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Abstract

This thesis reports a study of the Higgs boson production in association with top quarks
and decaying into 7 leptons in proton-proton (pp) collisions at /s = 13 TeV recorded with
the CMS detector at the CERN Large Hadron Collider (LHC).

This work has been carried out in the context of the Run 2 of the LHC, marked by
an increase in the center-of-mass energy from 8 to 13 TeV together with an increase in
the instantaneous luminosity of the collisions with respect to Run 1. To cope with this
new data-taking conditions, CMS had initiated a full upgrade of the Level-1 trigger system
achieved by 2016. This new system and in particular the new Level-1 electron and photon
algorithm have successfully contributed to a large number of CMS results using Run 2
data. The commissioning of this new system and its performance measured in the first
data collected with this new trigger are presented in details.

An original analysis technique based on the Matrix Element Method optimized for the
search of the ttH, H — 77 process is also presented, including several generic tools which
can be used in a large variety of H — 77 analyses. Results of the CMS analysis using
this method based on 35.9 fb™! collected in 2016 are presented. The background-only
hypothesis is disfavored but not yet excluded by this analysis alone.






Résumé

Cette these présente une étude de la production associée du boson de Higgs en association
avec une paire de quarks tops (processus ¢tH), dans des collisions proton-proton (pp) a
Vs = 13 TeV enregistrées avec le détecteur CMS au Grand collisionneur de hadrons (LHC)
du CERN. A I’ére ou la physique du Higgs entre dans le domaine de la mesure de précision,
le mode de production ttH est important pour caractériser les propriétés du boson de Higgs
et en particulier son couplage au quark top, auquel le processus ttH offre un acces direct.
Les résultats présentés concernent en particulier les canaux sensibles a une désintégration
du boson de Higgs en leptons 7 et viennent compléter les analyses ttH existantes, sensibles
aux autres modes de désintégration du boson de Higgs.

Ce travail s’inscrit dans le contexte du Run 2 du LHC, marqué par une augmentation
de 1'énergie dans le centre de masse de 8 a 13 TeV accompagnée d'une augmentation
de la luminosité instantanée des collisions par rapport au Run 1. Pour faire face a ces
nouvelles conditions de prise de données, CMS a entrepris une amélioration complete du
systeme de déclenchement de niveau 1 (L1 trigger) accomplie avant 2016. Le nouveau L1
trigger de CMS se base sur une architecture inédite pour un systéme de déclenchement,
appelée Time Multiplexed Trigger, qui permet de traiter en parallele 'information relative
a plusieurs croisements de faisceau. Grace a cette nouvelle architecture, des algorithmes
de reconstruction et d’identification plus complexes et plus performants que ceux utilisés
au Run 1 ont pu étre déployés pour la prise de données du Run 2.

Dans le cadre de cette amélioration du L1 trigger de CMS, j’ai activement participé a
la mise en service du systeme de déclenchement calorimétrique, et plus particulierement du
nouvel algorithme de sélection des électrons et photons (L1EG). J’ai notamment contribué
a I'implémentation firmware de I'algorithme L1EG et a sa validation sur banc de test puis
avec les données collectées pendant les dernieres semaines du run de physique de 2015.
J’ai ensuite finalisé la configuration de l'algorithme EG pour la prise de données en 2016
et j’ai mesuré ses performances avec les premieres données collectées en 2016. Le nouveau
L1 trigger et en particulier le nouvel algorithme électron et photon de niveau 1 ont ainsi
contribué avec succes a un grand nombre de résultats CMS basés sur les données du Run
2, y compris les analyses ttH.

En parallele, j’ai participé a I'implémentation de la Méthode des Eléments de Matrice
(MEM) optimisées pour les analyses impliquant un boson de Higgs se désintégrant en
leptons 7. La MEM se base sur le calcul numérique des sections efficaces différentielles
associées aux processus de signal et de bruit de fond pertinents pour ’analyse. Pour ce



faire, une intégral multi-dimensionnelle est calculée a partir de techniques Monte Carlo,
en prenant en compte la description théorique des processus physiques, au travers de leurs
éléments de matrice, ainsi que les effets de résolution, par le biais de fonctions de transfert.
Les fonctions de transfert peuvent couvrir a la fois les effets liées a la reconstruction des ob-
jets dans CMS, comme dans le cas des jets, mais également les désintégrations de particules
produisant des neutrinos, comme dans le cas des leptons 7. J’ai ainsi déterminé ’ensemble
des fonctions de transfert applicables a un large ensemble d’analyses génériques a partir
de données simulées ou a partir de calculs théoriques. J’ai également effectué tous les
développements mathématiques nécessaires a la procédure d’intégration, en vue de réduire
le nombre de dimensions d’intégration, afin de pouvoir mettre en place une implémentation
de la MEM optimisée en termes de temps de calcul. J’ai enfin participé a la validation de
son implémentation dans le cadre d'une analyse ciblant le mode de production VBF du
boson de Higgs se désintégrant en paire de leptons 7.

Par la suite, j'ai optimisé I'implémentation de la MEM pour couvrir le canal avec
deux leptons de méme signe (électrons ou muons) et un 7 hadronique (2¢ss + 173,) de
I'analyse ttH de CMS. La sélection d’événements avec deux leptons de méme signe permet
de fortement réduire la contribution de la majorité des bruits de fond du Modele Standard
et donc d’obtenir une pureté relativement élevée dans ce canal, tout en bénéficiant du
rapport de branchement hadronique d'un des quarks top, qui permet de conserver un
nombre d’événements de signal plus élevé que des canaux avec davantage de leptons. Ce
canal offre ainsi la plus grande sensibilité au processus ttH, H — 77.

Les bruits de fond résiduels principaux sont constitués par la production d’une paire de
quarks top en association avec un boson électrofaible (¢£V) ainsi que par des événements ¢t
avec des leptons non-prompt, produits dans la désintégration semi-leptonique de hadrons B.
L’acceptance a ce dernier est réduite grace a 'utilisation d’un discriminant MVA dédié a la
sélection des électrons et des muons. La contamination résiduelle est estimée a 1’aide d'une
méthode de fake rate, directement a partir des données. La présence de plusieurs bruits de
fond non négligeables rend cette analyse relativement complexe mais en optimisant la MEM
pour discriminer simultanément différents types de bruit de fond, il m’a été possible de
définir un discriminant avec des performances tres satisfaisantes qui a été par la suite utilisé
dans les résultats rendus publics par la collaboration CMS a 1’occasion de la conférence de
Moriond QCD 2017.

Cette analyse est basée sur les données collectées en 2016 par CMS, correspondant
4 une luminosité intégrée de 35.9 fb™'. La combinaison des résultats obtenus dans la
catégorie 20ss 4 17, avec d’autres catégories incluant un 7, a permis d’établir une limite
supérieure observée a 95% de niveau de confiance sur p = o/ogy correspondant a 2.0 fois
la valeur attendue dans le cadre du Modele Standard, pour une valeur attendue de 1.1 dans
I’hypothese bruit de fond seul. Un exces d’événements par rapport a I’hypotheése bruit de
fond seul & été observée, correspondant & une intensité du signal fips = 0.727052 pour une
significance de 1.40. L’hypothése bruit de fond seul est donc défavorisée mais n’est pas
encore exclue par cette analyse a elle seule.
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Introduction

There are many examples in physics showing

that higher precision revealed new phenomena,
inspired new ideas, or confirmed or dethroned
well-established theories.

Wolfgang Paul

After the observation of the Higgs boson by the CMS and ATLAS collaborations in
2012 [1, [2], all of the elementary constituents needed for a consistent theory describing
particle physics, namely the Standard Model, had finally been observed. This observation
represented the most important achievement of LHC Run 1 and enabled to achieve one
of its primary goals. After this, the high energy physics community was left without any
obvious direction to look towards though. Different strategies have therefore been followed
in parallel. First, analyses have been designed to look for additional particles or processes
not predicted by the Standard Model, like supersymmetric particles. Other analyses tried
to further improve the precision on the measurement of some Standard Model parameters,
like the W boson or the top quark masses and their couplings, to be able to check more
thoroughly the consistency of the experimental results with the Standard Model prediction.
Finally, some of the processes predicted by the Standard Model which had not yet been
observed have also been looked for. This is for instance the case of the ttH process, offering
a direct probe of the Higgs boson coupling to the top quark at the tree level. This process
had already been studied during LHC Run 1 and the results from the CMS and ATLAS
collaborations [3] were consistently pointing towards a possible £ H excess with respect to
the Standard Model expectation. The sensitivity of these analyses were however limited by
the available statistics collected during Run 1 and no unambiguous observation had been
possible at that time.

LHC Run 2 aroused a lot of hope and interest among particle physicists. Indeed, the
increase of the center-of-mass energy of the collisions from 8 to 13 TeV together with
the increase in instantaneous luminosity, beyond the LHC nominal design, has induced a
large boost in sensitivity in a wide variety of analyses, sensitive to physics both within
and beyond the Standard Model. However this also required significant upgrades of the
detector and of the analysis techniques in order to be able to deal with the higher collision
rate and the more intense pile-up conditions. One of these changes concerned the Level-1
trigger system of CMS which has been fully upgraded by 2016. Completely changing this
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critical system for data-taking has been a major challenge which has been successfully met
by the CMS collaboration. In this thesis, I will focus on the monitoring of this new system,
and specifically on the Level 1 electron and photon algorithm, in which I played a major
role.

For the ttH analyses, LHC Run 2 has also represented a major step forward thanks to
the sizable increase in the cross section of this process. As the data-taking conditions have
been exceptionally good in 2016, it became clear that this process would be very likely
observed by the end of Run 2. ttH analyses are usually quite challenging though because
of the complex final states they target. Taking into account the decays of the top quarks
and of the Higgs boson, this process can indeed yield between six and ten reconstructed
objects at leading order, often with no obvious variable to characterize this signal. The
complexity of those analyses make them ideal use cases for multivariate discriminants, com-
bining information related to all of the reconstructed particles. Such discriminants can be
built using the so-called Matrix Element Method (MEM), which combines the theoretical
information on a given physics process with the experimental information related to the
detector resolution. I have been personally involved in the development of this method in
the H — 77 group of the Laboratoire Leprince-Ringuet, focusing first on its implementa-
tion for a VBF H — 77 analysis. This gave the opportunity to develop a large variety of
tools which have then been reused for the development of a MEM discriminant optimized
for a ttH, H — 77 analysis.

This thesis is organized as follows. Chapter 1 gives some theoretical motivations to
study the ttH, H — 77 process, briefly introducing the Standard Model and the Higgs
boson phenomenology. The LHC and the CMS experiment are presented in chapter 2.
Both the experimental apparatus and the basic reconstruction techniques are described.
Chapter 3 focuses on the upgrade of the Level-1 electron and photon (L1EG) trigger and
its commissioning. The L1EG algorithm itself is described and its performance achieved
during 2016 data-taking are presented. Finally, chapter 4 offers a general introduction to
the Matrix Element Method and its application to H — 77 analyses, focusing in details
on the various parts of its implementation I contributed to develop. Finally, chapter 5
presents its application to the search for t¢H in final states with a 7 lepton, including the
corresponding public results released by the CMS collaboration.



Chapter 1

Theoretical motivations

Ce que l'on congoit bien s’énonce clairement,
Et les mots pour le dire arrivent aisément.

Nicolas Boileau

The observation of a new particle at LHC, compatible with the so-called Higgs boson,
and the measurement of its invariant mass enabled to determine one of the last missing
parameters of the Standard Model (SM). This theory is currently the one which best
describes the elementary particles and their interactions. In particular, the theoretical
value of the coupling between the Higgs boson and the top quark, the two most massive SM
particles, can be predicted from the measured value of the top quark mass. A measurement
of that coupling at LHC would therefore provide a direct test of the SM prediction. The
following chapter is dedicated to a brief overview of the SM, based on quantum field theory
and gauge invariance, and to its consequences on the phenomenology of the Higgs boson
and of the top quark.

1.1 Overview of the Standard Model

1.1.1 Particle content

The elementary particles described by the Standard Model (SM) are presented in Fig.
They can be divided into two categories: the fermions and the bosons. The bosons are
particles with integer spin and are associated to interactions which will be introduced in
the next sections. The fermions are spin-1/2 particles described with Dirac spinor fields
1. In the case of a non-interacting fermion of mass m, those spinor fields are solutions of
the Dirac equation

(i —m)Y =0 (1.1)

where natural units have been used (h = ¢ = 1). The operator @ is defined as v,
where y# are matrices satisfying {v*,7"} = 2n* and " is the Minkowski metric. The

15
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Three Generations
of Matter (Fermions)
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Figure 1.1: Particles described by the Standard Model

Lagrangian associated to that equation is given by
ﬁf free = @(Za — m)dJ (1.2)

with 1) = ¢T+0,

The masses of the fermions cover a wide range from less than 1 eV for the neutrinos, up
to 173 GeV for the top quark. The fermions are divided into three families, each composed
of two leptons and of two quarks. Unlike the leptons, the quarks are never observed as
free states but only in composite particles called hadrons. Being the most massive, the
fermions of the 2"¢ and the 37 families decay into fermions of the 1** family, which represent
therefore the ordinary matter. For every fermion, there is an associated anti-fermion of
same mass, with opposite quantum numbers. The latest fermions to be observed were the

top quark in 1995 , |§ﬂ and the 7 neutrino in 2000 .

1.1.2 Quantum electrodynamics

The electromagnetic interaction was the first interaction to be described with a quantum
field theory, called quantum electrodynamics (QED). This theory was developed by Tomon-
aga , Schwinger ﬂgﬂ, Feynman and Dyson and describes the interaction of elec-
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trically charged fermions with photons. The photons are described by the electromagnetic
potential A*, used to define the electromagnetic field strength tensor F** = 9*A¥ — 9 A*.
In absence of fermions, the photon field obeys the Maxwell’s equations which are associated

to the following Lagrangian

1 v
,CMax - —ZFM F/U/ (13)

The interaction of a fermion of electric charge ¢ with the photons is described via the
modified Lagrangian

Liopp = V(i) —m) + h.c. (1.4)

with ) = (9, + iqA,) and h.c. the hermitian conjugate of the first term. The total
Lagrangian is then given by

_ _ 1
»CQED = »Cf QED t Ltz = ¢(2a - m)¢ - C]l/W“@/)Au - ZFWFW (1-5)

One of the basic principles of QED is gauge invariance: the total Lagrangian is invariant
under local U(1),,, transformations. The action of an element e~ of U(1).,, on the fields
being

AF = AP+ Oy, ) — e ) (1.6)

the two terms Lforp and Ly, are indeed invariant, thanks to the definition of D#. From
Noether’s theorem, this leads to a conserved quantity, which is the electric charge. Note
that requiring gauge invariance strongly constrains the form of the Lagrangian. The choice
of a particular gauge group (U(1),, in the case of QED) entirely determines the Lagrangian
of the free gauge field A* and the choice of a particular representation of the group for the
fermion fields determines the term involving the fermion fields. For instance, a mass term
for the photon of the form M, A*A,, is forbidden if gauge invariance is required. In the case
of an abelian group, like U(1).,,, the Lagrangian is a bit simpler than in the general case,
which will be addressed in the following sections. In terms of Feynman diagram, there is
a single vertex involved (see Fig. .

Figure 1.2: Basic vertex in QED
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Taking into account the 1-loop correction to this diagram, the 1-loop [-function can

be deduced
Oa B 202

- dlogp 31

Ble) (1.7)
with o = ¢?/47 the coupling constant and p the energy scale. This implies that the
coupling constant « increases with the energy scale p. This phenomenon is understood
as a charge screening due to virtual particle-antiparticle pairs, which tend to reduce the
effective electric charge of a particle at low energy.

