gas Electron Multiplier (GEM), as detailed in [116], consists of a metal-clad polymer
foil with numerous microscopic holes. The material, typically 50um thick polyimide (e.g.,
Kapton by DuPont or Apical by Kaneka), has a dielectric constant of 3.5 and is copper-clad
on both sides to Sum . These holes, as depicted in Fig. 5.3, are double-conical with diameters
of about 70um and 50um for the outer and inner parts, respectively, arranged hexagonally at

140um pitch distances.
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Figure 5.3 A Scanning Electron Microscope (SEM) image displays a GEM foil (left), while
a schematic depiction (right) illustrates the electric field lines (white), electron flow (blue), and
ion flow (purple) passing through a bi-conical GEM hole. The hole has an outer diameter of
70um and an inner diameter of 50um , with a pitch of 140um .

Basic design

The trapezoidal GEM foils employed in a specific CMS triple-GEM module are essentially
identical, requiring only one type of GEM foil per module. The surfaces of the GEM foils
facing the readout board form a single contiguous conductor, while those facing the drift board
are divided into multiple high-voltage (HV) sectors. The sectors traverse the width of the
trapezoid (see Fig. 5.4). Their width decreases from the narrow end to the wide end, ensuring

each strip covers approximately 100 cm?

. This segmentation restricts charge flow during a
discharge to about 2 mC per foil, limiting the total discharge energy to less than 0.5 mJ. Thus,
the GEM foil is safeguarded against damage from discharges, which may occur even at low

rates under normal operating conditions. In the worst-case scenario, a destructive discharge
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in an HV sector would permanently disable only that specific sector, rather than rendering
the entire chamber unusable. To minimize the dead area resulting from the 200 micron thick
separation lines between HV sectors, a left/right partition is added for the wide GE2/1 foils,

reducing the total number of separation lines by half.

MEQO GEM Foils HV segmentation

GE2/1 GEM Foils HV segmentation

Figure 5.4 Schematic high-voltage (HV) segmentation of GE2/1 (M4 module) and MEO
GEM foils into strips on the sides facing the drift board. It is worth noting that only the largest
module, M4, of GE2/1 requires division into left and right segments. Segments in modules
M1-3 remain undivided.

Each HV segment is individually powered through a trace that encircles the GEM foil,
originating from a unified connection point where it receives its external HV supply. This
circuitry, connected to 10 MW protection resistors, ensures each segment’s isolation. The
foil’s opposite side is energized via a singular contact point, positioned at its broader end, as
illustrated in Fig. 5.5.

GEM foil production utilizes photolithography, a standard in the printed circuit sector.
This process, mirroring the GE1/1 foil production approach, is detailed further in the GE1/1
TDR [117].

A triple-GEM chamber is formed by aligning three GEM foils a few millimeters apart
within a counting gas environment. An electric field of approximately 80 kV/cm is gener-
ated across the foil’s copper surfaces, intensifying within the GEM holes as illustrated in
Fig. 5.3(right). Electrons, ionized by a passing charged particle, are drawn towards these holes.
Here, the elevated electric field grants them the kinetic energy necessary for further ionization,

leading to a cascade of electron multiplication. This avalanche effect results in a detectable
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Figure 5.5 The GEM foil features traces along the active area, routing high voltage (HV) to
the HV segments through 10 MW protection resistors.

signal on the readout strips. Fig. 5.6 schematically outlines the operational framework of the
chamber, highlighting the drift, transfer, and induction regions in the triple-GEM setup.

In CMS triple-GEM detectors, the dimensions are as follows: a 3 mm drift region between
the drift cathode and the first GEM, with electron transfer gaps of 1 mm and 2 mm between
the GEM foils, and a 1 mm gap in the induction region, as illustrated in Fig. 5.6. The detectors
operate on an Ar/CO,70:30 gas mixture.

The triple-GEM stack foils are tensioned against stainless steel pull-outs attached to the
drift and readout PCBs to ensure uniform tautness (refer to Fig. 5.7, left). The tension is
applied by tightening screws that pass through the pull-outs, countered by nuts within the frame
encasing the GEM stack (see Fig. 5.7, right), with a minimum torque of 7 cNm, securing the
foils snugly within the gas frame.

Materials for the GE2/1 and MEO chambers replicate those in GE1/1, having undergone
rigorous testing against harmful outgassing as detailed in [117]. This precludes the necessity
for additional material validation. The trio of GEM foils is encased along its periphery by
quadruple strata of slender internal framing, as depicted in Fig. 5.8, utilizing halogen-free
glass epoxy (ISOLA DE156), segmented into eight discrete parts for each layer. The layer
thicknesses delineate spacings within the assembly, specifically: a 3 mm drift gap, 1 mm and 2

mm transfer gaps between sequential GEM foils, and a 1 mm induction gap, as detailed: Drift
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Gap Sizes Potentials Voltages El. Fields
[kV/cm]

Drift cathode | / 3200V

Drift 3 mm 770 V 2.6

2430V
EEEEEEEEEE 380V 64.0

2050V
Transfer 1 1 mm 300V 3.0
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Figure 5.6 Principle of operation of a generic triple-GEM chamber and definition of drift,
transfer, and signal induction gap regions within the detector [116]. The columns on the right
provide the actual gap sizes in the detector, along with typical values for electric potentials
on the seven electrodes and typical values for voltages and electric fields across the four gaps
(blue) and the three foils (red) when the nominal potential of 3200 V in Ar/C0O,70:30 is applied
to the drift cathode, i.e., for operation at the beginning of the efficiency plateau.

Sealing screw Movable Readout connector
internal frame

HV contact pin

Drift plane

Drift board

Pull-out post Stretching screw

Figure 5.7 Left: Cross-section through inner and outer module frames and GEM foils illus-
trating how the GEM foils are positioned within a CMS triple-GEM module, enabling them
to be mechanically tensioned against the pull-out posts without distorting the drift or readout
boards. Right: Stainless steel pull-out posts and spring-loaded pins soldered to the drift board
to establish electrical HV connections with corresponding contact pads on the GEM foils.
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gap / GEM1-GEM2 transfer gap / GEM2-GEM3 transfer gap / induction gap: 3/1/2/1 mm. The
stack is assembled using multiple small M2 X 6 stainless steel screws with T6 Torx heads, which
penetrate all frame layers and foils approximately every centimeter. These screws are tightened
against small threaded M2 brass inserts (see Fig. 5.8 right center). Employing inserts to counter
the screws prevents the loosening of macroscopic and microscopic glass epoxy particulates
from the frames, a phenomenon observed in earlier prototypes where screws were threaded
directly into the frame material. Before assembly, frame components are treated with a coating
of Nuvovern polyurethane varnish. This practice, along with other precautions, prevents the
detachment and subsequent fall of glass epoxy particulates from the frame onto the GEM foils,
mitigating the risk of electrical shorts within the GEM holes. The design incorporates conical
screw heads with flat exteriors, which are embedded into the frame counterbores encircling the
through-holes as they are tightened, as depicted in Fig. 5.8 (top right). In a similar way, the
nuts are recessed into counterbores on the frames, as shown in Fig. 5.8 (center right), ensuring
that both screws and nuts align seamlessly with the inner frame’s top and bottom surfaces upon
completing the stack assembly.

Incorporated at intervals of a few centimeters into the frames are additional square stain-
less steel nuts, with the orientation of their threaded holes perpendicular to both the inner
frame and the surfaces of the GEM foils, as illustrated in Fig. 5.8 (bottom right). These nuts
are designed to interact with M2.5 X 8 stainless steel screws featuring T8 Torx heads, which
engage with small stainless steel supports, referred to as ’pull-outs’, situated within the gas
volume. Manually tightening these ’pull-out’ screws applies tension to the GEM foils in the
stack, pulling the inner frame outward toward these supports. The abundance of screws facili-
tates precise manual adjustment of the GEM foil tension, aiming for the most uniform tension
distribution achievable. The substantial size and quantity of the square nuts play a critical role
in minimizing the force exerted on the frame at each pull-out point, thereby reducing the risk
of long-term localized frame deformation from stress. The ’pull-outs’ themselves are securely
fastened to the PCB, which acts as the drift cathode, using two stainless steel M3 X 6 screws
with T10 Torx heads. These screws are further sealed with polyamide washers against the drift
board to ensure integrity.

Surrounding the tensioned GEM stack and the brass ’pull-outs’, a substantial outer frame
crafted from a single piece of glass-epoxy provides the perimeter of the gas chamber, as il-
lustrated in Fig. 5.8 (left). This frame features several broad indentations to accommodate the

brass ’pull-outs’ and receives a protective coating of Nuvovern polyurethane varnish prior to
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Figure 5.8 Frames utilized in the assembly of a CMS triple-GEM module. On the left, an ex-
ternal gas frame crafted from a single solid piece of halogen-free glass epoxy (ISOLA DE156)
with an inserted O-ring. On the right, a segment of the internal frame of a GEM stack featur-
ing stainless steel screws and counterbores on one side (top) and embedded countering brass
nuts on the other (center). The shiny surface of the frame (top) results from its coating with
Nuvovern polyurethane varnish, which prevents fiberglass dust accumulation. Square nuts are

incorporated into the tabs on the frame (bottom) to facilitate tensioning the GEM stack against
pull-outs using tensioning screws.
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assembly, effectively encapsulating any particulates. To ensure a hermetic seal, a Viton O-ring
is nestled into a continuous groove along both sides of the outer frame. Atop this frame, the an-
ode readout board is positioned and secured to the stainless steel ’pull-outs’ using A4 stainless
steel M3 x 6/ x 10 screws, complemented by polyamide washers to seal against the readout
board, mirroring the assembly technique used for the drift board screws. This arrangement
clamps the outer frame firmly between the drift and readout boards, relying predominantly
on friction to maintain its position, thereby creating a robust barrier against gas leakage. The
design incorporates merely two slender openings at opposite corners of the readout PCB to
facilitate gas flow into and out of the chamber.