1.1.3 Quantum chromodynamics

Quantum chromodynamics (QCD) is the theory describing the strong interaction. The
only fermions sensitive to the strong interaction are the quarks, which were proposed by
Gell-Mann [12] and Zweig [13] in 1964 in order to provide a classification of hadrons.
They were first observed in deep inelastic scattering experiments at the Stanford Linear
Accelerator Center (SLAC) in 1968 |14} 15]. Unlike QED, QCD is a gauge theory related
to a non-abelian group, SU(3). The associated massless spin-1 gauge bosons are called
the gluons and are described by eight independent fields Gj;. These fields are associated
to the generators of the SU(3)¢ group, which can be chosen as \;/2, the X’s being the 8
Gell-Mann matrices

010 0 —i 0 1 0 0 001
M=|10 0] Xa=]i 0 0f \3=[0 =1 0f \q=[0 0 0
00 0 0 0 0 0 0 0 100

: . (1.8)
00 —i 000 00 O s 00
M=[00 0] =100 1| \y=[0 0 —i| Xs=]0 % 0
i 0 0 01 0 i 0 0 0 2

The gluon field strength tensor G, has to include an additional term with respect to QED
in order to be gauge invariant under the action of SU(3)¢. It is defined as

GZV = aMGg - aVGZ - gsfachZGi (19)

with g, the coupling constant of QCD and f,. the structure constants of SU(3)c defined
by
)\a )\b
[ 272
The quarks are associated to spinor fields in the fundamental representation of SU(3)c.
The free field Lagrangian for a single quark flavor ¢; can therefore be written as

3 (2
Ly free = qf(mﬂau —m)qy = Zz/)i(m“au —m)y; with g = [ 1 (1.11)
i=1 3

] - ifabc/\; (1.10)
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The interactions with the gluon fields are simply taken into account by introducing the
covariant derivative

Aa
Dy = 0 +ig: 5 G, (1.12)

The total Lagrangian for the QCD sensitive fields is therefore given by
= (s 1 va —= )\a a
Locp = Xf: G4 (00" —m)ay — JGL" Gl — 9547”5 4s Gy (1.13)

This Lagrangian is by construction invariant under a local SU(3)¢ infinitesimal transfor-
mation parameterized by

. aXa Aa
U=e 99" % ~1 - igs0" (1.14)
a a b c a>\a
G = G+ 95 fare G, + O 3 qr — Ugqs (1.15)

Note that it is also possible to include a CP-violating term in the QCD Lagrangian but this
is not supported by any experimental evidence so far. The SU(3)¢ symmetry is associated
to three color charges, usually referred to as red, blue and green. Each quark degree of
freedom 1); carries one color whereas each gluon field G carries a color and an anti-color.
This is another difference with QED, since the photon is electrically neutral, while the
gluon fields are color charged.

The vertices encoded in the Lagrangian are represented in Fig. As for QED, there
is a coupling of the quark with the gluon field but the non-abelian structure of SU(3)¢
also allows a gauge self-interaction. Because of that gauge self-interaction, the 1-loop (-
function associated to the coupling constant a, = g2 /4 is different from the QED one and
is given by

To?

Blas) = — o (1.16)

The p-function being negative, this means that the coupling constant decreases with the
energy scale, which leads to what is called asymptotic freedom, a property discovered by
Politzer [16], Gross and Wilczek [17] in 1973. The low-energy limit of QCD is governed by
another property called confinement. Because the interaction between two QCD-sensitive
particles increases as their separation increases (which corresponds to a decreasing energy
scale), the quarks and the gluons are expected never to be observed as free states but
always to be bound into hadrons. This hypothesis can be accounted for by requiring that
all the observable particles must be invariant under SU(3)¢c. Consequently, when a quark
or a gluon is produced, it undergoes a process called hadronization, during which quark-
antiquark pairs are produced to create hadrons, which results in a bunch of collimated
particles called a jet. Those objects will be described in more details in section [2.3.4]

1.1.4 Electroweak interaction

In 1934, Fermi proposed his theory to describe the 5 decays n — pe~ 7 [18]. This required
to introduce a new interaction called the weak interaction. It was first assumed to be a
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Figure 1.3: Basic vertices in QCD

point-like interaction but this theory suffers from a loss of unitarity at high energy, since
it predicts interaction probability arbitrarily large as the energy increases.

Moreover, Yang and Lee suggested in 1956 [19] that parity was not conserved by weak
interactions, based on studies about the decays of particles nowadays known as kaons.
This was confirmed experimentally by Wu in 1957 [20] thanks to the study of nuclear j
decays. This is explained by the fact that, unlike QED or QCD, the weak interaction
acts differently on particles with different chiralities, a Lorentz invariant quantity which
corresponds to the eigenvalue of the operator v° = i7%y'4?~43. The eigenvectors of that
operator associated to the eigenvalue -1 (respectively +1) are said to have a left-handed
(right-handed) chirality. The properties of the 4° matrices enable to define the left-handed
and right-handed projectors

. ;(1 — %) and Pp— ;(1 +49) (1.17)
Each fermion field i) can then be decomposed as the sum of a left-handed chiral field and
a right-handed chiral field ¥ = Py + Pr.

Helicity corresponds to the projection of the spin along the momentum direction. Par-
ticles with a helicity h = —1 (respectively h = +1) are said to have a left-handed (right-
handed) helicity. This quantity is not Lorentz invariant for a massive particle but is
identical to the chirality for massless particles (or in the ultra-relativistic limit). Helicity is
easier to determine experimentally and the chiral nature of the weak interaction has there-
fore been first observed through different results for particles with a left- and right-handed
helicity.

In the 1960’s, Glashow [21], Salam, Ward [22] and Weinberg [23] showed, within their
electroweak theory, that the weak interaction was consistent with the existence of spin-1
massive charged W= bosons. The fields Wj are coupled only with the left components of
the fermion fields, which means that only the left-handed chiral particles and the right-
handed chiral antiparticles can interact with the W bosons. The W bosons were discovered
at CERN in 1983 in the UA1 and UA2 experiments [24} 25| and their mass is currently
estimated at [20]

My = 80.385 £ 0.015 GeV (1.18)

Moreover, the weak eigenstates of the fermions interacting with the W bosons are
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different from the mass eigenstates of the fermions. In the case of the quarks, that mixing
is described by the CKM (Cabibbo-Kobayashi-Maskawa) matrix and in the case of the
leptons, by the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix. In addition to the W
boson, the electroweak theory also predicts the existence of neutral currents, discovered at
CERN in the Gargamelle experiment in 1973 [27, 28] and associated to a spin-1 massive
neutral Z boson. The Z boson was discovered a few months after the W bosons in the
UA1 and UA2 experiments [29, 30] and its mass is currently estimated at |26]

My = 91.1876 + 0.0021 GeV (1.19)

However, as explained in section [I.1.2] a massive boson is not compatible with a gauge
interaction and would make the theory not renormalizable. To take into account the chiral
nature of the weak interaction, Glashow, Salam and Ward proposed to introduce a new
gauge group SU(2); which acts only on the left components of the fermion fields. This
leads to the following representations for the fermion']

ur, cL tr, Ver, VL VrL
dp) " \sc)  \br) ' \ec) \pr)’ \7 (1.20)
UR, CR, R, VeR s VurR, V+R, AR, SR, bR, €R, R, TR

For simplicity, we will only consider here the doublet of fields v and d, since the structure
of the Lagrangian is similar for all of them. They are denoted by

L= (“L) ug, dp (1.21)
dr,

Since the left-handed and right-handed fields transform differently under an SU(2),, trans-
formation and since the mass term of a fermion can be written as

mp = mribr, + Prir (1.22)

the only way to have a Lagrangian invariant under SU(2), is to require that the fermions
are massless. In the next section, the mechanism of electroweak symmetry breaking, which
enables to generate the mass terms required to account for the experimental mass mea-
surements, will be described in more details. The mass term in the Lagrangian is therefore
set to zero for now.

There are three gauge bosons described by the fields W;L and associated to the generators
of the SU(2), group, which can be chosen as 0;/2, the o’s being the Pauli matrices

oy = <(1) é) oy = <3 _OZ> o3 = (é _01> (1.23)

'In the original Standard Model formulation, no right-handed neutrino fields were present. They are
added here to account for the non-zero neutrino mass, assuming Dirac neutrinos.
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Similarly to QCD, the field strength tensor WZV is defined as
Wy, = 0, W, — 0,W, — gueiaWiWy (1.24)

with g,, the coupling constant of SU(2), and €;;;, the structure constants of SU(2),, defined

by
o; O; . Ok
{2’ QJ] = ekTy (1.25)

Defining D, = 0, + igw%W/’i, one gets for the associated Lagrangian
1__ . _ _
Lsve) = =W, W + @rin"Oup + driy"Oudg + Lin" D, L (1.26)

The conserved charge associated to the SU(2). group is called the weak isospin and has
three components 7;. The right fields ugr and dg have a third isospin component T3 = 0 as
they are singlets under SU(2);, whereas the u; and dy, fields have respectively T3 = +1/2
and T3 = —1/2 since they form a doublet under SU(2);. The physical W= bosons are
associated to a linear combination of the gauge fields W; and Wi

1
+_ 1 172
W# = E(WN — ZWH)
1
W, =—
LN}
In order to explain the different couplings of the Z boson with respect to the W bosons, the
SU(2), group is not enough and an additional U(1)y gauge group has to be introduced,
even though the original motivation to introduce the additional U(1)y gauge group was
actually to try to unify the weak and the electromagnetic interaction. The gauge field B,
associated to that group is described by a Lagrangian very similar to the QED Lagrangian,
except that it does not involve the electric charge but another kind of charge, called the
weak hypercharge Y, associated to a coupling constant gy

(1.27)
(W, +iW7)

. 1
Logy= > 0@ =Ygry"Bu) — 1 B" By, (1.28)

uR,dr,L

Combining the two Lagrangian, it is then possible to mix the electrically neutral B,, and
Wj’ to obtain the electromagnetic field A, and the field Z, associated to the Z boson. This
is done via a rotation of angle Oy,

A\ [ cosby  sinby B,
(Zﬂ> - (— sin @y cos 6W> (Wi (1.29)
In order to get the correct electromagnetic couplings of the fermion fields with the photon

field A, the weak hypercharge is given by the Gell-Mann-Nishijima formula

Y =2(Q —Ts) (1.30)
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and the angle 0y is related to the coupling constants e, g, and gy via
€ = gy cos By = gy sin Oy, (1.31)

At this stage, the boson fields T/V#jE and Z, are all massless and an additional field has to be
introduced in order to account for their mass. This is done via the Higgs mechanism, which
will be described in the next section. The development of the full electroweak Lagrangian
enables to determine the interactions of the electroweak bosons and the photon with the
fermions and with each other. The full development can be found for instance in [31].

1.1.5 Electroweak symmetry breaking and Higgs field

As a gauge interaction, the electroweak interaction introduced in the previous section is
naturally associated with massless bosons, which are not compatible with the experimental
data. A possible solution to that problem was proposed by Higgs [32], Brout, Englert [33]
and Guralnik, Hagen and Kibble [34] in 1964. This solution, nowadays referred to as the
Higgs mechanism, involves a doublet of two complex scalar fields, known as the Higgs field

¢+> 501 + i)

= = . 1.32
¢ <¢0 T5(¢3 + i) (1.32)
where the ¢;’s are real scalar fields. This scalar field doublet is associated to an hypercharge

Y =1 and is a doublet for the weak isospin. The Lagrangian used to describe the gauge
interaction of that field is the following

L5 = (Dup)' (D) — V(9) (1.33)

with v
D, =0, + iwa,i% +igy B (1.34)
V(6) = 12616 + A(@10)?, (12 < 0,1 > 0) (1.35)

Because p? < 0, the ground state of the scalar field, which minimizes the potential V' (¢)
does not correspond to ¢ = 0 but has to verify

2 2
to_ TH_ U
' 2\ 2

(1.36)

This condition is fulfilled by an infinity of possible groundstates. Therefore, although the
original Lagrangian LJ" is symmetric under SU(2), x U(1)y, the choice of a particular
groundstate breaks that symmetry (see Fig. [L.4). This groundstate can be conveniently

chosen as
0
gbg?"oundstate = ( v ) (137)

V2
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V($)

Im(¢)
Re(¢)

Figure 1.4: Potential of a complex scalar field V(¢) for the case u? < 0 in the simplified
case of a U(1) symmetry [35]

If the symmetries associated to the generators % and % are indeed broken, there is
one remaining symmetry given by @ = % + % This generator is nothing but the electric
charge and the associated symmetry group is U(1),,,. A convenient parametrization of the

Higgs field around its minimum is given by

o(x) = (\}i(v +0 h(x))) (1.38)

The fields 0* are associated to massless scalar bosons, called Goldstone bosons. They are
associated to the broken generators of the original SU(2), x U(1)y symmetry. These fields
can be absorbed by the choice of a particular gauge, called the unitary gauge.

Combining the kinetic term of the gauge bosons of SU(2), x U(1)y with the Lagrangian
of the Higgs field, we are left (after some rearrangements) with

£gaugefree CgW: la ho*h — |N |h2
—Z(W )T 4 7(97) (W)W
(W+)TW+W ,(9%) (WI)*W*“
—iZuuZ’W—i— (5e5-)2 2, 2"
— A A
+9w”hW WHH - S p2Y
RS + 4*;2}#

hz, zZ" + g

2
WAL

cos2 Ow

(1.39)
with V,, = 0,V, — 9,V,, for each of the spin-1 field. The first line of that Lagrangian
describes a spin-0 field h with a mass

my = V2|u| = V2 (1.40)
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The associated particle is the so-called Higgs boson, observed by the ATLAS and the CMS
collaborations in 2012 [1, 2] and its mass is currently measuread at [36]

my = 125.09 £ 0.24 GeV (1.41)
The second, third and fourth lines describe spin-1 fields W;t and Z,, associated to the
W and Z bosons, with masses

Guw¥ GuV mw
— — _ and = = 1.42
mw 2 M= and mz 2cosfBy  cosOy ( )

The fifth line describes a massless spin-1 field A, associated with the photon. The sixth
line describes the interaction of the Higgs boson with the massive spin-1 fields and the last
line describes the self-interactions of the Higgs boson field.

The Higgs mechanism only accounts for the mass of the W and Z bosons. In order
to acount for the measured mass of the fermions, a gauge invariant term corresponding
to Yukawa couplings of the fermion fields with the Higgs field can be introduced in the
Lagrangian. For the quarks u and d, with the notations introduced in the previous section,
such a term can be written as

Lyura = —9galpdr — gadrd'L (1.43)

The gauge invariance is ensured since the hypercharge of the Higgs field and of the fermionic
field satisfy the relation ys = y1, — ya,, (this is true for every isospin doublet).
After the spontaneous symmetry breaking, Ly, 4 can be rewritten as

Lyupd = —\‘%dd(v +h) = —mgdd — %Edh (1.44)

with
mg = 2Ly (1.45)

V2

To introduce mass term for the upper component of the isospin doublet, the charge conju-
gate of the Higgs field ¢° can be used. It is defined as

¢° = io*¢* (1.46)
The Yukawa term leading to the mass term for the u quark is then

Since the hypercharge associated to ¢° is yse = —1, this term is gauge invariant as well
and gives after spontaneous symmetry breaking

Lyukw = —Myuu — %ﬂuh (1.48)
v

with
My, = Juy (1.49)

V2
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After spontaneous symmetry breaking (assuming Dirac neutrinos), the Yukawa terms thus
lead to the following Lagrangian

Lyue =3 —mghtp =~ (1.50)
!

A mass term is therefore present for each fermion. Moreover each of them is coupled to
the Higgs boson with a coupling proportional to its mass. Note that the fields involved
in the previous Lagrangian are the mass eigenstates. As explained in section [I.1.4] those
mass eigenstates are not eigenstates of the weak interaction involving the W bosons, which
results in a mixing, described by the CKM matrix in the quark sector and the PMNS
matrix in the lepton sector.

So far, all the measurements done in particle physics are consistent with the version
of the SM presented above. Assuming massive Dirac neutrinos, the SM can be described
by 25 parameters. Since the measurement of the mass of the Higgs boson observed for
the first time at LHC in 2012 |1} 2], all of those parameters are measured, except in the
neutrino sector. Therefore, theoretical predictions can be made for every possible process
described by the SM and compared with experimental results.

1.2 Phenomenology of the Higgs boson at LHC

1.2.1 Proton-proton collisions

Before describing the production mechanisms of the Higgs boson at LHC, it is useful to
explain first some properties of the proton-proton collisions. The description of these
collisions can be factorized into the "hard" and the "soft" interaction [37]. The "hard'
interaction corresponds to the interaction between the elementary particles called partons
and can be described perturbatively as a high energy process. This is not the case for
the "soft" interaction, which is associated with low-energy properties of QCD, such as
confinement and hadronization. This decomposition enables to write the cross section
opp—x , With X any final state, as

1
Opp—s X :/o dxldx2Zfi(xlaﬂ2)fj(x2>ﬂ2>&ij—>X (1.51)

0,

x1,2 is the fraction of the total momentum of the proton carried by each parton. They can
be valence quarks (u or d quarks in the case of the proton), gluons (which are constantly
exchanged between the quarks) or even antiquarks from the sea (virtually produced in
gluon splitting within the proton). f;(z,u?) are the Parton Density Functions (PDF),
which depend on the flavor ¢ of the parton, the fraction x of the total momentum of the
proton carried by the parton and the scale of the hard process p2. Since the proton is a
composite object, the description of its inner structure is achieved thanks to the PDFs:
fi(z, p?)dx corresponds to the number of partons of type i within the proton carrying a
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momentum fraction between x and = + dz. The last term 6;;_,x is the cross section of the
hard process 17 — X and can be computed perturbatively from Feynman diagrams.

The PDFs dependence on z is not completely calculable, since they depend on "soft"
QCD processes. However the dependence on p? can be computed from the DGLAP equa-
tion 38| [39, 40]. The PDF dependence on z can be measured in some experiments at a
given scale 1 and be extrapolated to the LHC collisions. Several sets of PDFs are currently
available, which are determined from deep inelastic scattering experiments (HERA), fixed
target experiments and hadron collisions at the Tevatron and the LHC. The PDFs from
the NNPDF3.0 set are presented at different energy scales in Fig. . At high z, the
dominant contribution in the PDFs comes from the u and d valence quarks, whereas at
low x, there is a large dominance of the gluons.

1

T IIIIIIII T IIIIIIIl T T TTTTTT] 1

NNPDF3.0 (NNLO) ]
xf(xu2=10 GeV?) |

T IIIIIII| T T T TTTTT]

0.9 g/10 .
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0.8 b ]
0.7 )
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Figure 1.5: Parton Distributions Functions z f(z, u?) of the proton from the NNPDF3.0
set at different energy scales u?

1.2.2 Production of the Higgs boson at LHC

The Higgs boson being coupled to every massive particle, several production modes are pos-
sible in particle colliders. In proton-proton collisions at LHC, four main production modes
are theoretically possible (see Fig. [1.6)). The cross sections of the different production
modes are presented in Fig. [L.7]
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W/Z

Figure 1.6: Feynman diagrams of the main Higgs production modes: gluon-gluon fusion
(top left), Vector Boson Fusion (top right), VH (bottom left) and ¢t¢H (bottom right)
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Figure 1.7: cross section of the main Higgs production modes in function of the center-of-

mass energy /s
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The main production mode is the gluon-gluon fusion process, in which two gluons
interact to produce a Higgs boson via a loop of heavy quarks. This loop is required since
the Higgs boson does not couple to the gluons which are massless. As the Higgs coupling
to fermions is proportional to their mass and as the top quark is by far the most massive
one, the process is dominated at leading order within the SM by a top-quark loop. Current
measurements of the Higgs boson cross sections are consistent with the SM expectation
for the top-quark Yukawa coupling [44]. However, any particle beyond the SM sensitive to
QCD may in principle also enter this loop, therefore this production mode only enables to
measure the coupling of the Higgs boson to the top quark in a model-dependent way.

For the other production modes, additional particles are produced in association with
the Higgs boson. The second most likely production mode is the vector boson fusion
(VBF). In that process, two quarks from the protons radiate massive vector bosons which
interact to produce a Higgs boson. At LHC, the W fusion cross section is approximately
three times higher than the Z fusion because of the different couplings of the quarks to
the W and Z bosons. The experimental signature of that production mode is cleaner than
the gluon-gluon fusion. Indeed, since that process is purely electroweak and there is no
color exchange between the quarks, the QCD activity is concentrated around the outgoing
quarks. Consequently, analysis categories specifically sensitive to this production mode
typically require two forward jets with large pseudorapidity separation and large di-jet
invariant mass, with no jet in-between.

In the case of the VH production mode or Higgs-Strahlung, a valence quark interacts
with an antiquark from the sea to produce a massive vector boson which radiates a Higgs
boson. The WH cross section is approximately twice higher than the ZH cross section.
This difference is even increased when a leptonic decay of the vector boson is considered,
since BR(W — (v) = 21.3% whereas BR(Z — () = 6.7%F]

The last of the four main production modes corresponds to the associated production
of a Higgs boson with heavy quarks. In the case of top quarks, this process is referred to as
ttH production mode, while in the case of b quarks this is referred to as bbH production.
Those processes can be initiated either by two incoming gluons or a ¢q initial state (see
Fig. . Those two production modes have similar cross sections at /s = 13 TeV. Since
no loop is involved, unlike for the gluon-gluon fusion, the t¢H production mode enables
to probe directly the Higgs coupling to the top quark, which is the main focus of this
thesis. During the Run I of LHC, the sensitivity to this specific production mode was
not enough to claim its discovery with a 5o significance. Searches for ttH production
at LHC have previously been published for specific decay modes of the Higgs boson in
Run 1 [45, 46| 47, 48|. The first combination of t¢H searches in different final states
has been published by the CMS collaboration on the full data set collected at /s = 7
and 8 TeV [49]. Assuming SM branching ratios, this analysis has been able to set a
95% confidence level upper limit on the ttH signal strength u = o/osy at 4.5, while an
upper limit of 1.7 is expected in the background-only hypothesis (see Fig. . The
measured value of the signal strength was of 2.8 + 1.0 at 68% confidence level (see Fig.

2Decays into 7 leptons are not considered here.
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, representing a 3.40 excess over the background-only hypothesis and a 20 excess
over the Standard Model expectation including the ttH production. Combining Run 1
results, the ATLAS collaboration measured independently an excess in the ttH production,
associated with a signal strength g = 1.81+0.80 [50]. The combination of CMS and ATLAS
results on the Higgs boson production and decay rates [3] enabled to increase the measured
significance over the background-only hypothesis to the 4.4¢ level, while a 2.00 significance
was expected.

Figure 1.8: Feynman diagrams contributing to the ¢t#H production mode

During the Run II of LHC, the center-of-mass energy has been increased to \/s=13 TeV
at least. This has resulted in an increase in the cross section of the different production
modes as seen in Table . The ttH production has benefitted from the largest increase
(by a factor 4) thanks to an opening of the phase space. Indeed, since three massive
particles have to be produced, the momentum fractions of the incoming partons z,; have
to fulfill (z, 4+ xp)\/s > My + 2M;, which is easier to achieve at \/s=13 TeV than at |/s=8
TeV. Despite this boost in the cross section, the t¢H production will still remain the rarest
production mode with a cross section of only 0.51 pb.

1.2.3 Decay channels of the Higgs boson

Since the Higgs boson couples to every massive particle, it can decay in many different
channels. It can even couple indirectly, via boson or fermion loops, to photons and gluons.
The corresponding branching ratios depend on the Higgs mass and are presented in Fig.
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Figure 1.9: 95% CL upper limits on the signal strength parameter y = o /og\ for the ttH
process at my = 125.6 GeV, in each individual ttH channel and for all channels combined

[49]

CMS fs=7TeV, 5.0-5.1 fis’; (s = 8 TeV, 19.3-19.7 f*
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Figure 1.10: Best-fit values of u = o /ogy for the t¢H process at my = 125.6 GeV, in each
individual ttH channel and for all channels combined



32 CHAPTER 1. THEORETICAL MOTIVATIONS

Production mode Cross section [pb] Precision
Vs =8TeV | /s=13TeV
GGF 19.27 £10.4% | 43.9273057 NNLO-+NNLL QCD
and NLO EW
VBF 1.58 2% 3.75 + 3.3% NNLO QCD and NLO EW
WH 0.70 + 2.5% 1.38723% NNLO QCD and NLO EW
ZH 042+ 4.0% | 0.87+4.4% NNLO QCD and NLO EW
ttH 0.1375)%, 0.51F10°% NLO QCD
bbH 0.20712% 0.517 2% Santander Matching with
5FS (NNLO) and 4FS (NLO) [51]

Table 1.1: Cross section of the main Higgs production modes at /s = 8 and 13 TeV for
My =125 GeV [52]

[[.11] The final states of analysis involving Higgs boson generally include leptons or pho-
tons, since these particles are rarely produced in QCD processes, which represent a major
background in proton-proton collisions. These analyses can therefore benefit from lepton
and photon triggers (see Section . Moreover the resolution on variables associated to
leptons and photons is also usually much better than the one on those related to quarks
or gluons.
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Figure 1.11: Branching ratios of the Higgs boson [43]

The highest branching ratio of the Higgs boson is for the decay H — bb (57.7%).
This decay mode suffers from a high QCD background, which can be partially reduced
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using dedicated algorithms to identify jets originating from b quarks. However the QCD
production of bb pairs represents a very important irreducible background which strongly
limits the sensitivity of a search of the H — bb decay targetting the gluon fusion production
mode. Therefore searches for the H — bb decay mostly focus on the VH production mode
[53 [p4] (see Section [1.2.2)), where a massive electroweak boson is produced in association
with the Higgs boson. The presence of leptons and/or missing transverse energy in the
final state is then used to select events with Z — ¢/, Z — vv or W — (.

The decay H — 77 represents the other main decay of the Higgs boson into fermions
accessible at LHC, with a branching ratio of 6.4%. However the resolution on the invariant
mass of the Higgs boson is limited in that channel. Indeed, since neutrinos are involved in
the decay of the 7 leptons, the four-momenta of the 7’s cannot be exactly reconstructed and
the reconstructed invariant mass has to take into account a contribution from the missing
transverse energy. Some reconstruction techniques based on theoretical probability densi-
ties or on multivariate analysis can nevertheless be used. The combination of ATLAS and
CMS Run 1 results yielded an excess of events over the background-only hypothesis with
a 5.50 significance [3]. Other decays of the Higgs boson into fermions may be potentially
accessible at LHC, although they suffer either from a very high QCD background (H — cc,
BR = 2.7%) or from a very low branching ratio (H — pji, BR = 2.2 x 107).

The Higgs boson also couples to massive electroweak bosons, therefore it can decay
into ZZ (BR = 2.7%) or W*W~ (BR = 21.6%). Since My < 2My only one of the
electroweak bosons produced in this decay can be on-shell. Despite its very low branching
ratio (1.3 x 10™%), the decay mode H — ZZ — 4/ was one of the main discovery channels
of the Higgs boson in 2012 [1} [2], thanks to its high resolution on the 4/-invariant mass and
to its very large signal over background ratio of ~ 50 — 100%. The distribution of the 4¢-
invariant mass observed in the preliminary CMS analysis based on 2016 data is presented in
Fig. [1.12] This channel has also been used to measure properties of the Higgs boson such as
its spin and CP quantum numbers |55, |56 or its decay width [57} |58|. For the H — WW|
the searches mainly focused on the H — WW — 2/2v decay channel, which has a poor
resolution on the Higgs boson mass due to the presence of missing transverse energy. In
that channel, the ATLAS and CMS collaboration respectively reported an observed excess
over background of 6.1 and 4.3 standard deviations [59} 60].

Finally, the Higgs boson can also decay into bosons via loops of fermions (mostly top
quarks) or W bosons. Although the Higgs boson does not couple to gluons or photons
at tree level, since these particles are massless, an effective coupling can be generated at
quantum level (see Fig. [1.13). This leads to the decays H — gg, H — vy and H — Z~.
Because these decays are loop-induced, they are suppressed by two extra-powers of the
coupling constant (s or ) with respect to the tree-level decays described previously but
this suppression is mitigated thanks to the large coupling of the Higgs boson to the virtual
particles (namely the top quark and the W boson). This is for instance the case for the
H — gg decay which has a branching ratio of 8.6%. However the sensitivity of that decay
mode is very low because of its high irreducible QCD background. In contrast, the decays
H — vy (BR =23107%) and H — Zv (BR = 1.51073) have enough sensitivity to be
probed at LHC. The very high resolution on the invariant di-photon mass contributed to
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Figure 1.12: Distribution of the 4/-invariant mass for the mass region 70<m4,<170 GeV
observed in the preliminary CMS Run 2 analysis [61]

make of the H — ~v one of the main discovery channels of the Higgs boson in 2012 [1
2], in spite of its high background from the QCD ~v production. The diphoton invariant
mass observed in the CMS Run 2 analysis is presented in Fig. [[.14] Since a top quark
is involved in the loop, the measurement of the H — ~~ gives access to the top-quark
Yukawa coupling, although indirectly only.

1.3 Focus on the associated production of Higgs bo-
son with top quarks, with H — 77 decay

1.3.1 7 lepton physics
The 7 lepton is the heaviest of the leptons, with a mass of [26]

m, = 1776.82 + 0.16 MeV (1.52)

Because of its high mass, it is the only lepton which can decay into hadrons ("hadronic
decay"). It can also decay into an electron or a muon ('leptonic decay"). The decay of the
7 lepton occurs through the weak interaction involving an off-shell W boson, as seen in
Fig. In the case of a leptonic decay, two neutrinos are produced in association with a
charged lepton, while a single neutrino is produced in a hadronic decay. The lifetime of the
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Figure 1.13: Feynman diagrams of the loop-induced decays H — gg and H — vyv(Z)
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Figure 1.14: Distribution of the diphoton invariant mass observed in the preliminary CMS
Run 2 analysis [62]

7 lepton being relatively short, a 30 GeV 7 lepton can only cover a distance yer ~ 1 mm
before decaying and it is therefore only possible to reconstruct the visible decay products
of the 7 leptons, hadrons or a charged lepton. The neutrinos remaining undetected, it is
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not possible to evaluate exactly the momentum of the 7 lepton before its decay. In the
case of a hadronic decay, the set of all the reconstructed decay products is usually referred

to as a "hadronic tau" and labelled as 73,

e, u,d,s

ve,vM,U,G

Figure 1.15: Feynman diagram of the possible 7 lepton decays. The decay involving a s
quark, leading to a kaon in the final state, is possible through CKM-mixing.[63]

The branching ratios of the 7 lepton are detailed in Table [I.2 The leptonic decays
represent around 35% of the decays, the decays into an electron or a muon sharing a similar
branching ratio. The remaining 65% correspond to hadronic decays, mainly into one or
three charged mesons, with or without additional neutral pions. The charged mesons are
in most cases charged pions ("prongs'), the decays into kaons being CKM-suppressed. The
neutral pions decay almost immediately into two narrow photons. Some of the hadronic
decays occur through a meson resonance, which affects the distribution of the "visible mass'
of the 7 (invariant mass of its visible decay products), as seen in Fig. .