Electrical connections to the GEM foils are established through spring-loaded pins de-
picted in Fig. 5.7, which are affixed to the drift board and press against designated pads on
the GEM foils. To enable the HV pins to contact GEM foils 2 and 3, areas on GEM foils 1
and 2 are precisely removed during the assembly process. The drift electrode directly receives
its power from the HV supply entering the drift board, with the required voltages supplied via
individual HV lines to the drift board and then distributed to the GEM foils through the pins.

Addressing an HV short within a GEM foil necessitates removing the affected module
from the CMS, disassembling the module, and substituting the faulty GEM foil. For GE2/1
and the new calorimeter endcap (MEQ), this involves extensive procedures such as opening
CMS or uninstalling the endcap. Consequently, the HV supply system is designed with two
critical functionalities. Firstly, in the event of a short within an HV segment of a GEM foil,
it must maintain the voltage across the foil while managing the current flow through a 10
MW protection resistor in the impacted HV sector, thus ensuring the chamber’s operational
continuity. Secondly, the system is engineered to synchronize the adjustment of voltages on
either side of the GEM foils, provided by separate HV channels, with stringent monitoring
and protective measures to prevent voltage spikes beyond a predefined limit (approximately
500V). This precaution is essential to avert transient overvoltages that could induce sparking
and potentially ruin the GEM foils.

Efforts to ensure uniform gas circulation within the detector aim to prevent the formation
of regions characterized by minimal gas movement, where hazardous gas impurities might
collect. Finite-element analysis conducted on the GE1/1 model confirmed the efficacy of a
straightforward gas circulation strategy, involving a single gas inlet and outlet situated at two
opposite corners of the chamber [117], a method that has been extended to both GE2/1 and
MEQ configurations.
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Despite the distinct geometries of GE2/1 and MEO modules, their dimensions are suffi-
ciently similar to warrant identical assembly and quality assurance practices. These practices
are in line with those developed during the mass production of GE1/1 units across various

manufacturing locations.
Assembly

An overview of the mechanical structure of a single trapezoidal CMS triple-GEM module
is depicted in Fig. 5.9. The primary constituents and materials of a single CMS triple-GEM
module are outlined in Table 5.1. The construction and sealing of the detector are entirely
mechanical. No adhesive is utilized during assembly, enabling the detector to be reopened for
repairs if necessary. Moreover, this approach accelerates the assembly process of the module

as there are no delays associated with the curing of adhesive.

COOLING PIPE .,

Figure 5.9 Exploded view of the mechanical design of a single CMS triple-GEM module.
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Table 5.1 Summary of layer structure and materials of a single CMS triple-GEM module.

Layer Material Thickness [mm)]
Protective cover Al 1.0
Cooling pipe Cu (filled with H,O) 8 external @, 6 inner &
Cooling pads Cu 1.0

GEB board Cu/FR4 0.140/0.856
Readout board Cu/FR4/Cu 0.035/3.2/0.035
Induction gap Ar/CO, 1.0

GEM 3 Cu/polyimide/Cu 0.005/0.050/0.005
Transfer gap 2 Ar/CO, 2.0

GEM 2 Cu/polyimide/Cu 0.005/0.050/0.005
Transfer gap 1 Ar/CO, 1.0

GEM 1 Cu/polyimide/Cu 0.005/0.050/0.005
Drift gap Ar/CO, 3.0

Drift board Cu/FR4/Cu 0.035/3.2/0.035

The drift board is equipped with a drift cathode on its inner surface and a solid ground layer
on the exterior for RF shielding. It incorporates high voltage noise filtering circuitry to connect
with external power supplies, distributing seven distinct voltages to the GEM electrodes and
the drift cathode.

On its external side, the readout board features high-density header connectors to link
the internal radial readout strips to the external VFAT3 hybrids via vias covered by an insu-
lating coverlay (manufactured by Krempel corporation under the name AKAFLEX KDF HT
0/25/25).

These VFAT3 hybrids are also connected to another large PCB, the GEM Electronics
Board (GEB), positioned directly atop the readout PCB. The GEB facilitates the transfer of
digital signals from the VFAT3 hybrids to the module’s broader end for further processing and
integration into the Trigger/DAQ system, as extensively discussed in the electronics and DAQ
chapter. It includes openings for readout board connectors and is outfitted with copper tubes
overhead for cooling the VFAT3 components.

An aluminum perimeter frame is installed around the drift board’s edge, complemented
by an aluminum shield featuring a slender central vent along the module’s length, affixed atop
this frame (refer to Fig. 5.9). This combination of frame and cover offers robust shielding for

the module’s electronic components and auxiliary systems.

Quality control

Within the operational framework of detector production, it is imperative that both the
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GEM foils and the fully assembled GEM detectors undergo rigorous quality assessments post-
manufacture and prior to their dispatch to the CERN assembly facility. The responsibility of
evaluating the integrity of GEM foils and the construction of detector chambers falls upon the
assembly sites. A schematic of the quality assurance protocol, exemplified by GE1/1 proce-
dures, is depicted in Fig. 5.10 [118]. Notably, QC2 tests are mandated at both CERN and
the manufacturing sites, whereas tests from QC3 through QCS5 are exclusive to the manufac-
turing locations. QC2 at the manufacturing site entails a swift cleaning and evaluation of the
GEM foils to ascertain their condition following transit from CERN. Subsequent to QC2, the
assembly phase commences. Post-assembly, QC3, a gas leak examination, is conducted to en-
sure the gaseous environment’s stability, crucial for the functioning of this MPGD. Following
QC3, the detectors undergo a high voltage (HV) scrutiny under QC4 to verify the integrity
of the resistance chain and the proper connectivity of the GEM foils. The final phase, QCS5,
involves testing for effective gain and its uniformity using an external X-ray source to evaluate

the detectors’ effective gain across different HV settings and to assess noise levels.
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(CFRN] - Leal current test + ethanol - H g (CFAN) HV Stability (1 month)
oy ot QC. oy O Oormly e Electronics ks
5 lsiel -
_— I - APV+5RS DAQ Reception at CERN
Shipping to p sites Shipping to P5
Shipping to CERN by G,
Reception at production sites | s e Oy | ac Dryirg underN
10 (P! Gas leak test
- Drying under N, - S-curve
QCZ —:?:;ttal;::aektaeg:t current test QC (cean)  Gas leak test QCeL - LV test HV test
(CERN} HV tast |CERN) - Noise
v v v v
[ ASSEMBLYONSITES || ASSEMBLYofSuperChambers | .
Electronics connectivity Readv for Installation
- Step by step procedure QC,, cenny
+systematic optical inspection & leakage current test 7 (e ::i:::;:::ni* with cooling ON And com missinnirlg

Figure 5.10 The quality control(QC) flow of the triple-GEM detectors, using GE1/1 as an
example. Among which, the QC2 need to be performed at both CERN and production centers
and QC3 to QCS5 need to be performed at the procution centers.

QC3: Gas leak test

Due to the operating principle of the detector, which relies on the deposition of particle
energy to excite atoms in the working gas, leading to the generation of electron-ion pairs, and
as elucidated above, it is evident that the magnitude and speed of the signal are correlated with
the purity and composition of the gas. Moreover, the ingress of interfering substances such

as oxygen and dust from the air into the detector’s gas chamber can potentially cause GEM
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foils arcing or gas breakdown. These occurrences could affect the application of high voltage
or the magnitude of partial pressure, subsequently influencing the effective gain and thereby
impacting the quality of the detector. In summary, ensuring the gas-tightness of the detector is
crucial for guaranteeing the quality of gas detectors.

Typically, a mixture of argon and carbon dioxide gas is used as the working gas medium
in GEM detector experiments. However, during gas-tightness tests, pure carbon dioxide gas
is employed as the testing gas. When the internal pressure exceeds atmospheric pressure by
25 mbar, the entire gas chamber is sealed. The pressure inside the chamber is continuously
monitored for one hour. If the pressure decreases at a rate of less than 1 mbar/hour within one
hour or longer, the detector chamber is considered to have passed the gas-tightness test. If the
above requirements are not met, the detector needs to be repaired. A gas leak detector sensitive
to carbon dioxide gas is used to determine the location of the gas leak. The detector is then
sealed by reassembling it and using polymeric substances until it meets the required standards.

Initially, we designed a testing platform for sealing the detector chamber and testing inter-
nal and external air pressures. The external supply of test gas is provided by an overpressure-
adjustable carbon dioxide cylinder. First, the gas passes through a pressure regulator valve to
control the overpressure, ensuring that the testing conditions meet the requirements without
damaging the detector chamber or GEM foils. Next, it flows through an adjustable flow meter
and a ball valve, with the ball valve leading to the interior of the detector chamber. Another
set of ball valves and flow meters are installed downstream of the detector’s exhaust port to
prevent gas leakage. Adjacent to the detector chamber, there is a sealed chamber connected
to the same Arduino microcontroller, ensuring the same temperature and pressure conditions
as the detector chamber. Temperature and gas pressure sensors are placed inside this chamber
to measure the pressure and temperature of the detector chamber. Both the detector inside the
chamber and the pressure sensors outside are connected to the same Arduino microcontroller
for data collection during experiments. Refer to Fig.5.11(left) for the specific gas flow diagram.
It can be seen that besides the input and output ports of the detector, there are also circuits for
sensors and multiple valves that may cause gas leaks and interfere with experimental results.
Therefore, a control group must be set up. To further address this, the gas circuit diagram
shown in Fig.5.11(right) was established, where the input and output ports of the detector gas
were connected end-to-end. This configuration allows the test results to reflect the leakage sta-
tus of the test circuit, eliminating interference from the equipment. This completes the design

of the detector gas tightness test.
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Figure 5.11 Left: Gas leak test circuit for the detector chamber. Right: Control gas leak test
circuit for the reference group.