’ Decay mode \ Resonance \ Mass (MeV) \ Branching ratio ‘

T — ev., - - 17.85%

T — (U, Vr - - 17.36%

T h v, T 139.6 11.6%

T — h~n, p 770 26.0%

7 —= h 7'7%, aq 1260 9.5%
T —=h hth v, a; 1260 9.8%
T — h hth 1, - - 4.8%
others - - 3.1%

Table 1.2: Branching ratios of the 7 lepton decays

Since the 7’s produced at LHC are very energetic, when they undergo a hadronic decay
into more than one particle, the visible decay products are collimated and detected as a
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Figure 1.16: Observed and predicted distributions for the visible 7, mass, m.",, for events

with a reconstructed p and 75, in CMS data. The Z — 77 contribution is split according
to its reconstructed decay mode. The mass distribution of the 75, built from one charged
hadron and photons peaks around the mass of the intermediate p(770) resonance, while
the one for 7, reconstructed from three charged hadrons peaks around the mass of the
intermediate a1(1200) resonance. By construction, the 7, built from one charged hadron
and no photon are reconstructed with the 7* mass and represent the main contribution of
the first bin. [64]

bunch of close-by particles in the detector. In order to differentiate hadronic 7 decays
from jets originating from quarks or gluons, it is necessary to exploit the granularity of the
detector to reconstruct each individual decay product. The number of particles produced
in those decays is indeed significantly smaller than the one produced in the hadronization
of quarks or gluons. This feature is exploited by specific algorithms dedicated to the
reconstruction and the identification of hadronic 7’s. They will be described in Section

2.0.0l

For a resonance decaying into a pair of 7 leptons, six final states are possible and their
branching ratios are presented in Table The dominant decay mode is the decay into
two 71,. However the sensitivity to that channel is reduced due to the misidentifaction of
jets originating from quarks or gluons as 75,, which can lead to a sizeable background from
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QCD processes. On the other hand, although the purely leptonic final states can rely on a
very clean identification of the charged leptons, they suffer from relatively low branching
ratios. As for the decay modes into a charged lepton and a 7,, they combine at the same
time a high branching ratio and a lower mistag rate than the decay into two 7.

\ Decay mode \ Branching ratio ‘
X =717 —ee+Vs 3.19%
X =77 = pup+v's 3.01%
X =717 —eu+v's 6.20%
X =711 —em+Us 23.13%
X =77 = pm, + Vs 22.50%
‘ X =717 = 11+ U's ‘ 41.98% ‘

Table 1.3: Branching ratios of a resonance X decaying to a pair of 7 leptons

The decay of the Higgs boson into 7’s is only one of the many other Standard Model
processes studied at LHC which involve 7 leptons. 7’s can also be produced through Drell-
Yan production [65], where a Z boson or a photon decays into 7’s, or processes involving
a W boson [66] or a top quark [67]. The 7 leptons are also used as a probe for new physics
beyond the Standard Model, for instance in searches for Supersymmetry [68], Z’ bosons
[69] or charged Higgs bosons [70].

The analysis of the angular correlations between the 7 lepton and its decay products
can also be used to extract some information regarding the polarization of the 7 lepton.
This is true for all the 7 decay modes but the sensitivity is higher in the case of hadronic
decay modes because they involve a single neutrino in the final state. It is then possible
to exploit that property to determine the quantum numbers (J and C'P) of a resonance
decaying into 7 leptons [71].

1.3.2 Top quark physics

The top quark is the most massive particle described within the Standard Model, with a
mass currently estimated at [26]

M, = 173.21 £ 0.87 GeV (1.53)

The top quark has a large decay width I' = 2.0 £ 0.5 GeV [26], because its large mass
allows for its decay into a down-type quark and an on-shell W boson. This decay width
corresponds to a lifetime of only 5 x 1072° s or ¢7 ~ 0.1 fm. The typical QCD scale being
ten times larger, the top quark does not have time to hadronize before its decay, unlike
the other quarks.

Because of the large matrix element |V;|? in the CKM matrix, the top quark almost
exclusively decays into a b quark and a W boson with a measured branching ratio of 91 +4
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% [26]. The W quark can then decay either into two quarks, with a branching ratio of
67%, or into a charged lepton and a neutrino. In the case of a leptonic W decay, the
three lepton flavours are approximately equally likely. The Feynman diagrams of the main
top decays are presented in Fig. [1.17. Depending on the W decay mode, the top quarks
can then be referred to as "hadronic" or "leptonic" tops. Leptonic tops are in principle
easier to detect because of the presence of a charged lepton but because of the neutrino
in the final state, it is not possible to reconstruct directly the four-momentum of the top
quark. In the case of hadronic tops, jet reconstruction algorithms, which will be detailed
in section [2.3.4] can give an estimate of the four-momenta of all the final-state quarks and
therefore of the hadronic top. Depending on the energy of the hadronic top, standard
jet algorithms may fail to reconstruct three separate jets because some of the final-state
quarks are too collimated. However specific top tagging algorithms, based on the analysis
of the jet substructures, can still be used to identify hadronic tops [72].

b b

W+

(b)

Figure 1.17: Feynman diagram of (a) leptonic top decays and (b) hadronic top decays. [
stands for e, p or 7. [73]

In the most current Standard Model processes involving top quarks, they are produced
by pair via the strong interaction. Assuming a 100% branching ratio for t — bW, there
are therefore ten possible final states for the top pair, whose branching ratio are given in
Table[T.4] The dilepton, lepton + tau and ditau final states have the lowest branching ratio
(10.6% altogether), while the all-hadronic final state has the largest one but suffers from
a high QCD background at LHC. The lepton + jets final state are interesting to exploit
because they have at the same time a sizeable branching ratio and an energetic lepton in
the final state.

The top quark has been extensively studied using Tevatron data by the CDF and
D@ collaborations in various production modes |74, 75]. At LHC, the cross sections of
Standard Model processes involving the top quark have also been measured in different
final states [76, 77]. As the only Standard Model particle with Yukawa couplings to the
Higgs boson of order one, the top quark is commonly associated to new physics. In some
supersymmetric theories for instance, the scalar partner of the top quark is often assumed
to be the lightest scalar superpartner and the top quark plays therefore a special role in
searches for Supersymmetry at LHC [78]. It is also involved in other physics analyses
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] Category \ Decay mode \ Branching ratio \
Dilepton tt — bbee + V's 1.6%
tt — bbup + v's 1.6%
tt — bbep + v's 3.1%
Lepton + tau | ¢t — bbet), + U's 1.9%
tt — bbut, + v's 1.9%
Ditau tt — bbr,Ty + U's 0.5%
Lepton + jets | tt — bbgqe + V's 17.2%
tt — bbqqu + V's 17.0%
Tau + jets | tt — bbgq, + U's 9.9%
All-hadronic tt — bbqqqq 45.4%

Table 1.4: Branching ratios of a tt pair. The decays of 7 leptons are taken into account
here.

beyond the Standard Model such as the search for W’ or Z’ bosons 79, 80].

1.3.3 b quark physics

The associated production of a Higgs boson with top quarks leads to the presence of at least
two b quarks in the final state, from the top quark decays. Other processes at LHC can
also lead to the production of b quarks, such as the production of a Higgs boson decaying
into b quarks, the production of a top quark pair or QCD processes where b quarks can be
produced from gluon splitting.

With respect to other parton flavors, the jets originating from b quarks exhibit specific
properties which enable to tag them. The b-tagging is then useful to reduce the important
QCD background with no b quark production. The b-jet identification can also be used
in multi-jet final states to determine the correct assignment of reconstructed objects to
parton level objects, like in ¢t lepton + jets or all hadronic final states, where it can be
used to distinguish jets originating from b quarks from those produced by light quarks from
hadronic W decays.

The characteristic features of the b-jets originate from the specific properties of b quark
hadronization and weak decays of B mesons, which are exploited in b-tagging algorithm (see
Section[2.3.4). One of them is the large lifetime of B mesons of about 1.5 ps (¢r & 450pm),
which can be measured thanks to high resolution tracking detectors. This leads to the
presence of a secondary vertex along the tracks of charged particles, whose shift in the
transverse plane with respect to the primary vertex corresponding to the proton-proton
interaction can be used to characterize such decays. Moreover B mesons have large masses
(above 5 GeV) with respect to their decay products, which are therefore produced with a
larger momentum transverse to the jet axis with respect to non b-jets, resulting in a wider
opening angle. b-jets also have typically a larger multiplicity of charged particles.
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Finally B mesons can also undergo semi-leptonic decays, as shown in Fig. [I.18 In
about 40% of the cases, an electron or a muon is thus produced inside a b-jet. The large
transverse momentum of the lepton with respect to the jet axis is used in some algorithms
to tag b-jets [81]. Those leptons can also be misidentified as "prompt" leptons, produced
in hard electroweak processes, such as the decay of Z or W bosons for instance. Events
with such non-prompt leptons can then contribute as backgrounds for analyses targetting
events with b-jets and leptons, such as ttH analyses. Dedicated identification criteria have
thus been developed to distinguish prompt from non-prompt leptons and will be presented
in more details in Section (.2.11

Figure 1.18: Semi-leptonic decay of a B meson into 7/~ and a DT meson.

1.3.4 State-of-the-art ttH signal and backgrounds modeling

As one of the key processes to determine the couplings of the Higgs boson, the modeling
of the ttH signal and its main backgrounds have benefited from significant efforts in order
to make the theoretical predictions for those processes as accurate and precise as possible.
The most recent improvements in this area are presented in [82]. The t¢H signal modeling
in particular has recently been improved thanks to the computation of the next-to-leading
electroweak (NLO EW) corrections to this process [83) 84, 85, while the NLO QCD cor-
rections have already been available for several years [86, [87, 88, 89]. These NLO EW
corrections are important in particular to put precise constraints on the top Yukawa cou-
pling (y;), as they introduce additional corrections related to the Higgs boson coupling to
vector bosons or to itself which modify the trivial dependence of the ttH cross section on
y2. The NLO cross sections for the tZH signal and for the ¢tV backgrounds are presented
in Table [LL5 as well as their associated uncertainties.

The effect of the NLO corrections on some distributions characteristic of the tt H process
is presented in Fig. Different NLO QCD calculations from different generators
interfaced with Parton Shower (PS) tools have also been compared in details. They have
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Process | o5L0[b] 009, pwlfb] Koep 0pw(%]  Scale[%]  PDF+ag[%]
ttH 498.7 507.1 1.25 1.7 +5.8 -9.2 +3.6
ttz 841.3 839.3 1.39 -0.2 +9.6 -11.3 +4.0
tHHWw 620.6 600.8 1.50 -3.2 +12.9 -11.5 +3.4

Table 1.5: Inclusive cross sections at NLO QCD and NLO QCD+EW accuracy for 1/s=13
TeV of the ttH and ¢tV processes [82]. Kqgcp corresponds to the ratio of the NLO QCD and
LO cross sections. dgy, corresponds to the relative difference between the NLO QCD+EW
and NLO cross section. The scale uncertainty is estimated by varying the central value
of renormalization and factorization scales g = M; + My, y /2 by a factor 2, while the
PDF+ag uncertainty is obtained following the PDF4LHC recommendations [90)].

found to be overall in very good agreement, as seen in Fig. 1.2():. The ttH signal and
ttV background samples used in the analysis presented in Chapter §| have been generated
using MadGraphb_aMC@NLO [91] interfaced with PYTHIA 8.2 [92] to model the parton

shower and fragmentation.

1.3.5 Sensitivity of ttH analyses to Beyond the Standard Model
physics

A large variety of models Beyond the Standard Model (BSM) predict modified top-Higgs
coupling with respect to the Standard Model. This is for instance the case in Two-Higgs-
Doublet Models (2HDM) [93, |94} |95]. Those can arise in several BSM theories such as
the minimal supersymmetric extension of the Standard Model (MSSM) [96], twin Higgs
models [97] and certain composite Higgs Models [98]. In those classes of models, two SU(2)
doublets ®; and @, are introduced (instead of a single one in the Standard Model).
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Figure 1.19: Distributions at the LHC at /s=13 TeV for the ttH — bbe*v,u~ 7, H process:
for the transverse momentum of the positron (upper left), of the b-jet pair (upper right), of
the Higgs boson (lower left) and the azimuthal angle between the positron and the muon
in the transverse plane (lower right). A dynamical scale pg = (Mg MpeMpp)'/? with
Myp = \/M? + p% is used and the bands correspond to the scale uncertainty estimated by
varying the renormalization and factorization scales within a factor 2 from p. [82]
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Figure 1.20: NLO QCD+PS and fixed-order NLO QCD predictions for differential ttH
observables at 13 TeV. Each ratio plot shows all results normalized to one particular NLO
QCD+PS prediction and the scale variation band of the latter. [82]
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The most general Lagangian describing such a Higgs sector can then be written as

1
Vi = = [mh (9101) + miy (010,) + {3y (@]0,) + h.c.}}
A A A
+ 5 (2]01)° + T (@122) + T3 (P]01)(210)

+ 24(@1@2)@;@1) + {A;(@}qb) + [Aa(@]@1) + Ar(@5Do)] (@] D) + h.c.} (1.54)

This general potential contains 14 real free parameters (in contrast with only two real
parameters in the case of a single doublet). With some additional assumptions, such as the
conservation of CP symmetry in the Higgs sector, this number of parameters can however
be reduced. Assuming that the vacuum expectation values of the two doublets are invariant
under the U(1) gy gauge symmetry, they can be written as

(@) = \}5 (ﬁ) (D) = \}5 (1?2) (1.55)

Those two SU(2) doublets corresponds to eight scalar fields:

_ o _
D, = <(%+pa+ma)/\/§>,a_1,2 (1.56)

Among those, three correspond to Goldstone bosons which can be absorbed in the unitary
gauge. After diagonalization of the mass terms of the Lagrangian, five physical Higgs
bosons remain: two charged Higgses H*, two CP-even neutral Higgses h and H and a
CP-odd neutral Higgs A. A very important parameter for the study of 2HDMs is

tan § = kel (1.57)
U2
The angle [ is the rotation angle which diagonalizes the mass-squared matrices of the
charged scalar fields ¢} and pseudoscalar fields 7,, while the mass eigenstates h, H are
obtained from the scalar fields p, by a rotation of angle . The phenomenology of the
2HDMs is then strongly governed by the values of those two angles. The coupling of the
CP-even bosons to electroweak vector bosons is for instance given by

m? m?
gy = 27‘/ sin(f — «), guvy = QTV cos(ff — a) (1.58)

with v = \/v? + 3.

In the so-called type-II 2HDMs, the ®; doublet has Yukawa couplings to up-type
fermions while the ®; doublet couples to down-type fermions. The coupling to up-type
and down-type fermions of the CP-even mass eigenstates are then given by

Jhuw = % sin(f — «) (1 + cot feot(B — @), Gruu = % cos(f — a) (1 — cot ftan(ff — «))
(1.59)
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Ohdd = % sin(f — «) (1 — tan B cot(S — ), graqa = % cos(f8 — «) (1 + tan B tan(s — «))

(1.60)
The couplings of the h boson get compatible with the couplings of the Standard Model
Higgs boson in the so-called decoupling limit with § — o = 7/2. However, away from the
decoupling limit, those couplings can deviate from those predicted by the Standard Model.
In particular, for low values of tan S the coupling of the A boson to up-type fermions gets
enhanced, which would lead to an increase of the tH cross section. The gluon-gluon fusion
cross section can at the same time keep values compatible with the Standard Model in case
new colored particles (such as light stop quarks) are introduced [99]. At low tan 3, the
coupling of the h boson to down-type fermions gets also suppressed, which induces an
increase of the branching ratio of the Higgs boson decay into electroweak bosons. Those
kinds of models can then be probed in particular by studying the ttH, H — WW process.
Because of the suppressed couplings to the down-type fermions, the t¢H, H — bb and
ttH, H — 77 processes are less sensitive to those models.