The gas circuit is constructed using stainless steel pipes combined with valves and easy-to-
connect fittings. During the experiment, we utilized an aluminum plate to construct a simple
test stand model as a base, designed to fit into a NIM cabinet according to its dimensions.
The front and back views of the test stand are shown in the upper left and right images of
Fig. 5.12, respectively. The detector is connected to the microcontroller via metal connectors,
extending data lines from the metal enclosure. Preliminary pressure control is performed at
the valve of the carbon dioxide cylinder, and the pure carbon dioxide gas passes through a
pressure controller before entering the test circuit. The dual pressure control aims to ensure
that the detector is not damaged by excessive pressure. Upon entering the test circuit, the carbon
dioxide gas first passes through a flow meter, then through a needle valve, before reaching the
detector chamber. Along this section of the circuit, a metal chamber branches off, housing the
sensors described below. After passing through the detector chamber and exiting from port B,
the gas passes through a ball valve and then another flow meter before leaving the test platform.
Refer to the schematic diagram in Fig. 5.12 lower panel for details.

We designed the core of the data acquisition system to consist of a microcontroller and a
computer. The microcontroller controls and collects data from sensors, which is then transmit-

ted to the PC for data acquisition and subsequent processing either via data cables or a Wi-Fi
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Chamber

Figure 5.12 Upper: Photographs of the gas test stand model. (Left) Front view. (Right) Back
view. Lower: Schematic diagram of the gas leakage test platform.
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module. The flowchart of the electronic platform process is shown in Fig. 5.13.

As mentioned earlier, the role of the microcontroller in the gas leakage test is relatively
straightforward. It powers the sensors, collects instructions, and transmits data to the PC via
data cables or a Wi-Fi module. Therefore, we chose to use an Arduino microcontroller. Ar-
duino is a flexible open-source platform developed by a European team in 2005, comprising
both hardware (development boards) and software (Arduino IDE). Developers build the Pro-
cessing/Wiring development environment on their computers and use a high-level language
between C and Java to write programs in the IDE. These programs are then burned into vari-
ous models of development boards via data cables, and the microprocessor on the development
board compiles them into binary files. These files control electronic components through vari-
ous interfaces to achieve desired functionality. On the other end, the computer triggers certain
functions of the development board and obtains feedback signals by sending simple strings via
data cables or wireless signals, thereby achieving data acquisition.

Additionally, the limited length of data cables may pose various challenges during test-
ing, especially when encountering complex laboratory setups or sensor requirements. Relying
solely on data cables can lead to unnecessary complications. Therefore, we opted to build a
wireless reading and writing platform using an Arduino-based Wi-Fi expansion board. For
our experiments, we employed the Wi-Fi SHIELD V3 expansion board, which offers three
operating modes: "AP+STA” mode for TCP-Client or TCP-Server mode, and AP mode. We
selected the TCP-Client mode, which allows us to establish an AP network. This network
can be accessed via a computer for configuration, enabling the module to join other Wi-Fi AP
networks. In this mode, the Wi-Fi expansion board’s IP address remains fixed, and the com-
puter can control it as long as they are on the same Wi-Fi network, eliminating the need for
repeated configuration. To collect data, we simply open the data acquisition software on the
computer, input the corresponding IP address and port number, and proceed with data collec-
tion smoothly.

Due to the limited number of interfaces on the development board, it cannot accommodate
more than two sensors simultaneously, and using two identical sensors concurrently is also not
feasible. Therefore, we opted for two different integrated sensors.

The BME280 sensor can simultaneously measure temperature, humidity, and pressure, of-
fering the advantages of multifunctionality, compact size, and high precision. It is designed
with a Gravity-12C interface and includes a reserved SPI interface, allowing for the rapid pro-

totyping of products for applications such as environmental monitoring and IoT control. The
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Figure 5.13  Left: Gas leak test DAQ flow chart. Right: The Wi-Fi SHIELD V3 board.

sensor is responsible for conducting internal pressure tests within the detector or gas circuit.

The BMPO85 is a small-sized, low-power, and high-precision atmospheric pressure sensor.
It can also be connected to Arduino via the I2C bus to obtain real-time pressure data. Com-
monly enclosed within instruments, it is used for precise applications such as GPS navigation,
vertical velocity indication, and floor altitude measurement. In our setup, the BMP085 sensor
is employed as the external atmospheric pressure sensor.

A typical test result shown in Fig. 5.14, where the pressure drop can be compared with the
reference group and the leaking ratio pass the requirement which means the detector chamber

can operate normally under standard gas flow.
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Figure 5.14 A typical result of the gas leak test.

QC4: High voltage test
The QC4 phase aims to assess the quality of the detector’s high-voltage divider circuit and
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the extent of noise impact. To prevent potential damage to detector components, especially the
GEM foil, resulting from faults in the voltage divider circuit, it is necessary to measure the
classical I-V curves and monitor the frequency of noise signals.

QC4 analysis is divided into two main sections. The first part involves testing the IV curve
of the voltage divider circuit, wherein different voltages are applied to the drift electrode of the
Triple-GEM detector, and the resulting currents are measured. By analyzing the IV curve,
the actual total resistance of the circuit can be determined. This value is then compared to
the design resistance to assess whether the circuit exhibits leakage currents, dark currents, or
non-standard resistance values. The second part focuses on measuring the frequency of noise
signals, also known as spurious signals. The detector is placed in its operational environment,
with no incident particles, and the frequency of signal occurrences is measured. Despite efforts
to minimize electronic noise and the presence of cosmic rays, some signal frequency persists.
A detector is considered to pass the quality control test if the frequency of spurious signals
does not exceed 10 Hz under operational voltage.

As analyzed in the previous section, the testing protocol revolves around the voltage di-
vider circuit and noise, with the primary focus on drift current and noise frequency. Conse-
quently, our hardware and software platform design is centered on these aspects. The design
of a suitable voltage divider circuit involves two key considerations. Firstly, the resistors must
be appropriately sized to meet the operational requirements of the detector. Secondly, the lay-
out should be conducive to effective wiring, facilitating the connection of the voltage divider
circuit to the surfaces of each GEM foil in the Triple-GEM detector, as well as to the drift and
readout electrodes. In accordance with the design schematics of the voltage divider circuit out-
lined in the CMS upgrade TDR [117], the complete voltage divider circuit and its connectivity
are illustrated in Fig. 5.15.

The second part involves setting up the testing platform, which will evidently involve a
considerable number of electronic components. The determination of the current-voltage (IV)
characteristics is relatively straightforward, as it simply entails applying high voltages across
the voltage divider circuit using a specialized high-voltage power supply while measuring the
corresponding current values. However, measuring noise is more complex. Firstly, it requires
arranging experimental conditions identical to those during detector operation to discern false
signals caused by factors unrelated to the experiment. Secondly, the amplified signals from the
detector need to undergo preprocessing before being directed to the computer. The flowchart

for this part is as shown in Fig. 5.16, the signal will be extracted from the bottom of GEM3
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Figure 5.15 The connection of the high voltage divider and the values of the resistances.

foil, first pass through the primary amplification of the preamplifier, then enter the resistor
amplifier for further amplification and shaping, and then flow through the signal discriminator
to remove spurious signals and integrate larger pulse signals into standard signals input to the
counter for signal counting. On the software side, it is designed to complement the hardware
design, requiring software control for both the voltage and current testing of the high-voltage

power supply, and another software for controlling the counter.

Pre-amplifier Amplifier Shaper Linear fan infout Discriminator Dual timer Scaler
500 pF

from G3b |

50 ko CAEN A422A ORTEC 474 ClockT

Figure 5.16 The flowchart of the signal counting electronic platform.

The power supply and working gas in the laboratory are centrally managed. The labo-
ratory’s high-voltage power supply is uniformly provided by the CAEN-SY5527 high-voltage
power supply, which features 6 interfaces for 10,000V and 10 interfaces for 6,000V, connected
to the computer via Ethernet cable. It can be controlled using dedicated software developed by
CAEN or other computer programs. The entire laboratory, including the high-voltage power

supply in the cleanroom, is controlled by this power supply unit. The laboratory houses several
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types of gases, including nitrogen, argon, and carbon dioxide. Nitrogen is used for purging the
gas lines, while argon and carbon dioxide serve as the working gases for the Triple-GEM detec-
tor. The gases are extracted from steel cylinders and fed into the SY-9506 gas mixer through
metal conduits. The gas mixer can output either pure gas with a certain flow rate or mixed
gases with specific compositions. Similar to the high-voltage power supply, the laboratory’s
gas supply is centralized and controlled by one or several gas mixers.

The ORTEC 142PC interfaces with input and output signals through a radio frequency
(RF) interface and provides power to the preamplifier via an RS232 interface. This interface
can be connected to the ORTEC 474 amplifier for power supply, as it is a compatible product.
The ORTEC 474, also interfacing with input and output signals through a radio frequency
(RF) interface, allows for adjustment of amplification factor, time differentiation, and delay on
the front panel. Its RS232 interface on the rear panel can supply power to the preamplifier.
The CAEN Mod.N843 signal discriminator is a standard NIM module with 16 channel inputs
and 48 channel outputs. Each input corresponds to two discriminated signal outputs and one
reverse output after internal settings. The threshold can be set on the front panel to isolate
signals below this threshold. Additionally, the occurrence time of signals above the threshold
is determined using a ratio method, and a fixed-width narrow pulse signal is output at that
time. The ORTEC974A pulse counter, with appropriate internal configuration, counts pulses
of a certain size and width. The front panel allows for a range of settings including time regions,
which can also be configured through computer programs. Communication with a computer
is facilitated through the RS232C interface.

Once the Ethernet port of the high-voltage power supply and the RS232C serial port of the
ORTECO974A are connected to the computer terminal, the electronic test platform is essentially
set up. A typical QC4 test result is shown in Fig. 5.17, we can find a linear IV curve and a
reasonable level of noise.

QC5: Effective gain and uniformity test

QCS testing involves evaluating the detector’s effective gain and uniformity. Similar to
QC4, it entails performance testing of fully assembled detectors and comprises two parts: the
first part involves assessing the effective gain, while the second part focuses on evaluating the
uniformity of detector gain. The effective gain refers to the ratio at which the triple-GEM foils
multiply the number of electrons during actual detection operations. Let Q denote the num-
ber of primary electrons generated by a certain particle entering the detector within a certain

period of time t, and N represent the number of particles entering the window. Consequently,
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Figure 5.17 QCH4 typical results with GE1/1.

the number of primary electrons should be the product of the two. Similarly, based on the
principle, it can be inferred that the amplified electrons will generate an equivalent amount of
induced charge at the readout electrode and be directed to ground, thus the number of amplified
electrons is given by I X t. According to the principle, the effective gain of the triple-GEM

detector can be expressed as equation 5.1.

I
G =L
ON

We found that, for practical measurements, it is necessary to determine four physical quan-

(5.1)

tities: the time duration 7, the continuous readout current /(z) during this period, the number
of incident particles N, and the number of electrons excited by a single particle Q. While the
measurement duration can be arbitrarily defined, the current magnitude can be read using a
current meter. The more challenging aspects are the two parameters in the denominator. After
conducting research, we have chosen the following approach for measurement. The number of
electrons excited by a single particle can be calculated using theory. The total ionization can

be described by the following formula [119](Eq. 5.2).

AE
nr = Wl (5.2)
In the above equation, AE represents the total energy lost by the incident particle in the
medium, and W; represents the energy required for the gas to ionize and produce one electron-
1on pair on average (also known as the average ionization energy in pure substances). At stan-

dard temperature and pressure, the ionization energy of most working gases ranges from 20 eV

200



CHAPTER 5 UPGRADING CMS: MUON AND TIMING DETECTORS FOR HL-LHC

to 40 eV or the same order of magnitude citehohlmann2009geant4. During the testing, we irra-
diate the detector with X-rays to generate electron-ion pairs, so the energy source for primary
1onization is the incident X-rays. The working gas used is a mixture of CO,:Ar = 30:70, which
has been tested to achieve good results. It can both excite free electrons from argon atoms and
utilize the greater molecular degrees of freedom in carbon dioxide molecules to consume ex-
cess energy without sufficiently exciting new electrons, thus maintaining system stability. The
ionization energy of this mixture is 26.4 eV. Then we derive from equation 5.1 the following

equation(Eq. 5.3).

I
~ eRAE[26.4eV

(5.3)

Where G, I, and AE retain their meanings unchanged, R represents the frequency of in-
cident particles, and e is the electric charge constant. Referring to relevant literature, we can
approximate AE as the energy of X-rays. Therefore, the final physical quantities that need to
be measured are only I(t) and R. In addition to measuring the effective gain, another part of the
QCS5 process is to determine the uniformity of the effective gain. The detector is divided into
different regions, and the effective gain of these regions is tested separately to assess whether
all positions of the detector are in good working condition.

The hardware platform needs to achieve the following functions: stable supply of working
gas, stable supply of operating voltage, stable supply of X-rays (with limited irradiation area),
testing of pulse frequency on the bottom surface of GEM3, and testing of real-time current
signals from the readout circuit board. In Chapter Four, during the introduction of QC4, some
laboratory environments were described, and thus will not be repeated here. Only a brief
explanation of the above five objectives will be provided.

Stable working gas: As mentioned earlier, the working gas is supplied uniformly by the
gas distributor, providing a mixture of CO, : Ar = 30 : 70, which is then piped into and out of
the X-ray shielding box.

Stable operating voltage: The SY5527 integrated high-voltage power supply is em-
ployed to provide power. The power is fed into the X-ray shielding box via high-voltage RF
cables.

Stable X-ray: A stable silver-target X-ray source is used to irradiate the detector inside
the shielding box. The emission aperture is equipped with a specially designed collimator,
providing an emission area of one square millimeter, which perfectly meets the positional ac-

curacy requirements of this experiment. A temperature sensor is installed on the X-ray tube to
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monitor temperature data, which can be read by the computer. This allows for timely experi-
ment termination in case of overheating. Additionally, a cooling fan is installed at the bottom
of the X-ray tube to reduce its temperature. Furthermore, to test the uniformity of the gain,
the position of the X-ray tube will be frequently adjusted during the experiment. Therefore,
it is mounted on metal rails, allowing for three-dimensional free movement within the X-ray
shielding box.

Testing Pulse Frequency: The procedure and equipment for testing pulse frequency are
identical to the testing of false signals in QC4, and thus, will not be reiterated here.

Testing Real-Time Current Signal of the Readout Circuit Board: The current flow-
ing from the readout board is routed through an adapter interface into the coaxial cable and
directly connected to a sensitive microammeter. The microammeter used in the experiment is
the KEITHLEY Model 6482, which can be connected to a computer via an RS232 serial port
for control and data retrieval.

The electronic equipment for data collection has been fully assembled after the prepara-
tion of the five aforementioned hardware components. Considering the specific locations of
laboratory items, the number of computer serial ports, and operational feasibility, we layout
the setup as shown in Figure 5.18. Pulse counting, readout current, and operating voltage are
controlled by one computer, while X-rays are controlled by another dedicated computer. If the

performance status of PC1 permits, it can also control all components.

Gas I/0
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o memmmm Detector
142pc 1
£
1 3
Movement
Frame2 SY5527
RS 232 Cantrol /
Acquisition Power — )
Storage Test station Framel
Analysis ON/OFF I Current/Voltage |
[ T
 PC2
[ ]

Figure 5.18 Layout of hardware setup for complete QCS5 experiment..

And the typical result of QC5 can be found in Figure 5.19, the upper panel shows the IV

curve and the level of noise under the X-ray source, and the lower panel shows the distribution
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of the effective gain at different locations on the board, which indicates the uniformity of the

effective gain.
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Figure 5.19 The typical result from the QCS. Upper: The IV curve under X-Ray source and
the level of noise. Lower: The distribution of the effective gain.
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5.2.2 Simulation study of multi-layer GEM detector

As discussed in the previous section, the triple GEM detector is selected to be the detec-
tors in CMS phase-II operation for its good performance under high radiation environments.
Multi-GEM detectors are effective at reducing the discharge probability and Ion Back Flow
(IBF) [120]. They can operate at lower voltages, while maintaining a high effective gain. They
are widely used for the high-energy experiments in the high luminosity environment. For in-
stance, a triple-GEMdetector is adopted as the baseline solution for the CMS muon system
upgrade as introduced, and a quadruple-GEM detector is a candidate for the upgrade of the
ALICE Time Projection Chamber (TPC) [121].

A gas discharge is initiated when the gain surpasses a critical threshold, identified as the
Raether limit [122]. Experimental observations have shown that the discharge likelihood for
a triple-GEM detector subjected to a-particle exposure is significantly high once the effective
gain exceeds 4 x 10° [123]. Conversely, a quadruple-GEM detector can achieve equivalent
gains at reduced, safer operational voltages, thereby diminishing the probability of discharge.
Moreover, the space charge effect is mitigated due to a decrease in the IBF [124]. Given these
advantageous performance traits, a thorough investigation through simulation of the physical

principles governing quadruple-GEM technology is warranted.
Configurations

The comprehensive simulation workflow is depicted in Fig. 5.20, utilizing software suites
such as Garfield++ [125], ANSYS, and ROOT. ANSYS is employed to construct the three-
dimensional GEM detector unit model and to calculate the field map at specific voltage settings,
serving as inputs for Garfield++. Garfield++ then develops the full model, sets up various phys-
ical conditions, and simulates intricate physical processes via the Monte Carlo method. ROOT
facilitates data processing and analysis. To align simulations more closely with experimental
outcomes and enhance understanding of multi-GEM detectors, a parametrization approach is
applied in gain studies.

Signal simulation involves computing induced currents through the Shockley—Ramo the-
orem [125, 127], with algorithms for charge integration and signal amplification mimicking
those of a pre-amplifier [128]. These induced signals are then processed with the VFAT3
transfer function [117] to produce voltage pulses for signal shaping, with a shaping time set at
100 ns. The signal’s amplitude, reflecting the total induced charge, benefits from an optimized

shaping time [117]. The simulation outcomes presented derive from these induced signals.
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Figure 5.20 The flow chart of the full simulation [126].

To facilitate comparisons with existing experimental data, we model a quadruple-GEM
detector akin to the design implemented for the ALICE TPC upgrade [129, 130]. Figure 5.21 il-
lustrates the schematic design of the quadruple-GEM detector, featuring a GEM foil composed
of a 5S0um thick Kapton layer with Sum copper cladding on each side. Utilizing photolithog-
raphy, biconical holes are etched into the foil in a regular hexagonal pattern, with inner and
outer hole radii of 50um and 70um, respectively, and a hole pitch of 140um. The drift, three
transfer, and induction regions have thicknesses of 4.8-2-2-2-2mm, with a readout strip pitch
of 210um and a width of 150um. For comparison with the CMS triple-GEM detector, which
features 3-1-2-1mm thick regions [117, 131], we also designed a quadruple-GEM detector with
3-1-1-1-1mm thicknesses, referred to as the ’'CMS quadruple-GEM’ detector.