In the so-called type-I or fermiophobic 2HDMs, the ®5 doublet couples to all the
fermions while the ®; has no couplings to fermions but only to gauge bosons. For those
models, charged Higgses with a mass below the top mass are not excluded yet and they
can dominantly decay into H* — A/HW ) if myy > my /1, while their fermionic decays
are supressed. If my g $110 GeV, A or H dominantly decays into bb or 77. The process

pp — tt — (BWH(BH™) — (bW H(OW - A/H) (1.61)

can then lead to a large contamination in searches for the ttH, H — bb and H — 77
processes, as illustrated in Fig. [100].

Figure 1.21: Rare top decay to bH* in a light type-I 2HDM, whose final states overlap
with those of the Standard Model processes ttH, H — bb/77 [100]

Some deviations with respect to the Standard Model are thus expected in some classes
of BSM models in the different ttH final states and analyses searching for this Standard
Model process can therefore also be used in principle to put some constraints on the
parameters of those BSM models.



Chapter 2
The LHC and the CMS experiment

It doesn’t matter how beautiful your theory is,
it doesn’t matter how smart you are.
If it doesn’t agree with experiment, it’s wrong.

Richard Feynman

2.1 The LHC

Put into service on September 10th 2008, the Large Hadron Collider (LHC) is currently
the most powerful particle collider in the world. Located under the French-Swiss border,
the LHC was built at CERN in Geneva in the circular tunnel of its predecessor, the Large
Electron Positron Collider (LEP). This 26.7-km-long tunnel is located at a mean depth of
100 m and hosts the two beam pipes, in which protons circulate in opposite directions.
During dedicated periods, the LHC is also used to accelerate heavy ions (Pb) at a nucleon-
nucleon center-of-mass energy /syy = 5.1 TeV (2.76 TeV during Run 1). The Pb-Pb and
p-Pb collisions are used to cover the Heavy-Ion LHC physics programme.

Four main experiments, visible in Fig. [2.1] collect data produced in LHC collisions:
ATLAS, CMS, ALICE and LHCb. ATLAS [102] and CMS [103] are multipurpose detectors
that search a large panel of physics processes, from precision electroweak measurements
and to the search for processes involving a Higgs boson as well as tests of supersymmetric
theories or extra-dimensions. The ALICE detector [104] focuses on the analysis of heavy
ion collisions to study the properties of the quark-gluon plasma. Lastly LHCb [105] is
dedicated to the study of B mesons and of the CP-violation.

Before entering the LHC, the protons are accelerated in several steps by the accelerator
complex shown in Fig. 2.2] The first acceleration step is achieved by the linear accelerator
LINAC2, which produces 50 MeV protons. They are injected afterwards in the Proton
Synchrotron Booster (PSB) and then in the Proton Synchrotron (PS), where they are
accelerated up to 26 GeV. Finally the proton bunches enter the Super Proton Synchrotron
where their energy is increased to 450 GeV before entering the LHC ring. Once in the

47
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Figure 2.1: Overall view of the LHC [101]
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LHC, they are further accelerated up to their maximal energy. The linear acceleration
of the protons is performed thanks to high frequency accelerating cavities whereas the
bending of their trajectory is achieved with 1232 superconducting dipole magnets, which
operate at a field of 8.3 Tesla and need to be cooled down to 1.9 K with superfluid helium.
Additional magnets (mainly quadrupoles) are also needed in order to focus the beams.
During the LHC Run 2, the bunches contain around 10! protons with an energy of 6.5
TeV (for a nominal energy of 7 TeV) and are spaced by 25 ns (50 ns at the beginning of Run
2). These bunches are characterized by a transverse normalized emittance €, = 3.75um
and a beam [ function at the collision point 8* = 0.55m. The instantaneous luminosity

can be expressed as [107]
nszfrev
L=yv———R 2.1

i 47 B*e, (2.1)
with v = Epeam/m,, np the number of bunches in the machine (2808 for 25 ns spacing),
N the number of protons per bunch, f,.., the revolution frequency and R a luminosity
geometrical reduction factor due to a non flat crossing angle of the bunches at the collision
point. The nominal instantaneous luminosity is £ = 10** cm~2s~! but it had been already
exceeded in 2016 where it reached 1.5 x 103* em™2s~!. The rate of events dN/dt (s7!) for
a physical process with cross section o (cm?) is then given by

dN

The increase in the center-of-mass energy, from 8 TeV to 13 TeV, increases the sensitivity
of the experiments for rare processes, like Higgs boson production, due to the increase
in their cross-sections and in the luminosity of the collisions (both affecting background
processes as well). However, this will also increase the number of particles produced in the
collisions and the detectors will have therefore to extract the relevant information from
a harsher environment. The inelastic collisions of two protons can be described as the
interaction of one parton from each proton (see section [I.2.1)). The interactions of the
remaining constituents of the proton form the underlying event. During the crossing of
the proton bunches, several inelastic collisions may also occur, which contribute to what
is called in-time pile-up. The other contribution to pile-up is due to collisions in adjacent
bunch crossings and is called out-of-time pile-up. During 2016, the average number of
pile-up interactions recorded by the CMS detector was 27 but the peak pile-up reached up
to 50 simultaneous collisions. The higher pile-up environment with respect to Run 1 has
been partially compensated by upgrades of the detectors but the analysis techniques had
also to be optimized to mitigate the influence of pile-up and underlying events.

2.2 The CMS experiment

The Compact Muon Solenoid (CMS) experiment is one of the two multipurpose detectors

collecting data from the LHC collisions, the other being the ATLAS (A Toroidal LHC
AppartuS) experiment. A full description of the CMS detector can be found in [103]. The
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detector has a cylindrical geometry visible in Fig. It is the heaviest detector at the
LHC, with a mass of 14,000 t, a length of 28.7 m and a diameter of 15 m. The compactness
of the CMS detector (half the length of ATLAS) is mainly due to its superconducting
solenoid, which produces a magnetic field of 3.8 T. The design of the detector and its
performances have been determined to achieve the LHC physics programme [108].

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Figure 2.3: General view of the CMS detector

2.2.1 Design constraints

One of the main goals of the LHC when it was designed was the discovery of the Higgs
boson, the last missing piece of the Standard Model at that time. Since its mass was very
loosely constrained, the search for the Higgs boson had to span a large mass range, over
which the branching ratio of the Higgs boson can significantly vary (see section . The
CMS detector has therefore been designed to measure precisely as many decay channels as
possible.

In order to be sensitive to the H — bb and H — 77 decays, a tracker system with high
performance was needed in order to reach an efficient reconstruction of all the charged
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particles originating from the b quark and 7 lepton decays. The H — 7 search, which had
to cope with an overwhelming continuous background, required a granular electromagnetic
calorimeter with a very high energy resolution. Finally, the decay channels involving final
states with leptons (e.g. H — ZZ — 40, H — WW — 2{2v) depended on an excellent
lepton reconstruction, identification and isolation.

A good lepton reconstruction is also mandatory to searches of Standard Model exten-
sions at the TeV scale. Indeed, some of these models predict the existence of new gauge
bosons (e.g. Z', W') which can decay leptonically. Because of the high mass of these
resonances, they decay into very energetic leptons, which requires a linear response of
the electromagnetic calorimeter up to an energy of O(1 TeV). Moreover, the presence of
a very intense magnetic field of 3.8 T enables a good muon momentum resolution and
unambiguous charge determination up to pf ~ 1 TeV.

Other theories beyond the Standard Model (e.g. supersymmetry) predict the existence
of weakly interacting particles. If they are produced in collisions, they will be associated
to a significant amount of missing transverse energy F. Since this quantity is evaluated
from the momentum conservation in the transverse plane, it is important to have the most
accurate reconstruction as possible for every interacting particle. A precise measurement
of Pr can be achieved thanks to a hermetic detector with a good jet energy resolution.

The high instantaneous luminosity £ ~ 1073* cm~2s7! in collisions, necessary to have
access to very rare processes, represents also a constraint in the detector design. With
LHC collisions produced every 25 ns, a very fast trigger system and detector response are
required to be resilient to out-of-time pile-up. In-time pile-up also produces a lot of soft
particles which can degrade the detector performance, due to the energy density varying
from collision to collision. In order to mitigate the influence of in-time pile-up, a very
segmented tracker and high-granularity calorimeters have been built. Finally, the large
flux of particles in the forward region, due to the underlying events, had to be taken into
account into the design of the subdetectors in that region to resist to the radiation damage.

2.2.2 CMS geometry

The coordinate system adopted in CMS is represented in Fig. The origin of that
system is located at the interaction point, in the center of the detector. The z-axis points
radially towards the center of the LHC while the y-axis is vertically oriented towards
the surface. The z-axis is then defined to coincide with the beam axis, to form a direct
Cartesian coordinate system. The azimuthal angle ¢ € [—m, 7] is measured in the (z,vy)
plane (transverse plane) starting from the x-axis. The polar angle 6 is measured from the
z-axis.
The rapidity ( is defined as

1 E+p,
(= iln (E—pz) (2.3)

which is linear under a longitudinal Lorentz boost. This motivates the use of the pseudo-
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Z

Figure 2.4: CMS coordinate system [109]

rapidity coordinate n defined as as

1

n=- lntang =_In < (2.4)

2 9

1P| — p.

For ultra-relativistic particles with £ > mc?, the pseudo-rapidity is approximately equal
to the rapidity. The transverse momentum pr is defined as the projection of the momentum
in the transvers plane (z,y). Its magnitude is given by

— 2= 2.5

The distance AR between two particles with a pseudo-rapidity difference An and an az-
imuthal angle difference A¢ is defined as

AR = \/An? + A¢? (2.6)

The CMS detector is divided into a central part (the barrel), which covers the region
up to |n| < 1.5, and two forward regions (the endcaps), with 1.5 < |5 < 3. The geometry
of the detector is essentially driven by the solenoid, which produces the 3.8 Tesla magnetic
field required to achieve a high momentum resolution and an efficient charge identification
of the particles produced in the collision. In the barrel, the magnetic field is parallel to
the direction of the beams. The tracker, the electromagnetic calorimeter (ECAL) and the
hadronic calorimeter (HCAL) are located inside the magnet coil, while the muon chambers
are the outermost part of the detector, outside of the coil. The muon chambers are inter-
leaved with a return yoke, made up of iron slabs, which contain and guide the magnetic

field.
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2.2.3 Tracking system

The first layer crossed by the particles produced in the collisions is the tracker. This
subdetector has therefore to deal with a very high flux of particles and was designed to
sustain high radiation levels, a high granularity and a quick response, in order to reconstruct
precisely the primary vertices (the proton interaction points) and the trajectories of every
charged particle. The tracker can also identify secondary vertices along the tracks, a
characteristic feature used to identify jets originating from b quarks (see section .

The CMS tracker forms a hermetic subdetector of 5.8 m long and 1.2 m of diameter and
is entirely based on silicon detectors, which detect the charged particles via the ionization
of their silicon cells. The trajectories are then built from the different hits and their
associated momentum is determined from their curvature. The tracker is divided into two
subsystems: the pixel detector and the silicon strip tracker (see Fig. [2.5]).
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Figure 2.5: Longitudinal view of the 2016 CMS tracking system [110]

Until 2016, the pixel detector in the barrel was made of three 53-cm-long cylindrical
layers (Tracker Pixel Barrel), located at r=4.4, 7.3 and 10.2 cm from the beam, while two
vertical discs closed off each side of the pixel detector (Tracker Pixel Endcap), at |2|=34.5
and 46.5 cm between r=6 and 15 cm. Altogether, those layers represent a total of 65 million
silicon channels, measuring 100x150 um. This granularity enables to achieve a resolution
of 10(20) pm in the (z,y)-plane (along the z-axis). At the beginning of 2017, the pixel
detector has been upgraded to improve the efficiency and resolution on tracks and allow
recovery of degradation in outer tracker layers. Its geometry has thus been modified and a
fourth additional layer in the barrel and an additional third disk in the endcaps have been
added [111].

The silicon strip tracker consists of up to ten layers of micro-strip sensors. The Tracker
Inner Barrel (TIB) is formed of the four innermost cylindrical layers, which extend up to
r=b5 c¢cm and |z|=65 cm and have a variable pitch between 80 and 120 pum. Each side
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is enclosed by three Tracker Inner Discs (TID), between |z|=65 cm and 110 cm with a
variable pitch between 100 and 140 pm.

Those two subsystems are surrounded by six concentric layers forming the Tracker Outer
Barrel (TOB), up to r=116 cm with a pitch going from 120 to 180 gm. While the silicon
strips of the TIB and the TID are 320-um-thick, those in the TOB have a thickness of 500
pm. The spatial resolution in the transverse plane achieved in the TIB varies between 23
and 34 pm, which increases to 35-52 pum in the TOB. Along the z-coordinate, the spatial
resolution is of the order of 10 times larger.

The tracker is completed by nine Tracker EndCap (TEC) discs on each side, covering
the region |n| < 2.5 with 120 < |z| < 180 cm. Among those nine discs, the five innermost
are 320-um-thick while the four outermost are 500-pm-thick with a variable pitch between
100 and 180 pm.

2.2.4 Electromagnetic calorimeter

One of the characteristic features of the CMS detector is its homogeneous crystal-made
electromagnetic calorimeter (ECAL). Its main goal is to measure the energy of photons and
electrons, by collecting all the energy deposit from the induced electromagnetic showers.
The ECAL consists of 75,848 crystals of lead tungstate (PbWO,) arranged in a quasi-
projective structure, as seen in Fig. [2.6, The lead tungstate was chosen because of its
high density (8.3 g/cm®), its short radiation length (X, = 0.89 cm) and Moliére radius
(Rpr = 2.2 cm), which enables to achieve a high compacity for the ECAL. This material also
benefits from a short scintillation decay time, which ensures that 80% of the scintillation
light is emitted within the 25 ns interval between two bunch crossings.

ECAL (EE)

Figure 2.6: Longitudinal view of the CMS electromagnetic calorimeter [112]

The ECAL is organized in a barrel (EB) and two endcaps (EE), which cover the regions
In|] < 1.48 and 1.48 < |n| < 3 respectively. The barrel counts 61,200 crystals, divided
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between 36 supermodules of 3t, with 1,700 crystals each, while 14,648 further crystals are
located in the endcaps. Each crystal has a trapezoidal shape and covers a solid angle of
0.0174 x 0.0174 in (n, ¢). Their length varies between 22 and 23 c¢cm in the barrel and in
the endcaps, which corresponds to around 25 radiation lengths Xj.

In the endcap region, the ECAL is completed by a preshower sampling calorimeter
(ES), consisting of alternating layers of lead and of silicon strips, in front of the calorimeter
endcaps. Since the hadronic activity is particularly high in that region, the goal of the
ES is to distinguish the high-energy photons from the close pairs of low-energy photons,
produced by 7%’s decays.

Photodetectors are used to detect the scintillation light and amplify this signal. In the
barrel, silicon avalanche photodiodes (APD) are used, while vacuum phototriodes (VPT)
are deployed in the endcaps, because of the higher radiation level and magnetic field.
Moreover, the light yield of the crystals is very sensitive to the temperature and a cooling
system is therefore required to extract the heat from the readout electronics and keep the
crystal temperature stable around 18 + 0.05°C.

Although radiation-hard, the crystal transparency varies with the radiation level be-
cause of the nuclear interactions between the material and the ionizing particles. A moni-
toring system using laser light is therefore used. The laser monitoring is sollicitated during
the abort gap of the LHC (2.6 us) to measure the transparency change in real time. It is
used to derive time-dependent calibration constants.