The high voltage (HV) divider circuit diagrams for the ALICE quadruple-GEM detector in
simulation are presented in Fig. 5.21, mirroring those used in experimental setups [129, 130].
Voltage distribution across each region can be adjusted proportionally using a conventional
HV divider, while a non-conventional HV divider allows for independent modification of the
electric field strength in the drift region. The CMS triple-GEM and *’CMS quadruple-GEM’
detectors utilize other conventional HV dividers [117]. Figure 5.22 displays the unit models,
typical electric field distributions, and the voltage applied across each GEM foil. The electric
field in each region facilitates electron drift, with the fields inside the GEM holes reaching up
to ~60 kV/cm, leading to electron avalanche multiplication. Electrons traversing the induction
region induce currents on the readout strips lasting tens of ns. Gas mixtures of Ar/CO, in
ratios of 70:30 (70% Ar, 30% CO,) and 90:10 (90% Ar, 10% CO,) are evaluated to assess gas
composition effects. Simulated particle beams are directed perpendicularly onto a rectangular
area on the cathode plane, encompassing all possible alignments with the first GEM foil. The

simulation involves four different particles:
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Figure 5.21 The schematic design of a quadruple-GEM detector (left); two types of high
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Figure 5.22 The unit models, typical electric field distributions, and voltage drop applied on
each GEM foil for these detectors calculated with ANSYS. a) CMS triple-GEM detector; b)
"CMS quadruple-GEM’ detector; ¢c) ALICE quadruple-GEM detector. [126]

5.89 keV X-ray produced by >*Fe source.

* S~ electrons produced by '"Ru-Rh source, with the maximum energy of 3.54 MeV.

 Free electrons around 10 eV (similar to the low-energy ionized electrons), used in
the electron transparency and effective gain studies, especially for the parametrization
method.

* 150 GeV u~ beam, studied in a series of beam tests at CERN [131].

Results

The quadruple-GEM detector simulation results encompass various parameters, includ-
ing time resolution, spatial resolution, electron transparency, effective gain, and detection effi-

ciency. These parameters significantly influence particle identification, energy measurement,
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trigger efficiency, and track reconstruction.

Time resolution

The time resolution is influenced by the location of electron ion clusters, the drift and
diffusion of electrons, and electronic noise. To evaluate timing performance, the pulse signal
from the strip with the highest amplitude is considered. The Amplitude and Rise time Com-
pensated (ARC) timing method [132], which utilizes only the signal’s rising edge, is employed
to determine the timing point. This technique negates the effects of pulse amplitude and rise
time, indicating that the drift time of the primary electron cluster nearest to the first GEM
foil primarily triggers and substantially influences time resolution. Electron diffusion, both
transverse and longitudinal, also impacts this drift process [133].

The drift time distribution closely resembles an exponential function f(z) = nvge ™,
with a standard deviation of 1/nv,, where n represents the average number of primary electrons
per unit length (approximately linearly proportional to the gas’s average atomic number), and v,
denotes the drift velocity [134]. The time distribution is simulated analogously to experimental
procedures, defining the signal time as the moment the pulse signal’s rising edge crosses a
predetermined 80 mV threshold.

The results for the simulated time resolution of both triple-GEM and quadruple-GEM
detectors are depicted in Fig. 5.23(a). A positive correlation exists between the drift velocity
and the electric field strength in the drift region [135], leading to improved time resolution
as the field strength increases. A gas mixture of Ar/CO, at 70:30 enhances time performance
due to a higher average number of primary electrons per unit length [134]. With identical
cathode voltage settings, the triple-GEM detector exhibits a higher drift electric field strength,
attributable to its unique voltage distribution and a narrower drift region, explaining its superior
time resolution compared to the quadruple-GEM detector under these conditions. Optimal
time resolution is achieved through careful adjustment of the drift electric field strength and
gas mixture.

Figure 5.23(b) explores time resolution with varied drift field strengths, showing improve-
ments with increasing field strength and achieving optimal resolution near 3 kV/cm due to the
saturation effect on electron drift velocity [134]. When simulating according to experimental
procedures, including the time-walk effect [128], results align more closely with experimental
data. Conversely, the ARC timing method incorporates time-walk corrections [132], enhanc-
ing time performance. However, these simulations do not fully account for the actual electronic

noise encountered in experimental setups.
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Figure 5.23 The p~-source is adopted. a Simulated time resolution as a function of the drift
cathode voltage for the ALICE quadruple-GEM and CMS triple-GEM detectors operated with
Ar/CO, 70:30 and 90:10, by the conventional HV dividers. The ARC timing method is used.
The relationships between the drift electric field strengths and the cathode voltage for the triple-
GEM and quadruple-GEM detectors are as follows: E3 grife & 8 X 10™*Veamode KV/cm, Eg grife ~
3 X 10™*Veathode kV/cm. b Simulated and measured time resolution as functions of the drift
electric field strength for the ALICE quadruple-GEM detector with Ar/CO, 70:30. The ARC
timing method and the experimental method are used, respectively. The total voltage drop
applied on the GEM foils is kept at 1400 V for the independent drift field study. [126]

Space resolution
The coordinate system is shown before. By the center of gravity method, the hit position

is reconstructed as:

2?21 Ai(xi)xi
Z?:l Ai(x;) ’

where x; is the center position of the ith readout strip, A; is the corresponding signal

X =

(5.4)

amplitude, and 7 is the total number of the readout strips. The spatial resolution is defined as
the standard deviation of the Gaussian fit for the differences between the reconstructed and real
hit positions.

The spatial resolution mainly depends on the transverse diffusion of electrons, and the
density of readout strips. The x positions of electrons in the drift process basically obey the

Gaussian distribution:

No _ tx?

e | (5.5
Va4rn Dt

with the standard deviation V2Dt, where D is the diffusion coefficient (determined by the

g(x) =

electric field distribution and the electron energy) and ¢ is the drift time [129, 135]. x is the

incident position of the particle beam, and N, is the total number of ionized electrons.
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The spatial resolution performance of the quadruple-GEM detector subjected to a 150
GeV u~ beam, utilizing a conventional HV divider, is presented in Fig. 5.24a. The resolution
enhances as the drift field strength increases, leading to a substantial rise in drift velocity [129]
and a consequent reduction in drift time. This effect significantly suppresses the transverse
diffusion of electrons. Spatial resolution in relation to independent drift field configurations
is explored in Fig. 5.24b, where the transverse diffusion coefficient markedly increases with
the drift field strength within the 1.5-2kV/cm range [129], thereby intensifying charge disper-
sion. As the drift velocity escalates, it becomes the predominant factor influencing the results.
This behavior mirrors the trends observed in spatial resolution simulations for the triple-GEM
setup [136].
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Figure 5.24 The p~ beam is adopted for the ALICE quadruple-GEM detector operated with
Ar/CO, 70:30. a Simulated spatial resolution as a function of the voltage drop applied on
one single GEM foil, by the conventional HV divider. The relationships between the electric
field strength for the drift region, three transfer regions and induction region and the voltage

. . AViinole- AViinele-
drop on single GEM foil are as follows: Euif = — 55— KV/cm, Eyansfer = — 55— kV/cm,

Einduction = AVS“F% kV/cm. b Simulated spatial resolution as a function of the drift electric
field strength, by the HV divider for the independent drift field study. The total voltage drop
applied on the GEM foils is kept at 1400 V. The electric field strengths for the three transfer
regions and induction region are fixed at 3.5 kV/cm. [126]

Electron transparency

Electron transparency, defined as the ratio of ionized electrons collected in the GEM holes
from the drift region, is primarily influenced by the electric field distribution and electron
diffusion. Through simulation, each electron originating from primary or secondary ionization
is microscopically tracked. After normalizing to the maximum, the transparency outcomes
for the quadruple-GEM detector, when exposed to X-ray, are depicted in Fig. 5.25, showing
quantitative alignment with experimental findings [137, 138].

Initially, electron transparency remains constant but begins to decline as the drift field
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strength is elevated. Initially, the drift electric field lines directly enter the holes of the first
GEM foil. With an increase in drift field strength, an increasing number of lines end on the
copper layer of the GEM foil, thereby capturing some of the ionized electrons. Enhanced
voltage drop across the first GEM foil enables more electric field lines to reach the holes, thus

augmenting electron transparency. However, due to transverse diffusion [130], these electrons

do not strictly follow the electric field lines, resulting in a marginal reduction in transparency.
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Figure 5.25 Simulated electron transparency as functions of the drift electric field strength
under different total voltage drops applied on the GEM foils. The ALICE quadruple-GEM
detector is studied with Ar/C0O,70:30, by the HV divider for independent drift field configu-
ration. The X-ray is adopted. The true values of the maximum points are 0.897, 0.910 and
0.918 respectively for the 1234V, 1270 V and 1304 V total voltage drops applied on the GEM
foils. [126]

Effective gain

The effective gain is defined as:

_ Ny

=N, (5.6)

Geff

where N, is the total number of ionized electrons generated inside the drift region, and
Ny is the number of the final electrons derived from the complete avalanche multiplication

process, passing through the induction region and reaching the anode. It characterizes the level
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of signal amplification of a GEM detector and plays a decisive role in the detection efficiency.
The formula is adopted to calculate the effective gain in the full simulation. The corresponding
results for the ALICE quadruple-GEM detector with different incident particles are shown in
Fig. 5.26a.

The amplification factor for every electron from the primary or secondary ionization is

obtained by the following formula:

M = el a0, (5.7)

where « represents the first Townsend coefficient, positively correlated with the electric
field strength, and r; and r, denote the starting and ending positions of the electron’s trajec-
tory [139]. An increase in the voltage applied across each GEM foil intensifies the electric
field within the holes, exponentially boosting the resulting effective gain.

In our simulations, attention is confined to ionized electrons originating from the drift
region, leading to electron avalanche multiplication occurring sequentially through the holes
of the four GEM foils. The energy distributions and diffusion characteristics of these ionized
electrons remain consistent across various types of incident particles, rendering the simulated
gains nearly identical. Notably, at lower voltages, gains for S~ particles are significantly re-
duced, a phenomenon warranting further examination.

It is important to note that simulated gain results are lower than experimental outcomes.
This discrepancy could be attributed to the simulation’s minimum time step being too small to
accurately replicate real-life scenarios. Additionally, the default Penning factor [140] used in
the simulation may not align with experimental conditions. These factors contributing to the
difference in gain results will be explored in greater detail in subsequent sections.

The parameterization method, derived from Monte Carlo simulations initially applied
in the triple-GEM detector study for the BES-III experiment [127], is detailed through a flow
chartin Fig. 5.27. This approach mirrors the geometric modeling and conditions of the compre-
hensive simulation. Physical phenomena such as primary and secondary ionization, electron
transport, and avalanche multiplication are individually simulated using Garfield++. Statistical
distributions of key physical metrics are generated from these simulations and subsequently
fitted with theoretical models to extract crucial statistical parameters (mean, variance, etc.).
These parameters are amalgamated to assess the GEM detector’s overall efficacy, with adjust-
ment factors introduced to align simulation outcomes with experimental observations [127].

This method is particularly designed to elucidate the intricate physical mechanisms within
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the GEM detector, a task unachievable through full simulations alone. Thus, the effective gain

for the quadruple-GEM detector is also conceptualized via this approach:

4
_ i i i
Geff - l_[ Gintr : Ecoll " Eextr (58)
i=1

where G!__is the intrinsic gain [127], €’ , and €., are the collection extraction efficien-

Xtr
cies [138] of the ith GEM foil. The parametric simulation steps for the effective gain calculation
are listed as below:

* Step I Simulate the ionization and drift processes under the given conditions. Get the
number, position and energy distributions of the ionized electrons.

* Step II Simulate the electron multiplication process inside each GEM foil, and calculate
the fractions of the electrons collected into and extracted from the foil. Obtain the
distributions of the intrinsic gain, the collection and extraction efficiencies for each
GEM foil. Fit the gains with the Polya distribution 5.9 [125] and the efficiencies with
two Gaussian functions. 7 is the average intrinsic gain, and 6 is the factor controlling
the distribution shape.

» Step III Generate the characteristic statistical parameters, especially the mean values
and integrate them together to obtain the simulated effective gain. Compare these re-
sults with the experimental data.

» Step IV Tune these physical parameters by correcting the internal factors (the 6 factor,
Penning factor, and minimum time step, etc) in Garfield++. Make the simulation results

more approach to the realistic scenarios.

(1+6)*9 pyn ~(1+0)n/i
P e — - nn .
() = T+ (n) ¢ : (59

The effective gain results for the ALICE quadruple-GEM detector with X-ray exposure
are depicted in Fig. 7b. For these parametric simulations, both the Penning factor and the
minimum time step are finely adjusted. The gains obtained from this approach, particularly the
slope of the gain versus voltage curve, align more closely with experimental observations [130]
than those derived from full simulations. Prior analyses indicate that simulations tend to un-
derestimate effective gains compared to experimental results, attributed to overly small time
steps and inaccurately chosen Penning factors [140]. Further exploration into the ionization
and amplification dynamics within GEM detectors is warranted.

Figure 5.28 illustrates the effective gains ascertained through parametric simulations for
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both the CMS triple-GEM and 'CMS quadruple-GEM’ detectors, alongside experimental re-
sults for the triple-GEM detector for comparative analysis. Initial adjustments are made to the
Penning factor and the minimum time step in tandem to align the triple-GEM detector’s sim-
ulated outcomes with experimental data. Subsequently, simulations for the quadruple-GEM
detector proceed with these parameters fixed. The quadruple-GEM detector demonstrates su-
perior effective gain compared to the triple-GEM under identical total voltage conditions. For
example, achieving an effective gain of 4000 necessitates operating the triple-GEM detector at
a —3200 V negative high voltage, whereas approximately —2960 V suffices for the quadruple-
GEM. Thus, the ’CMS quadruple-GEM’ detector presents a viable solution for mitigating dis-
charge risks amidst the high-luminosity conditions prevalent in LHC experiments.

We have evaluated the quadruple-GEM detectors’ performance through comprehensive
and parametric simulations. The outcomes concerning spatial and time resolution, electron
transparency, effective gain, and detection efficiency are documented and scrutinized alongside
available experimental findings and the simulation insights of the triple-GEM detector across
a spectrum of operational settings. Discrepancies between simulated and experimental results
are elucidated, with subsequent optimization of key parameters ensuring simulated outcomes
closely match experimental data.

Quadruple-GEM detectors emerge as promising candidates for minimizing discharge risks
and ion backflow (IBF), all while sustaining high counting capabilities. Our simulations indi-
cate that a quadruple-GEM detector, mirroring the triple-GEM’s total thickness for the CMS
upgrade, can attain comparable effective gains at significantly reduced operational voltages.
These simulation endeavors offer valuable insights for future detector designs, optimization
of operational conditions, and the selection of technological approaches. Prospective simula-
tion studies, encompassing effects such as charging-up [141], discharge probabilities, and IBF,

warrant further exploration and enhancement.
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Figure 5.26 Simulated and measured effective gain as functions of the voltage drop applied
on one single GEM foil for the ALICE quadruple-GEM detector operated with Ar/CO,70:30,
by the conventional HV divider. a TheB~ beam, the X-ray and the free electron are adopted,
respectively. The full simulation is used. b The comparison among the full simulation, para-
metric simulation results and the experimentalidata with the X-ray incident. [126]
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Figure 5.27 The flow chart of the parametric simulation. [126]
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Figure 5.28 Simulated and measured effective gain as functions of the drift cathode voltage
for the CMS triple-GEM and *CMS quadruple-GEM’ detectors operated with Ar/CO, 70:30
and the X-ray, by the conventional HV dividers. The parameterization method is adopted. The
relationships between the cathode voltage and the voltage drop applied on the first GEM foil
for the triple-GEM and quadruple-GEM detectors are as follows: AVrisecgem = 0.12Veathodes
AVrirst.GeM = 0.11Veamode- [126]
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5.3 The barrel MIP timing detector upgrade

The MIP Timing Detector (MTD) is designed to precisely measure the arrival times of
minimum ionizing particles (MIPs) with a resolution of about 30 ps and hermetic coverage up
to a pseudorapidity || = 3. With this level of precision, the MTD will help to disentangle
different interactions that occur in the same LHC bunch crossing that are distributed over time
with an RMS of 180-200 ps, improving the event reconstruction and pileup mitigation of the
CMS experiment during the High Luminosity LHC phase (HL-LHC). The benefits in terms of
physics performance and an overview of the detector design are documented in the Technical
Design Report [142]. Figure 5.29 shows a schematic view of the proposed MTD layout, com-
prising both BTL and ETL sections, as implemented in the GEANT simulation of the CMS

detector.

BTL: LYSO bars + SiPM readout:
+ TK/ECAL interface: |n| < 1.45
+ Inner radius: 1148 mm (40 mm thick)
* Length: £2.6 m along z
+ Surface ~38 mZ; 332k channels
* Fluence at4 ab™: 2x10"n,,fcm?

ETL: Si with internal gain (LGAD):
+ Onthe CE nose: 1.6 <|n| <3.0
+ Radius: 315 <R <1200 mm
+ Position in z: £3.0 m (45 mm thick)
+ Surface ~14 m? ~8.5M channels
+ Fluence at 4 ab™: up to 2x10%°n, fem?

Figure 5.29 A schematic view of the GEANT geometry of the timing layers implemented in
CMSSW [143] for simulation studies comprising a barrel layer (grey cylinder), at the interface
between the tracker and the ECAL, and two silicon endcap (orange and light violet discs) timing
layers in front of the endcap calorimeter. [142]

Physics potential
The physics potential offered by the MTD is derived principally from two key areas.
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Firstly, pileup mitigation leverages the particle-flow event reconstruction framework outlined
in preceding chapters. This process enhances the fidelity of objects associated with the vertex
of interest by excluding charged tracks not emanating from that vertex and neutral calorime-
ter deposits likely belonging to an alternate interaction, employing statistical inference meth-
ods [144].

Fig. 5.30 vividly showcases the efficacy of space-time reconstruction amidst 200 pileup
collisions, utilizing a 4D extension of the deterministic annealing approach for vertex recon-
struction employed by CMS [48]. Simulations indicate a reduction in vertex merging occur-
rences from 15% in spatial analysis alone to merely 1% when incorporating space-time dimen-
sions. Integrating timing data for each track, along with its z position projection onto the beam
line, significantly diminishes the mis-assignment of tracks from pileup vertices to the primary
interaction vertex.

Secondly, the MTD introduces additional timing data for all physics objects utilized in
analyses, such as photons, MET, and others referenced in preceding chapters, enhancing sen-
sitivity in searches and measurements. For instance, in Long-Lived Particle (LLP) searches,
precise timing information can significantly boost performance.

The removal of pileup near signal candidate particles, like in b-jet identification, enhances
performance notably in di-Higgs production searches, given the complex combinations of
physics objects from Higgs decay modes. This improvement directly benefits the measurement
of the Higgs boson’s self-coupling, a top priority in the HL-LHC physics agenda. Precision
timing can increase signal yields for a constant background in the HH — bbyy process by 17%
with barrel coverage and 22% with endcap coverage (Fig. 5.31 left). Furthermore, track-time
reconstruction introduces a novel approach in neutral LLP searches, relevant in various SM
extensions like Split-SUSY, GMSB, RPV SUSY, and Stealth SUSY, among others discussed
in Ref. [145]. This method significantly enhances search sensitivities, even when decays are
partially invisible, and provides a unique strategy for characterizing any future discoveries.
Space-time data from displaced decay vertices, derived from detectable decay daughters, fur-
nish the kinematic constraints necessary for direct LLP mass measurement, as demonstrated
for a 700 GeV neutralino, X?, in Fig. 5.31 as an example.