The intrinsic energy resolution of the ECAL barrel, measured in test beams, has the

following dependence
o\2 s\ (N,
(5) = (@) *(E> +C (27)

where S (2.8% GeV'/?) is the stochastic term, N (120 MeV) the noise term and C' (0.3%)
the constant term [103]. The stochastic term takes into account the fluctuations in the
number of produced photo-electrons, while the noise term is coming from electronics noise
and pile-up events. The constant term is related to the non-uniformity of the crystal
response and the error for crystal intercalibration of the calorimeter. As seen in Fig.
the energy resolution is smaller than 1% for electrons with an energy higher than 15 GeV,
while it goes down to 0.6% for electrons above 40 GeV.

2.2.5 Hadron calorimeter

The hadron calorimeter (HCAL) is the last subsystem of the CMS detector located inside
the solenoid coil. It measures the energy deposited by neutral and charged hadrons and
helps determine the missing transverse energy (see section . Unlike the homogeneous
ECAL, the HCAL in CMS is a sampling calorimeter. Non-ferromagnetic materials (stain-
less steel and brass) have been used for the supporting structure and as absorbers, because
of the intense magnetic fields in the detector. As for the active medium, tiles of plastic
scintillators have been used and piled-up into quasi-projective towers. The scintillation
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Figure 2.7: Intrinsic energy resolution of the ECAL as a function of the electron energy
(measured in a beam test) [103]

light produced by the hadronic showers is channeled by optic fibers and converted into an
amplified analogical signal by hybrid photodiodes (HPD).

The HCAL is divided between a barrel region (HB) and two endcaps (HE), as seen in
Fig. . The barrel covers the region |n| < 1.4 and is segmented into 36 wedges of 26 t
each. In order to avoid energy leak from the tails of the hadronic showers, an additional
layer of active material (HO) is located outside the coil for |n| < 1.26, inside the muon
system, which ensures a calorimeter depth of approximately 11 interaction lengths. The
endcaps count 36 additional wedges between |n| = 1.3 and |n| = 3. The size of the towers
vary between An x A¢ = 0.087 x 5° in the barrel and An x A¢ = 0.302 x 20° in the
endcaps.

The barrel and the endcaps are completed by two hadronic forward calorimeters (HF),
located at 11.2 m from the interaction point and covering the region 3 < |n| < 5. Because of
the very intense hadronic activity in that region, they have to be more radiation-hard than
in the barrel and the endcaps. The materials used in the two sampling HF calorimeters are
steel absorbers and embedded quartz fibers, which channel the light produced by Cerenkov
radiation to photomultiplier tubes (PMT). The HF calorimeters count 18 wedges of 24
towers, whose size is An x A¢ = 0.171 x 0.171°.

The energy resolution of the ECAL and the HCAL together has been measured from
test beams with pions between 5 and 300 GeV. A reweighting of the ECAL and the HCAL
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Figure 2.8: Longitudinal view of the CMS hadron calorimeter, segmented between barrel
(HB), endcaps (HE), outer barrel (HO) and forward (HF) regions [103]

contributions in the barrel is applied to take into account differences in the responses
for electrons and hadrons. The measured resolution is then dominated by the HCAL
contribution and is given by [113]

(3 - (VF) +omo .

2.2.6 Muon detectors

The outermost subdetector in CMS consists of the muon detectors located outside the
magnet coil. The muons are indeed the only particles able to go through the whole de-
tector (along with the undetected neutrinos), which makes their identification relatively
straightforward. Different kinds of detector are part of the muon system, as seen in Fig.
2.90 The drift tubes (DT) are located inside the barrel, up to |n| < 1.2, in which the muon
flux and the neutron noise are relatively low. In the endcaps, for 1.9 < |n| < 2.4, Cath-
ode Strip Chambers (CSC) are able to deal with the higher radiation level and magnetic
field. Resistive Plate Chambers (RPC) are used in addition in the whole detector to ensure
redundancy for muon triggers.

The barrel part of the muon system is longitudinally segmented into five dodecagonal
wheels with a length of 2.7 m, each of the 12 sectors having a 30° opening. Four DTs
stations and 6 RPC layers are interleaved with the three iron slabs of the return yokes
of the magnet. The first DT station is located at » = 4.5 m, while the outermost one is
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Figure 2.9: Longitudinal view of the CMS muon system, divided between drift tubes (DT),
Cathode Strip Chambers(CSC) and Resistive Plate Chambers (RPC) [114]

at r = 7 m from the beam axis. Each DT station includes 2 or 3 superlayers, each one
being made of four stacked layers of DT chambers. Those gaseous chambers, filled with
a mixture of argon and C'O,, can record tracks from the drift time of avalanche electrons
left by muon crossings.

In the three innermost DT stations, two superlayers have their wires parallel to the
beam axis, to measure the trajectories along the (7, ¢)-coordinates, whereas the third one
has its wires orthogonal, to measure the trajectories along the (r, z)-coordinates. The last
DT station has only two superlayers with wires installed along the beam axis. The three-
dimensional trajectories of the muons can then be reconstructed from two-dimensional
segments measured with different superlayers. The resolution achieved with the DTs is
better than 1 mrad in ¢ and 100 (150) pm in position in the (z,y)-plane (along the z-
axis).

The endcaps are both arranged into four disks perpendicular to the beam axis from
z =T to 10 m, with in total six CSC layers and three RPC layers. Those disks are divided
into two or more concentric rings. The CSCs are gaseous chambers filled with a mixture
of argon, COy and C'F} in which closely spaced anode wires are stretched between two
radially oriented cathodes. The measurements from the cathodes are used to estimate the
(r, ¢) position, while the anodes are optimized to measure the n-coordinate and the bunch
crossing the detected muon comes from (because the ionization electrons can be detected
much faster with the anodes than the ions on the cathodes). The CSCs have a position
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resolution of 75 to 150 pum along the ¢-coordinate and 200 pum for the r-coordinate.

The RPCs, present both in the barrel and the endcaps, are double gap chambers,
operated in avalanche mode, in order to ensure good operations at high rate. Thanks to
their fast response and good time resolution, they play an important role in the trigger
system of CMS (see section and are used to assign the muons to the correct bunch
crossing.

As visible in Fig. [2.10] the pr-resolution for the muons in the barrel with pr < 100
GeV is dominated by the tracker measurement but for higher momenta the muon system
response dominates and allows to achieve 10% for 1 TeV muons.
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Figure 2.10: The muon transverse-momentum resolution as a function of the transverse-
momentum (pr) using the muon system only, the inner tracking only, and both [103]

2.2.7 'Trigger system and data acquisition

With a full detector readout of around 1 Mb/event, it is not technologically possible to store
all the data produced every day by the billions of proton collisions in the CMS detector.
Hopefully most of those collisions do not correspond to the high-energy processes, like the
production of Higgs bosons, but rather to elastic proton scatterings for example. It is
therefore possible to reduce the bare collision rate of 40 MHz (for 25 ns bunch spacing) by
selecting only events likely to involve interesting physics processes. This task is achieved
by the trigger system, which has to quickly take the decision whether to store or not data
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associated with a given bunch crossing. In CMS, the trigger system is organized in two
successive levels: the Level 1 (L1) trigger and the High-Level Trigger (HLT) [115].

Level 1 trigger

The first level of filtering corresponds to the L1 trigger that is implemented on custom
hardware processors located in the service cavern of the detector. It has to provide a rate
reduction of O(10%), down to an absolute rate of about 100 kHz. The L1 trigger takes
as input raw data from the front-end readout electronics and looks for signs of interesting
physics, like particles with a high energy.

As the L1 trigger has only 3.8 us to take a decision, the full offline reconstruction
of the physics objects cannot be applied at this level. Instead, the L1 trigger produces
L1 candidates, corresponding to a coarse-granularity and low-energy-resolution estimate
of the particle four-momenta. Because of the timing constraints, which include the fact
that the L1 trigger is fully synchronized, iterative procedures like track reconstructions
using the tracker information cannot be used at Level 1. Therefore the tracker and the
preshower detector are not used in the L1 trigger, because their read-out do not have
enough latency, and the L1 candidates are only reconstructed using calorimeter and muon
system information. Note that the trigger upgrades of CMS planned for HL-LHC will
however be able to make use of the tracker information within the L1 trigger [116].

Specific algorithms, directly implemented on electronic boards, are used to reconstruct
the transverse energy and the position in (7, ¢) of the different L1 candidates. They can be
associated to electromagnetic objects, namely electrons or photons (L1 EG), hadronically
decaying 7 leptons (L1 Tau), muons (L1 Mu) or jets (L1 Jet). Those candidates are built
from energy deposits in the trigger towers of the calorimeters or track segments in the muon
chambers. These building bricks are called trigger primitives and are used to estimate the
direction and the transverse momentum or energy of the candidates. Logical bits are also
computed to define isolated candidates, based on the surrounding energy deposit in the
calorimeters. They are then sorted according to their energy. Global quantities, such as
the missing transverse energy (L1 MET) or the total hadronic transverse energy (L1 HT)
are also computed and used for triggering at Level 1. During the Run 2, the L1 trigger
system of CMS underwent a major upgrade to deal with new data taking conditions, in
which most of the L1 algorithms have been modified. This upgrade will be specifically
detailed in Chapter [3]

Different selection criteria, potentially combining different trigger primitives, can then
be used to select an event. Those criteria can be for instance to require a jet with Erp
larger than 180 GeV or one muon and one 7, with an Ep larger than 18 GeV and 24
GeV respectively. Some of those selections can be prescaled to deal with high physics
rate: in that case, only some fraction of events passing those selections are randomly kept.
The set of all the selection criteria forms the L1 trigger menu, which can be modified to
accommodate the different conditions of data taking in CMS. If an event is accepted by
any of the selection algorithms, the associated data is transferred to the HLT.
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High-Level Trigger

In order to reduce the rate down to a level of 1 kHz, compatible with the data acquisition
capabilities, the HLT has to provide an additional reduction of O(10?). Since the input
rate has already been reduced by the L1, more sophisticated algorithms closer to the offline
reconstruction can be exploited, using a software-based implementation on a computer
farm of around 2000 computers. Track reconstruction can for instance be performed and a
better estimation of the energy and the position of the trigger primitives can be achieved
with a more optimal use of the subdetectors information. With respect to L1, high-level
objects, like b-jets, can also be reconstructed and used for the trigger decision. To reduce
the processing time, the HLT reconstruction starts around the L1 seeds. This results in
average timing of 60 ms per event and a maximum timing of 1 s for a small fraction of
events.

2.3 Particle-Flow algorithm and object reconstruction
in CMS

One of the main challenges for a particle detector like CMS is the precise measurement
of the energy and momentum of the hadronic jets produced in the collisions. This task
could in principle be accomplished by the calorimeters only. However, the tracking system
can offer a better resolution for the measurements of charged particles, depending on their
energy. Only the energy of the neutral component of the jets needs to be determined
using the calorimeters. Since the typical energy distribution inside a jet between the
charged hadrons, the photons and the neutral hadrons is in a proportion 65:25:10, the
jet reconstruction can therefore benefit from a substantial improvement. But for this,
the energy deposits in the calorimeters have to be efficiently associated with the different
particles, in order to avoid double counting of the charged components of the jets. This is
the role of the Particle-Flow algorithm used in CMS [117], which aims at reconstructing
each stable particle, to optimize the use of the information of each subdetector.

The Particle-Flow algorithm in CMS relies on its performant silicon tracker, which is
able to separate the tracks in collision event with high number of charged particles. This is
an essential feature required for the assignement of the calorimeter energy deposits. Bene-
fiting from the 3.8 Tesla magnetic field, the momentum of the charged particles can also be
better measured from a higher-precision track reconstruction than with the calorimeters.
In the case of muons, the Particle-Flow algorithm can also rely on the complementary
information from the muon detectors. The high transverse granularity of the calorimeters
is also exploited to reach an effective track-to-cluster association.

The Particle-Flow algorithm produces in the end a list of reconstructed particles with
their associated momentum. They can then be used as inputs for high-level algorithms
which can reconstruct jets (including their substructures), hadronically decaying 7 leptons
or discriminate b-jets from light-quark jets.
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2.3.1 Building bricks

In order to reconstruct the individual particles with the Particle-Flow algorithm, the
tracker, calorimeter and muon detectors signals (hits) have first to be processed into higher-
level objects. The tracker hits compatible with the same helix hypothesis are combined
using the Combinatorial Track Finding (CTF) algorithm [118]. This algorithm reconstructs
tracks with a four-step iterative procedure:

o The seed generation looks for initial track candidates with 2 or 3 hits, which give an
initial estimate of the trajectory and its uncertainty.

o The track finding, based on a Kalman filter [119], extrapolates the trajectory from
the initial track, consistently with the motion of a charged particle in a magnetic
field. The subsequent hits consistent with the extrapolated helix are then associated
to the track.

o A track fitting is performed to improve the determination of the trajectory parameters
and smooth the track path.

A track selection is then performed using a quality criteria based on the y? of the fit,
the number of hits and the number of missing hits in the track.

At each iteration, the hits associated to a reconstructed track are removed, which reduces
the combinatorics and the fake rate. This algorithm is also applied to reconstruct tracks
from the muon chambers hits. With this procedure, the track reconstruction has an overall
efficiency of 99% for isolated muons and 90% for charged hadrons in jets.

In the calorimeters, the hits are gathered to build Particle-Flow clusters. The clustering
is performed indepently in the ECAL and the HCAL and in the barrel and the endcaps,
as well as in the first and second layer of the ES. (No clustering is done in the HF.)
First, local energy maxima above some energy threshold are used to define seeds for the
clustering. The neighboring cells with an energy above a certain clustering threshold (80
MeV in the ECAL barrel, up to 300 MeV in the ECAL endcaps and 800 MeV in the HCAL)
are then aggregated to build topological clusters. Several seeds can be included into the
same topological clusters and an iterative sharing of the cell energy inside those clusters is
therefore performed. This leads finally to the Particle-Flow clusters which are interpreted
as the energy deposits associated to single particles. In Fig. [2.11] the clusters resulting
from a simple hadronic jet are represented.

2.3.2 Link algorithm

To reconstruct individual particles, the Particle-Flow algorithm must then combine the
previous building bricks, in an unambiguous way, avoiding possible double counting. A
link algorithm assigns therefore a link distance for each pair of elements and connect them
into blocks, which combine therefore information from the different subdetectors.
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Figure 2.11: Event display in n — ¢ view of a simple hadronic jet as reconstructed in the
ECAL (left) and b) in the HCAL (right). This jet consists of two charged pions (associated
to tracks T; and T3), a 7 (decaying to two photons) and a K?. Only the 7—, the two
photons and the K? deposit some energy in the ECAL, which are gathered into three
topological clusters. This leads after sharing to four Particle-Flow clusters F1-F,. In the
HCAL, only the charged pions deposit their energy inside a single topological cluster, which
can be divided into two Particle-Flow clusters Hi-Hy. [117]

To compute the link between a charged particle track from the tracker and a calorimeter
cluster, the track is extrapolated from its last measured hit to the depth where the shower is
expected to happen (to the two layers of the PS, to the electromagnetic shower maximum
for the ECAL and to one interaction length for the HCAL). If the track lies inside the
boundaries of a Particle-Flow cluster (potentially enlarged to take into account the detector
geometry or multiple scattering for low-momentum particles), this cluster is linked to the
track and the link distance is defined as the AR between the track and the cluster. To
collect Bremsstrahlung photons emitted by electrons, additional ECAL clusters can be
linked to a charged particle track, based on the extrapolation of the track tangents to the
ECAL from each tracker layer intersection. If one of the tangents lies inside the cluster
limits, it is linked to the track.

Similarly, two calorimeter clusters (one PS and one ECAL cluster or one ECAL and one
HCAL cluster) are linked if the position of the cluster from the more granular calorimeter
(the PS or the ECAL) is inside the boundaries of the cluster from the coarser one (the
ECAL or the HCAL). In that case, the link distance is again defined as the AR between
the two clusters.

Finally, a link between a charged particle track from the tracker and a muon track from

the muon chambers is created if the x? of the combined fit between the two tracks is small
enough. If several global muons can be reconstructed from a given muon track, the tracker
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track leading to the smallest x? is chosen. The link distance is then defined as the 2 of
the combined fit.

2.3.3 Particle reconstruction and identification

The next step of the Particle-Flow algorithm consists in the assignation of the blocks built
after the linking step to single particles. During that procedure, the elements univocally
assigned are progressively removed to reduce the combinatorics, until no element is left.

Muons

Muons are the first particle to be identified, because of their high identification efficiency.
The muon reconstruction in CMS [120] uses two approaches to combine the tracks from
the tracker (tracker track) and from the muon systems (standalone-muon track):

« Global Muon reconstruction (outside-in). For each standalone-muon track, a
matching tracker track is looked for by comparing the extrapolated tracks parameters.
A global-muon track is obtained with a combined fit of the hits associated to the two
tracks. For muons with py > 200 GeV, that combined fit can improve the momentum
resolution with respect to the tracker-only fit.

« Tracker Muon reconstruction (inside-out). Each tracker track with pr > 0.5
GeV and p > 2.5 GeV is extrapolated to the muon systems. If at least one muon
segment matches the extrapolated track, this track is considered as a tracker-muon
track.

The Tracker Muon reconstruction is more efficient for low-momentum muon (pr < 5 GeV)
because it only requires a single muon segment in the muon chambers, while the Global
Muon reconstruction targets high-pr muons with at least two segments reconstructed in
the muon chambers. Thanks to the high reconstruction efficiency of the tracker and that
of the muon systems, more than 95% of the muons produced in the geometrical acceptance
of the muon chambers, with a sufficiently large momentum, are reconstructed as a Global
or a Tracker Muon (often as both). Standalone-muon tracks alone are typically not used
in the muon reconstruction because of their worse momentum resolution and the high
contamination from cosmic muons.

The reconstructed muons are then classified into three categories in the Particle-Flow
reconstruction [121]. Isolated muons corresponds to global muons for which the sum of
the pr of the tracks and of the transverse energy of the calorimeter hits within a cone
size of AR = 0.3 centered around the muon is less than 10% of the muon pr. Among the
remaining reconstructed muons (which are typically included inside jets), the tight muons
are then identified requiring a minimal number of hits in the muon track and compatibility
of the track with the linked calorimeter clusters, according to a template derived from
simulation. The tracks associated to isolated or tight muons are then removed from the
blocks.
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The few muons not identified as isolated or tight muons can still be identified as loose
muons, once all the other particles have been reconstructed by the Particle-Flow algorithm.
If they have a track momentum much larger than their associated energy deposit in the
calorimeter, they will indeed not be reconstructed as charged hadrons. For those loose
muons, the requirement on the number of hits is relaxed and a matching between the
extrapolated tracker track and the hits in the muon system is required.

As shown in Fig. 2.12] the muons reconstructed in CMS can be used to reconstruct the
different resonances in the di-muon mass spectrum in a range from less than 1 to several

hundreds of GeV.
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Figure 2.12: Invariant mass spectrum of opposite-sign muon pairs collected with different
triggers in CMS [122]

Electrons

The next particles to be reconstructed are the electrons. The main challenge regarding the
electron reconstruction in CMS is related to the production of Bremmstrahlung photons
along the electron track. An electron can indeed radiate a large amount of photons in
the tracker. At n =~ 0, an electron has thus lost 33% of its energy on average due to
Bremmstrahlung before it reaches the ECAL and this fraction can go up to 86% at n ~ 1.4,
where the amount of material budget is the highest. The electron reconstruction has to
be able to assign correctly the associated energy deposits in the ECAL, otherwise this
algorithm may result in a degradation of the energy resolution not only for the electrons,
but for the jets and the missing transverse energy as well.

Two approaches are followed for the electron reconstruction in CMS [123]. The first one,
better suited for high-p and isolated electrons, uses ECAL clusters as seeds for the electron
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track finding. Large energy deposits in the ECAL (superclusters) are built by gathering
hot cells around local energy maxima, in a small window in 1 and in an extended window
in ¢ (of around 0.6 rad). The details of the clustering algorithm differ in the barrel and
the endcaps because of the different geometry of the crystals. A large extension in ¢ is
used by the supercluster algorithm are able to collect most of the Bremsstrahlung photons
produced by the initial electrons, as seen in Fig. [2.13]

Figure 2.13: Typical energy deposit topology of an electron radiating Bremsstrahlung
photons. The squares represent the ECAL crystals while the green ones are those associated
with a significant energy deposit: the electron and the Bremsstrahlung photons produce
each a cluster of crystals. The reconstruction procedure aims at gathering those clusters
to form a supercluster [124].

The energy-weighted center of the supercluster is then assumed to be the position on the
ECAL surface of an electron with the energy of the supercluster which would have produced
no Bremsstrahlung. From that position, two helices (one for each charge hypothesis) are
propagated back to the interaction point. If some tracker seed is compatible with those
extrapolations, a dedicated track reconstruction algorithm based on a Gaussian sum filter
(GSF) is used. Unlike the Kalman filter algorithm, this track reconstruction is able
to follow the change of curvature of the tracks due to the Bremsstrahlung radiation.

As the GSF algorithm is relatively time-consuming, the superclusters used as seeds for
the ECAL-based approach must not be backed up by an HCAL cluster whose energy is
more than 15% of the supercluster energy. Because of that selection, the reconstruction
efficiency for electrons in jets is relatively limited with that approach alone. Low-pr elec-
trons also fail to be reconstructed that way because the size of the superclusters is too
small to contain all of their Bremsstrahlung radiation. In order to recover those electrons,
a tracker-based approach is also used for the electron reconstruction, using a loose track
preselection. A dedicated search for Bremsstrahlung photons not included in superclusters
is also performed by extrapolating track tangents from each tracker layer.
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To be reconstructed as electrons by the Particle-Flow algorithms, the electron can-
didates from the two approaches have to pass in addition identification criteria based
on calorimetric and track variables. Those variables are either used to define cut-based
working points or are alternatively combined in a multivariate discriminator based on the
output of a Boosted Decision Tree (BDT) [126], which has been trained to separate gen-
uine electrons (selected among Z — ee candidates) from fakes (mostly from pions) [123].
The performance of different electron identifications is compared in Fig. with ROC
(Receiver Operating Characteristic) curves, which display the identifcation efficiency for
electrons as a function of the mistag rate for jets faking electrons.
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Figure 2.14: Performance of the electron identification, using the BDT discriminant (red
curve) or cut-based workind points, in the barrel (left) and in the endcaps (right) [123]

Charged hadrons, neutral hadrons and photons

The remaining tracks are then associated to charged hadrons and linked to ECAL and
HCAL clusters. Depending on the energy deposits in the calorimeter (E) compared to the
momentum of the track (p), additional neutral particles can be created. For that purpose,
a cluster calibration is performed , which corrects for the non-linear response of the
calorimeters and for threshold effects.

For a given cluster, if its total calibrated energy is smaller than the linked track momenta
(E < ¥p), a search for additional loose muons is performed. The remaining tracks are then
removed progressively, starting with the ones with the highest pr uncertainty, until either
E > ¥p or no track is left. Each remaining track gives rise to a charged hadron. Its
momentum is either obtained from a fit to the track momentum and the cluster energy, if
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the calorimetric energy is consistent with the track momentum within its uncertainty, or is
equal to the track momentum otherwise. All the charged hadrons are assigned the charged
pion mass.

On the other hand, if the track momenta are higher than the cluster energy (AE =
E —3p > 0) by more than one standard deviation of the cluster energy, additional neutral
particles are created. Photon reconstruction is favored with respect to neutral hadrons,
as they carry twice more energy in hadronic jets. If some ECAL cluster is present with
an energy FE.,, smaller than the calorimetric excess AF, it is used to build a photon with
energy F., = E,, and the remaining part of the excess is assigned to a neutral hadron with
energy Fpo = AE — FE.,,. Otherwise, if E.,, > AF, it gives rise to a photon with energy
E, = AF and the remaining ECAL energy is assumed to come from an early shower of the
charged hadron. The remaining clusters, which are not linked to tracks, are then associated
to photons for ECAL clusters and to neutral hadrons with the K9 mass for HCAL clusters.

2.3.4 Jet reconstruction

As mentioned in section [I.1.3}, when quarks or gluons are produced in hard interactions,
they will hadronize and produce bunches of collimated particles called jets. To reconstruct
those high-level objects, CMS uses the anti-k7 clustering algorithm [128] with a cone size
of R = 0.4 (0.5 during Run I). This iterative algorithm takes as inputs the particles
reconstructed by the Particle-Flow algorithm and gather them into jets, whose momentum
gives an estimate of the initial partons. The anti-kr algorithm works as follows. For each
input object k and for each pair of objects (7, j), a beam-distance dip and a distance d;; is
calculated. They are defined as

des = 1/Ppy (2.9)

AR,
RQ

where pr is the transverse momentum and AR, = (17, — 1;)* + (¢; — ¢;)* the angular
distance squared. At a given step, the smallest d;; is compared with the smallest dyp. If
d;; < dip the objects ¢ and j are combined into a single proto-jet with four-momentum
pij = pi + pj. Otherwise, the object k is removed from the process and is considered as a
jet. The anti-k7 algorithm leads usually to jets with an intuitive circular shape, as seen in
Fig. 2.15

The use of the Particle-Flow algorithm to provide the inputs of the clustering algorithm
enables to achieve a better resolution on the jet transverse momentum than with calo-jets,
reconstructed from calorimeter cells only. Indeed, the Particle-Flow algorithm benefits
from the precise momentum measurement in the tracker and from the granularity of the
ECAL to reconstruct the charged hadrons and the photons, which carry 90% of the overall
jet energy. The jet energy resolution has been measured in Z/~* — pp events using a tag-
and-probe technique, the probe being a jet recoiling against the di-u pair, and is presented

in Fig. [2.16]

d;; = min(1/p7;, 1/p7;) (2.10)
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Figure 2.15: Active area of jets reclustered with the anti-kr algorithm. A parton-level

event is overlaid with soft ghost particles to illustrate the effective area of the hard jets.
[128]
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Figure 2.16: Jet transverse momentum resolution measured in Monte-Carlo simulation and
2010 data, for calo-jets (left) and Particle-Flow jets (right) [129]

The raw momentum of the jet, defined as the sum of the momenta of all its constituents,
is corrected to match the momentum of the parton which initiated the jet. First an
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offset correction is applied to remove the contribution from the pile-up and the detector
noise. It is computed using the median transverse momentum density p for each event and
subtracting the product of p times the area of the jet in the n — ¢ plane . Then an
additional calibration, which depends on the kinematics of the jets, is applied in three steps
to correct for the response, non—linearity and inhomogeneity of the calorimeters [131].

In collisions with a high level of pile-up, fake jets may be reconstructed from the ac-
cidental clustering of neighbouring particles or from the superimposition of soft jets from
different interaction vertices. To discriminate them from hard jets initiated by QCD par-
tons, a multivariate discriminant (MVA pile-up jet ID) based on a BDT output can be
applied. The BDT inputs include information from the tracks and from the jet shapes
1132].

2.3.5 b-jet identification

As mentioned in section [I.3.3] b quark hadronization has specific characteristics with re-
spect to light quarks or gluons, which provides a way to tag the jets originating from b
quarks. Those jets are identified using the CSVv2 algorithm . This algorithm relies
mainly on the tracker information to identify a seconday vertex among the tracks, which
is a characteristic feature of the b-jets. Several variables related to that secondary vertex
identification are then used to exploit the long lifetime of B hadrons and the higher particle
multiplicity and mass of b-jets compared to light-quark and gluon jets. Those variables are
combined to build a discriminator value, whose distribution can be seen in Fig. [2.17] for
different parton flavors.
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Different working points can be defined with that discriminator. The associated ef-
ficiencies are detailed in Table The mistag rates indicated correspond only to jets
associated to light flavors (u, d, s quarks and gluons). The mistag rate for ¢ quarks can be
significantly higher, as its hadronization presents similar features to the one of a b quark.

Working point | b-tagging | Light flavor (udsg)
efficiency mistag rate
Loose 83% 10%
Medium 69% 1%
Tight 9% 0.1%

Table 2.1: CSVv2 b-tagger efficiencies evaluated in Monte Carlo ¢t events [133]

2.3.6 T reconstruction and identification

As mentioned in section hadronically-decaying 7 leptons have distinct features with
respect to jets produced by quarks or gluons, with typically a significantly lower number
of hadrons produced. In order to optimally reconstruct 7, dedicated algorithms have been
developed. The one used in CMS is the hadrons-plus-strips (HPS) algorithm [135], which
takes advantage of the individual particle reconstruction by the Particle Flow algorithm.
Starting from the jets clustered with the anti-kr algorithm with |n| < 2.5 and pr >14
GeV (before calibration), different decay mode hypotheses are tested for the 7, to build
its 4-vector and identification criteria are applied in a second step to reduce the fake rate
from QCD partons.

The possible decay modes of a 75, include neutral pions in the final state, which quickly
decay into two photons. Those photons have a high probability to be converted into an
electron pair within the tracker volume. In order to take into account that possibility,
the HPS algorithm clusters photons and electrons from the jet into "strips" in the n — ¢
plane. These strips are more extended along ¢ to account for the bending of the electron
trajectory in the 3.8T magnetic field and their size is adjusted as function of the py of
the electron or photon to be merged (unlike in Run 1 where their size was independent of
the pr). The clustering is performed iteratively, starting from the electron or photon with
the highest pr. Then, the subleading electromagnetic particle within the strip centered
on the seed is added to the strip. The center of the strip is redefined using the direction
of the sum of the 4-vectors of the clustered particles. This procedure is repeated until
no electron or photon is found inside the strip and a new strip is then created starting
from the remaining electromagnetic particles in the jet. In the end, strips with py sums of
electrons and photons larger than 2.5 GeV are considered as 7° candidates.

Those strips are then combined with the charged particles in the jet to attempt to
reconstruct the different decay mode hypotheses of the 75,. Only the charged particles with
pr>0.5 GeV and a track compatible with the production vertex of the charged particle with
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highest pr are considered, to reduce the influence of pile-up. Those elements are combined
in multiple 7, hypotheses, corresponding to combination of one or three charged particles
and up to two strips. The charged particles are treated as charged pions and are assigned
the mass of the 7 while the electrons from the strips are treated as massless. The charge
of a 75, candidate is defined as the sum of all the particles included in the reconstruction
hypothesis, except for electrons in the strip.

Different mass criteria are applied according to the hypothesis considered, consistently
with the expected resonance involved in that decay (see section [1.3.1):

o hThTh*: combination of three charged particles with total charge +1, with

0.8 <m,, <1.5GeV (2.11)

o hTm97%: combination of one charged particles with two strips, with

0.4 < m,, < min (max <1.2 GeV, 1.2 GeVy/prs, /100 GeV> ,4.0 GeV> (2.12)

o h*70% combination of one charged particle with one strip, with

0.3 < m,, < min (max (1.3 GeV, 1.3 GeVy/pr., /100 GeV) ,4.2 GeV) (2.13)

« h¥: single charged particle with no strip

Depending on the hypothesis considered, the mass window can be enlarged as the pp
increases to take into account resolution effects.