Technical design

The sensor technology used to instrument the central part (up to || = 1.48) of the MTD,
the Barrel Timing Layer (BTL), consists of Lutetium Yttrium Orthosilicate crystal bars doped
with Cerium (Lu;_,YSiOs : Ce), abbreviated as LYSO:Ce, with dimensions of about 3 X 3 X
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Figure 5.30 Simulated and reconstructed vertices in a bunch crossing with 200 pileup inter-
actions are presented, assuming a MTD with approximately 30 ps time resolution covering
both the barrel and endcaps. The z position along the beam line is depicted on the horizontal
axis, with 0’ marking the center of the interaction region (IR). The vertical axis represents
time, with ’0’ indicating the moment when the beams fully overlap in the z dimension. Simu-
lated vertices are shown as red dots. Vertical yellow lines delineate 3D-reconstructed vertices,
which do not utilize timing information, highlighting occurrences of vertex merging across the
display. Black crosses and blue open circles illustrate tracks and vertices reconstructed with a
methodology that incorporates time information, hence termed *4D’. This inclusion of timing
allows for the distinct separation of many vertices that, in the spatial domain alone, would seem
merged. [142]

57mm?>. An overview of the detector layout is shown in figure 5.32. Crystal bars are oriented
with their long axis along the ¢ direction in the CMS coordinate system, where the z axis runs
along the beam line and ¢ is the azimuthal angle measured in the plane perpendicular to the
beam line. The crystal width in the z direction is 3 mm, the radial thickness is varied along
the same direction (3.75 mm for |5| < 0.7, 3.0 mm for 0.7 < || < 1.1, 2.4 mm for |p| > 1.1)
to maintain an approximately constant slant thickness crossed by the particles and to limit
the amount of material in front of the CMS electromagnetic calorimeter. The scintillation
light is measured with a pair of Silicon-Photo-Multipliers (SiPMs), one at each end of the
crystal bar, matching the size of the crystal end face for optimal light collection. This layout
provides the advantage of minimizing the SiPM active area per crystal surface and is thus

suitable for instrumenting the large area (38m?) of the MTD barrel detector with a limited
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Figure 5.31 Left: Impact on signal efficiency for HH — bbyy process with no-timing, barrel
only timing, and barrel plus endcap timing scenarios. The quantity yyy is the rapidity of the
Higgs boson pair system. Right: Mass peak of a 700 GeV neutralino, ,\?‘1), with three different
lifetimes reconstructed from the kinematic closure of the secondary vertex using time infor-
mation with 30 ps resolution. [142]

number of channels and constrained power budget. Since the time resolution strongly depends
on the thermal noise in the SiPM (dark counts), which is proportional to the active area, small
area SiPMs are preferred for optimal performance. In addition, the use of two independent
SiPMs for the readout of the light and the combination of their time measurements offer the
dual advantage of providing a uniform spatial response of the sensor and an improvement of
the time resolution by a factor of V2 with respect to a single readout per crystal. Both LYSO:Ce
crystals and SiPMs were shown to be capable of withstanding the integrated radiation levels
foreseen for the BTL at the end of the detector operation, amounting to a nominal fluence of
about 1.9 x 10'* MeV neutron equivalent and a dose of about 32 kGy at 3000fb~".

Test Beam experiments

Prior to the massive production and assembly of the detector and its integration into the
CMS detector, beam tests are essential for characterizing the modules’ properties. These eval-
uations will inform subsequent adjustments and software development efforts.

The experiments which data of this presented work were conducted at the Fermilab Test
Beam Facility (FTBF), utilizing 120 GeV protons sourced from the Fermilab Main Injector
accelerator. Proton batches, comprising approximately 20k-50k particles per burst, were de-
livered over durations of about 4 seconds, termed spills. Typically, the accelerator schedule

allows for a spill frequency of about once every minute. The experimental setup, positioned
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Figure 5.32 Overview of the CMS Barrel Timing Layer layout. Left: view of a BTL module,
BTL Read-out Unit and BTL tray. Right: the support cylindrical structure that will host the 72
BTL trays. [142]

a few meters upstream, incorporated a 10cm? scintillation counter for triggering purposes, as
depicted in figure 5.33. A silicon tracker telescope, consisting of twelve strip modules with a
60 um pitch in alternating orientations along orthogonal axes, was situated ahead of the crys-
tals and SiPMs under examination. This setup ascertained the beam particles’ impact points
with a precision of approximately 0.2 mm. The tested crystals and SiPMs were housed within
a dark box, where the temperature was consistently maintained at approximately 12 + 1 °C via
a thermo-electric cooler, with temperature monitoring conducted by a thermistor positioned
near the SiPMs. This assembly was supported by a structure that facilitated sensor rotation

relative to the beam direction.

Scintillator
for trigger

beam
..... {"\ I,

Figure 5.33  Schematic view of the beam line. From left to right, the scintillator is used for
the trigger, the silicon tracker defines the MIP impinging position in theX-Y plane, the Micro
Channel Plate-PMT (MCP-PMT) is used to define the reference time. The two crystal+SiPMs
test setups, one for test and the other for the reference usage, the dashed one is the spined
version for the energy sharing test, are positioned along the beamline. [146]

Silicon tracker Crystals+SiPMs MCP-PMT

Energy sharing
Numerous data analyses are concurrently underway to assess varying performance metrics

under different conditions, such as alterations in the cross-sectional area of the crystal bars

220



CHAPTER 5 UPGRADING CMS: MUON AND TIMING DETECTORS FOR HL-LHC

or the cell sizes of the SiPMs. The aim is to identify an optimal combination that balances
efficiency and performance effectively. Within this scope, we present a preliminary study on
energy sharing, leveraging test beam data.

In actual operational conditions at the CMS, particles emanate from the primary vertices
and traverse toward the timing layer in various directions, resulting in a broad distribution of
incident angles. This scenario may lead to particles depositing energy across multiple crys-
tal bars rather than being confined to a single one. Such occurrences introduce significant
challenges and uncertainties in reconstructing the correct time information.

As depicted in the sketch in Fig. 5.34 on the right, incident particles have the capability
to deposit energy across multiple crystal scintillator bars when their entry is not perpendicular
to the detector. Specifically, they can traverse more than 2 bars if their incident angles exceed
45 degrees. To model situations that could occur at the limits of the barrel’s coverage in the
test beam experiments, an incident angle of 53 degrees is chosen. This angle is representative
of conditions near the edge of the barrel’s coverage range. The orientation of a single crys-
tal bar is shown in Fig. 5.34 on the left, where trajectory lengths can be determined through
geometric relationships. Given the static positioning of the beam and the modules during test
beam activities, our analysis will concentrate on the central bars, namely numbers 7, 8 and 9,

to ensure optimal acceptance.

Xp=-3
YgLsy,
x =0

Figure 5.34 The cartoons of how the incident particles can go across more than one even
three crystal bars.

Events traversing more than one LYSO bar, which are of particular interest, can be iden-
tified as follows: An event passing through a scintillator crystal results in energy deposition
recorded by the Data Acquisition (DAQ) system, thus each SiPM registers an energy spec-
trum. By aggregating the spectra from all SiPMs involved, such as two on LYSO 7 and two on
LYSO 8, a distinctive Minimum Ionizing Particle (MIP) peak becomes evident, as illustrated

in Fig. 5.35 on the left. The peak region predominantly contains events passing through both
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LYSO 7 and 8. Additional plots represent spectra involving LYSO 8 and 9, with the rightmost
displaying events traversing LYSO 7+8+9. For research purposes, the selected energy-sharing
events are those with definitive MCP recordings, exceeding a specific MCP energy threshold,

and surpassing 0.7 times the MIP peak position.
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Figure 5.35 The energy spectrum get from the summation of two or three bars, on which
the MIP energy peaks can easily been found. From left to right are the combinitions of LYS
7+LYSO 8, LYSO 8+LYSO 9 and LYS 7+LYSO 8+LYSO 9, respectively. The areas limited by
the dashed lines are only for the fit, not data filters.

During test beam experiments analysis, two methods are utilized to ascertain time res-
olution when a particle traverses a single LYSO crystal, generating timing records from the
SiPMs positioned at both ends of the bar. The first approach involves calculating the time
difference between the records of these two SiPMs, denoted as the time of left minus right
(At = tp — tg). Alternatively, the MCP timestamp can serve as a reference to determine

time = 1/2(t; + tg) — tmcp. Based on error propagation principles, the time resolution for

t; — tg is expressed as o (fLr) = \/O'(IL)2 + o (tg)?, whereas the resolution for the second

method is o (fae -mcp) = 1/24/0(t1)* + 0 (tg)? = 1/20 (1L r). And our purpose is to find a way
to reconstruct a time information that could bring a better resolution based on this 1/20 (f.r).

Firstly, we can compare the 1/20 (. r) and o (. -mcp), Which can be find in figure 5.36,
where ¢ is defined as a normalized time. The upper row figures are the distribution fit by a
gaussian function based on 1/20 (7 r) and the lower figures are o (4 -mcp), from left to right
are the result of bar 7, bar 8 and bar 9. The 1/20 (1) of the three bars are 43.4 ps, 37.5 ps, 34.7
ps, and the o (#. mcp) resolutions are 45.6 ps, 36.6 ps and 33.7 ps, respectively. Which are
highly consistant with each other. Notablly, both results are the times after certain corrections.

For the method utilizing 1/20 (), a position correction is implemented to account for
the finite speed at which the light signal propagates through the LYSO bar. Given that the

beam impact points are unlikely to be consistently central, the arrival times of signals at the
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Figure 5.36 The time resolution of the single LYSO bars, the upper line are the distribution
fit by a gaussian function based on 1/20 (7. r) and the lower figures are o (¢, -mcp), from left
to right are the result of bar 7, bar 8 and bar 9.

SiPMs at opposing ends differ significantly. As depicted in Fig. 5.37 on the top left, the original
distribution is shown with the horizontal axis representing the impact position and the vertical
axis indicating the normalized At = t; — tg. A linear function is applied to model this trend,
attributing its simplicity to a slope that corresponds closely with the speed of light. After
applying the position correction, a more focused timing distribution is observed in the top
right plot.

Regarding the o (7, .mcp) method, an energy correction is deemed crucial. Interestingly,
the position correction becomes redundant here since the 7, + g term inherently neutralizes
position-related effects. The bottom left plot of Fig. 5.37 illustrates the normalized 7,y .vcp ON
the vertical axis against normalized energy on the horizontal axis. A polynomial function fits
this relationship to effectuate the correction, resulting in a more focused timing distribution
showcased in the bottom right plot following the energy correction.

As for the combination, we will model the process under two key assumptions. The first
assumption posits that the energy deposit is proportional to the length of the particle trajectories
within the crystal. Utilizing previously outlined geometrical considerations, we can develop

a model for events with normalized energy deposition. The second assumption holds that the
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Figure 5.37 The effects of the position correction(on the top) and the energy correction(on
the bottom), the left column represent the pre-correction ones and the right column is the post-
correction ones.

time resolution adheres to a model contingent upon the energy deposition. The relationship
with the signal amplitude, A, is characterized using two types of functional forms: a power law
supplemented by a constant term:

a

fitd)y = ec (5.10)

and the second model is the sum in quadrature of a stochastic s, noise n and constant term

¢ in the form:

AA)=—o@c (5.11)
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The fitting result can be find in the Fig. 5.38, since the statistic collected in this test is not

sufficient, we only have several data points and only f>(A) is used for the fit.
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Figure 5.38 The fitting result of the correlation between the time resolution against energy
deposition of bar 7, bar 8 and bar 9.

Integrating the fitting function with the geometry and based on the two foundational as-
sumptions, we are able to compute the expected time resolution for each bar, as depicted by the
colored curves in Fig. 5.39. It’s observable that the time resolution significantly deteriorates
for events impacting at the borders of the bars. To address this issue, we devised a composite

model that combines the time resolution of the individual bars:

2 Wit

feomb =
com Z "

(5.12)

with weights w; = 1/0?, where o represents the anticipated time resolution for each
bar. Here, o; is presumed to be inversely proportional to A, with A; denoting the energy
detected in the i-th bar. Employing this combined model allows for the determination of the
time distribution for events intersecting more than one bar. As illustrated in Fig. 5.39 with the
black curves, this method effectively rectifies the issue, yielding significantly enhanced time
resolution, particularly around the bar boundaries.

Real data, filtered to include events within the MIP peak, is depicted as dots in the corre-
sponding plot. While statistical limitations are evident, there is a discernible trend suggesting
the viability of the proposed model. To validate and refine this model, it is necessary to accu-

mulate more test beam data and develop an enhanced timing reconstruction methodology.
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Chapter 6  Conclusion

Given the accurate determination of the Higgs boson’s mass and the concurrence of its
observed properties with theoretical predictions, the production of Higgs boson pairs (HH) is
emerging as a critical avenue for exploring the scalar sector of the SM. Such searches allow for
the concurrent investigation of new resonances, anomalous couplings, and crucially, the Higgs
boson self-coupling.

Utilizing the complete Run-2 proton-proton collision dataset amassed by the CMS detec-
tor from 2016 to 2018 at a center-of-mass energy of 13 TeV, we embarked on the inaugural
search at the CMS experiment for the HH production process in association with a vector boson
(Z/W). This analysis encompasses all decay channels of the vector boson, concentrating on the
HH decay into a 4b final state. The leptonic decay channels of the vector boson facilitate the
independent assessment of HHZZ and HHWW couplings.

The study notably includes a boosted topology for both one-lepton and zero-lepton chan-
nels, employing Boosted Decision Trees (BDTs) to identify regions enriched with x;, (HHH
coupling modifier) and xyy (HHVV coupling modifier), thus optimizing sensitivity across a
broad spectrum of kappa parameters. A key feature of this analysis is the strategic catego-
rization and application of machine learning algorithms. Rather than excluding events that
fail selection criteria, these are repurposed for background modeling and controlling specific
background processes in the fitting procedure. Furthermore, categorization based on BDT
outputs, sensitive to variations in coupling strengths, enables enhanced sensitivity through-
out the entire range of coupling modifier scans. Dedicated machine learning techniques are
also applied to signal extraction, with BDTs improving background modeling by re-weighting
non-conforming events, thereby generating more reliable background models with reduced sta-
tistical uncertainty. We report observed (expected) upper limits at the 95% confidence level
on the VHH production cross section, established at 294 (124) times the SM prediction. Con-
straints are also set on «,, assuming kyy equals 1, and vice versa. The observed (expected) 95%
confidence intervals for these coupling modifiers are —37.7 < x, < 37.2 (-30.1 < «, < 28.9)
and —12.2 < kyy < 13.5 (7.2 < kyy < 8.9), respectively.

From the VHH analysis, the significant contribution of machine learning technologies to
high-energy physics data analysis was observed, enhancing physics performance and simpli-

fying the analytical processes for researchers.
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Further exploration into the integration of machine learning algorithms is conducted through
a prospective study on HH decay into bb7*7~ and bbu*u~ final states. In the boosted study of
bbt*1~, utilizing CMS 2018 MC samples, an increase of at least 20% in statistics and a sub-
stantial improvement in background suppression were achieved by adopting a state-of-the-art
ParticleNet boosted di-tau tagger.

For the bbu* u~ analysis, both cut-based and machine-learning analyses, employing boosted
decision trees, were conducted. These analyses were tailored to the variations in coupling
strengths, with expected sensitivities derived for various integrated luminosities up to the en-
tire high luminosity LHC phase. The anticipated 95% confidence level upper limit on Higgs
boson pair production is estimated to be 47 (28) times the Standard Model cross-section for
gluon-gluon fusion production using the cut-based method (boosted decision trees). The pro-
jected 95% confidence level constraints on the couplings are -13.8 < x; < 19.1 (-10.0 < «,
< 15.5) using the cut-based method (boosted decision trees), respectively, with an assumed
integrated luminosity of 3000 fb~!.

The advancement of physics research is contingent not only on software innovations but
crucially on the development of hardware for experiments.

In the final, yet critical, section of this thesis, we introduce a significant upgrade project for
the CMS sub-detector system, designed to address the challenges posed by the high-luminosity
LHC operation environment. This includes the high radiation doses that can affect detector
longevity and the high pile-up rates that may compromise the precision of reconstructions and
measurements. The Endcap Muon system will undergo an upgrade with the addition of new
gaseous electron multiplier (GEM) chambers to enhance trigger acceptance and efficiency. The
assembly and quality control processes have been established, with one model (GE1/1) already
installed and tested during Run-3. To mitigate pile-up effects, a new timing layer will be imple-
mented in both the barrel and endcap regions. The introduction of an extra time dimension is
poised to significantly reduce the impact of high pile-up, thereby unlocking additional physics
potential. Test beams and dedicated reconstruction algorithms are currently being developed

to accommodate the upcoming operational scenarios.
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APPENDIX

Appendix

.1 ZHH NNLO vs LO Reweighting

In this analysis, the cross sections of ZHH and WHH processes are corrected to NNLO
and NLO respectively. The k-factors are derived using corresponding NNLO and NLO signal
samples with SM-like couplings and applied to all other modified couplings. The study shows
that the differences between higher order and leading order did not only affect larger cross
section (normalisation) but also depend on kinematics of the bosons. The vector boson and
leading Higgs boson from loop-induced gluon fusion process tend to be more boosted as shown

in Fig. 1, while the second Higgs boson shows no difference.
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Figure 1  Distributions of transverse momenta of the Z (left), leading Higgs (middle) and
second Higgs bosons (right) comparing between NNLO and LO at generator level and scaled
to NNLO cross section.

Therefore, we also derived the k-factor as a function of transverse momentum of the Z
bosons at generator level using ZHH signal samples without signal selection. The distributions
of transverse momenta of the Z and Higgs bosons after NNLO reweighting are shown in Fig. 2.
And the k-fractors are the black line in Fig. 4.

After signal selection with 4 b-jets requirement and NNLO reweighting, there is additional
difference on transverse momenta of the Z and leading Higgs boson at generator level, see
Fig. 3. The residual difference on these distributions is considered as systematic uncertainty
on the NNLO reweighting method and applied to final statistical analysis. The up and down
variations, together with the nominal k-factor are parametrized with polynomial degree two

function (quadratic) in order to get smooth k-factors along the pr range, shown in Fig. 4.
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to NNLO cross section after NNLO reweighting.
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(right) comparing between NNLO and LO at generator level after signal selection and NNLO
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tor level (Fig. 2 left bottom plot) with up and down variations taken from residual difference
appeared after signal selection (Fig. 3 left bottom plot). The curves are further parametrized
and used in the analysis.
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.2 VHH topology priority

Since multiple topologies are considered and dedicated selections are applied, some events
can be classified into more than 1 topology. We use the expected limit as the figure of merit and
did 2 tests. First categorize all these events as Resolved events, the expected limits are shown
in Fig. 5 with label "R priority”. Then we repeat the limit scan but this time categorize all
these events as Boosted events. the expected limits are shown in Fig. 5 with label ”B priority”.
Fig. 5 shows classifying events as Boosted is better for both 1L. and MET channels. Of course
one might come up with a strategy to categorize overlapped events event by event, but we think

the current categorization is already good enough if not optimal.
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Figure 5 combination of limit scans to show what’s the best strategy to classify the events
that can be included in both resolved and boosted topology. The ”B priority” is better so we
prioritize boosted topology in this analysis.
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Nuisance pulls and impacts from fit of VHH

Only the leading significant nuisance are listed in this section.
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Figure 6 Pulls and impacts of nuisance parameters in the combined fit.
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Figure 7 Pulls and impacts of nuisance parameters in the combined fit (continued).
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