If an hypothesis fails the mass requirement, it is discarded. This is also the case if a
charged hadron or a strip is found within a signal cone of

AR = max (0.05,min (3.0 GeV /pr, 0.1) ) (2.14)

as the decay products are expected to be more collimated for boosted 7;,. If multiple hy-
potheses are still possible after the mass window and signal cone requirements are applied,
the one associated to the 75, candidate with highest py is chosen, the others being discarded.
At most, one 75, candidate per jet is therefore produced. The associated hypothesis is then
referred to as the reconstructed decay mode of the 7,, which can be 1-prong (prong meaning
charged hadron), 1-prong+7°’s (which gathers h*7® and h*7%7%) and 3-prongs.

To discriminate 75, from QCD induced jets, the isolation of the candidates can be used as
the hadronization of QCD partons is expected to produce more particles than in a genuine
7, decay. This isolation is computed as the scalar sum of the pr of charged particles and
photons with pr > 0.5 GeV, reconstructed with the PF algorithm, within an isolation cone
of size AR = 0.5, centered on the 73, direction (excluding the 7, constituents). For analyses
targetting final states with large hadronic activity, such as ttH searches, the isolation cone



2.3. OBJECT RECONSTRUCTION IN CMS 73

size is reduced to AR = 0.3. To reduce the sensitivity to pile-up, only the charged particles
associated to the same vertex as the 7, are considered (within Az<0.2 cm and Ar<0.03
cm). The photons cannot be unambiguously assigned to a given vertex and the influence
of pile-up for those particles is therefore evaluated on a statistical basis via the so-called
modified AS corrections:

I. = > pr + max (0, > pr— Aﬁ) (2.15)

charged, Az<0.2 cm

The AP corrections are computed from the scalar sum of charged particles that are within
a cone of size AR=0.8 around the 7, direction and are associated to vertices with Az>0.2
cm with respect to the 7, production vertex (i.e. pile-up vertices). That sum is scaled
by a factor 0.2 to take into account the relative contribution of the charged and neutral
components of the pile-up:
Ap=0.2 > pr (2.16)
charged, Az>0.2 cm

In its most simple version, the 7, identification directly relies on thresholds applied
to this isolation variable (cutoff-based isolation). A more complex MVA (Multi-Variate
Analysis) discriminant, based on a BDT output, has also been developed. In addition to
the aforementioned charged and neutral isolation sums, it also uses the transverse impact
parameter of the leading track of the 75, candidate as input variable. This variable is defined
as the distance of closest approach in the transverse plane of the track to the 7, production
vertex. For the candidates reconstructed in the 3-prongs decay mode, it also takes into
account the distance between the 7, production point and the decay vertex. The possible
pr and 1 dependence of the input variables is also taken into account in the BDT training.
The distribution of that variable in simulated samples is presented in Fig. 2.18]

73, identification efficiencies and misidentification rates, evaluated in Monte-Carlo sim-
ulated events, are presented in Fig. [2.19] The different working points are able to define
working points with a sizable signal efficiency, while significantly reducing the contribution
from the different reducible backgrounds.

In addition to fakes from QCD jets, the 73, identification has also to deal with electrons
or muons reconstructed as 75,. It can be a crucial issue for analyses looking for a resonance
decaying into a 7 lepton pair, one of them decaying leptonically and the other hadronically.
One of the main backgrounds is then the Drell-Yan production of a Z boson decaying into
a pair of electrons or muons, which can have a cross section significantly higher than the
one of the searched signal. Anti-lepton discriminators have therefore been developed to
keep the fake rate from electrons and muons as low as possible |135].

Prompt isolated electrons, produced for instance in the decay of gauge bosons, can easily
be reconstructed as 1-prong 75,. Moreover, because of the significant material budget in
the tracker, electrons have also a sizable probability to produce Bremsstrahlung photons
and can be reconstructed in that case in the 1-prong+n"’s decay mode or even in the
3-prongs decay mode, in the case of a photon conversion. To discriminate genuine 7
from electrons, a discriminator based on a BDT score is used. The variables used as
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Figure 2.18: Distribution of MVA output for the 73, identification discriminant that includes
life-time information for hadronic 7 decays in simulated Z/v* — 77 (blue), and jets in
simulated W+jets (red) events. [135]
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Figure 2.19: Expected efficiencies and misidentification rates of various 7, identification
working points as a function of py evaluated in simulation. The efficiency is shown as a
function of the 7, transverse momentum while the misidentification probability is shown
as a function of the jet transverse momentum [136].
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inputs are related to the distribution in energy depositions in the ECAL, to the amount of
Bremsstrahlung emitted along the leading track and to the overall particle multiplicity, in
order to distinguish electromagnetic from hadronic showers.

As for the muons, the discrimination is in principle a lot easier since the muons can
go through the outermost parts of the detector, while the hadronic 7 decay products are
stopped in the calorimeters. Sometimes though, detector inefficiencies or non-instrumented
regions can cause the muon reconstruction to fail and the muon can then mimic a perfect
1-prong candidate. Those cases are covered thanks to an MVA discriminant, based on a
BDT using calorimetric and muon chambers information, to assess the compatibility of a
candidate with a minimum ionizing particle, such as a muon.

2.3.7 Missing transverse energy

Using the Particle-Flow algorithm, the CMS detector is able to reconstruct almost all the
stable particles produced in pp collisions. However, weakly interacting neutral particles,
such as neutrinos or hypothetical dark matter candidates, cannot be directly detected,
which prevents their individual reconstructions. Nevertheless, their presence can still be
inferred using the conservation of the momentum in the collision. As the incoming partons
from the protons can be assumed to have no transverse momentum, the vectorial sum
of the momenta of all the particles produced _i)n the final state should also share this

characteristic. The missing transverse energy Fr is then defined as the imbalance in the
transverse momentum of all the reconstructed particles in an event. Its magnitude is
denoted as Fr.

In a hadron collider experiment, this quantity is the only available estimate of the un-
detected particles momenta. The longitudinal momentum or the energy of those particles
cannot be reconstructed as the energy of the incoming partons from the protons is un-
known. This limitation is not present with lepton colliders, since elementary particles are
used for the collisions, whose energy is precisely measured, which enables to use the full
four-momentum conservation during the collisions to evaluate the four components of the
undetected particles momenta.

_>
Different estimations of the £ have been considered in CMS [137], based on the inputs
used to compute it. The most performant algorithms usually make use cif_> the particles

reconstructed by the Particle Flow algorithm. Yet, the measurement of Fr can still be
impacted by tracker inefficiency or calorimeter non linearity, which affect the other particle
reconstruction. Therefore corrections are applied to mitigate those effects. The so-called
"type-1" cg;rections are applied to propagate the jet energy corrections (see section

into the Fr computation, while the "type-0" corrections reduce the effects of pile-up by
subtracting charged hadrons and compensating for the remaining imbalance from neutral
hadrons.

_>
Tﬂ; performance of the f; reconstruction can be evaluated using Z — pyu events. No

real Fr is expected in those events but it can be induced by removing the muon pair from
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_>
the event reconstruction. The resolution on the F; is then dominated by the hmir)onic

activity as the muon resolution is very good. The scale and the resolution of the J; are
measured by comparing the response of the hadronic recoil u# to the transverse momentum
of the vector boson q_T>, which are related by

- =
G+ up+Er=10 (2.17)

The different vectors are represented in Fig. [2.20l The hadronic recoil is_d>ecomposed into

two components uj and u; with respect to the axis defined by q_>T As P is supposed to
be null for those events, in the ideal case, uj = g7 and u; = 0 and the resolution on the

H
two projections o(u) and o(uy) can be used to estimate the resolution on the fr.

pr(l™)

Figure 2.20: Hlustration of Z — [T]~ event kinematics in the transverse plane [13§]

The resolution on the PF ET)T, defined from the negative vectorial sum of the momenta
of all the Particle-Flow particles reconstructed in the event, is strongly degraded at higher
pile-up, which induces a smearing of the longitudinal and transverse components by a few
GeVs. Several algorithms have _gherefore been developed |138] in order to mitigate that

effect, which separate the PF 7, into different contributions: particles originating from
the production vertex (PV) and particles origii.‘;xting from pile-up interactions (PU).

One of them is the so-called No-PU PF F, in which the contribution from pile-up
particles is scaled down by a factor computed using the tracks that are not clustered into
jets with pr>30 GeV and are either associated to the primary vertex or not

SF _ ZPV, charged PT (2 18)
ZPV, charged PT + ZPU, charged PT

Another algorithm is based on a sei> of multivariate regressions computed as corrections

to the hadronic recoil u# of the PF Fr. First a correction on the azimuthal angle of ur
is applied by using a BDT to match the azimuthal angle of —q_>T. In a second step, a
correction derived from another BDT is used to predict the magnitude oghe true uf.

The corrected value of 47 is then added to g7 to define the negative MVA F. Two BDT
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— —
trainings have been investigated: one optimizes the F; resolution (MVA PF Fr) &hﬂe the

other is tramed to reach unity response for the variable w/gr (MVA Unity PF Ep).

Five ET estimators are used to compute the input variables for the BDTs:

1. the n%ative vectorial sum of the momenta of all PF particles in the transverse plane

(PF Er),

. the negative vectorial sum of the momenta of all charged PF particles that have been
associated to the selected primary vertex,

. the negative vectorial sum of the momenta of all charged PF particles that have been
associated to the hard-scatter vertex and all neutral PF particles within jets that
have passed the MVA pileup jet ID (see section [2.3.4)),

. the negative vectorial sum of the momenta of all charged PF particles that have not
been associated to the hard-scatter vertex and all neutral PF particles within jets
that have failed the MVA pileup jet 1D,

. the negative vectorial sum of the momenta of all charged PF particles that have been
associated to the hard-scatter vertex and all neutral PF particles (also those that
have not been clustered into jets) plus the positive vectorial sum of the momenta of

all neutral PF particles within jets that have failed the MVA pileup jet ID.

_>
For each F7, the hadronic recoil uF is computed. The input variables of the BDTs are then
the magnitude and azimuthal angle _0>f all five types of 47, the scalar sum of transverse

momenta of all PF particles of each J7 variable, the momenta of the two highest pr jets in
the event, and the number of primary vertices. The BDTs can therefore benefit from each
missing transverse energy estimation: (2) is almost pile-up insensitive, (3) does not depend
much on pile-up and provides a better estimation of the energy scale, (4) estimates the
pile-up contribution and (5) takes into accgnt the contribution from unclustered particles.

As seen in Fig.

2.21}

the MVA PF Fr 51gn1ﬁcantly improves the resolution on the

ET and the pile-up dependence is reduced. Other ET estimations based on the PUPPI
algorithm [139] are also under study in CMS for Run 2.
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Chapter 3

Level-1 electron and photon trigger
upgrade and commissioning

Don’t lower your expectations to meet your performance.
Raise your level of performance to meet your expectations.

Ralph Marston

In Run 2, not only the center-of-mass energy of the LHC collisions has been increased
to 13 TeV, but the instantaneous luminosity delivered has even reached values beyond
the nominal design of the machine of 103 cm=2s~!. In order to guarantee a successful
and ambitious physics programme in this intense environment, the CMS trigger and data
acquisition system had to be upgraded. The Level-1 electron and photon trigger (Level-1
EG) hardware and architecture has been redesigned to maintain the current thresholds
even in presence of more extreme conditions. The trigger thresholds used for data taking
play an important role for analyses involving a Higgs boson decaying into 7 leptons, as
their visible decay products can have relatively low py due to the presence of neutrinos. I
had the opportunity to play a major role in the commissioning of this new trigger system
and to measure the performance of the upgraded Level-1 EG trigger. In this chapter, the
whole upgrade of the CMS Level-1 trigger system will be introduced. The implementation
of the new Level-1 EG trigger in particular will then be detailed. Finally, the performance
of this trigger, measured in the first 2016 collision data, will be presented.

3.1 Phase 1 Level-1 trigger upgrade

3.1.1 General principles of a trigger system

With a collision rate of 40 MHz, the data volume produced by the CMS detector can reach
up to 1000 Th/s. This amount of data is far beyond the technical capabilities of any data
acquisition system based on computing. However, the rate of physics processes targeted
by physics analyses (either within or beyond the Standard Model) can be more than ten

79
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orders of magnitude lower than the one of inelastic scattering, as presented in Fig. (3.1
The aim of a trigger system is therefore to increase the event purity, by being as efficient
as possible on the signals while reducing the QCD background down to a level compatible
with data acquisition. The reduced amout of data can then be processed by a computer
farm with a thousand of processing units.

o LHC  Vs=14TeV L=10%cm%s™ rate eV’Vef’;
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Figure 3.1: Cross sections for various processes at LHC for collisions at /s = 14 TeV. The
corresponding rates are indicated for an instaneous luminosity £ = 10%* cm=2s71. [124]

In high energy physics experiments, the rate reduction is generally performed in several
steps. As mentioned in section [2.2.7] in CMS, the first level of the trigger system, called
"Level-1 trigger" (L1), is based on custom electronic boards, while the second level, called
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"High Level Trigger' (HLT), uses a dedicated computer farm [115]. The Level-1 trigger
decision is based on coarse detector information while the HLT benefits from the full
granularity of the detector. The conception of the CMS trigger system takes of course
into account physics considerations related to the physics programme of CMS but has also
to deal with technical constraints related to the detector itself as well as the available
technology when being designed.

Physics considerations

For what regards the trigger, physics analyses must determine how they can optimally
make use of an allocated bandwidth in terms of rate. For that purpose, the nature of
the physics objects required for the analysis and their optimal selection criteria must be
assessed. The search for the Higgs boson provides a good benchmark for this. At the
time of the conception of CMS, since the mass of the Higgs boson was not known, it was
important to provide a good coverage in terms of trigger of all its possible decay modes,
as the corresponding branching ratios can significantly vary depending on the mass value
(see section [I.2.3). The main discovery channels were H — ZZ — 4¢, H — WW — 2(2v
and H — 7. For the decay into massive electroweak bosons, isolated leptons and possibly
missing transverse energy are expected in the final state. The trigger selection had therefore
to be able to identify leptons with py thresholds as low as possible with a high efficiency,
to target leptons from an offshell Z or W boson decay. The triggers used for these analyses
were requiring either the presence of at least a single electron or muon or a tighter selection
with at least two isolated leptons, with lower py thresholds resulting in a higher efficiency.
For what regards the H — 7~ search, the L1 trigger used was in fact the same as requiring
two electrons, as no distinction is made between electrons and photons at this level since
only the calorimeter information is used in that case.

The H — 77 and H — bb analyses must deal with a large rate from the QCD back-
ground and it is therefore important to exploit every available leverage for rate reduction.
In the case of H — 77, it is not realistic to require the presence of only a single 7, as the
pr thresholds would be too high to efficiently collect that signal. Instead the presence of at
least two 75, or at least one 75, and one isolated lepton is required. Additional handles can
be used in the case of associated productions modes like VBF, where the presence of two
forward jets can be exploited, or VH, where the trigger can rely on the presence of leptons
from the electroweak boson decay. As an example, the combination of triggers used in the
20ss + 17, category of the 2016 ttH analysis in final states with 7 leptons (see Chapter [5))
is presented in Table [3.1]

Different kinds of objects, more or less corresponding to those used in the offline analyses
but with a lower resolution, are reconstructed at the trigger level. In the busy hadronic
environment of LHC, isolated leptons provide good candidates to trigger on, as they are
not produced in most of QCD events, which enables to significantly reduce the rate. Muon
candidates are produced with a relatively low cross section with respect to other trigger
objects, as they are reconstructed based on information from the muon detectors, which
are located behind the solenoid and are therefore less impacted by hadronic activity than
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‘ Trigger type

HLT path

‘ Lowest unprescaled L1 seed ‘

Single electron

HLT Ele27 eta2pl WPLoose Gsf
OR HLT__Ele27_WPTight_ Gsf

L1 _SinglelsoEG34er
OR L1_ SinglelsoEG36
OR L1_SingleEG38

Single muon

HLT_TIso(Tk)Mu22(_eta2pl)
OR HLT_Iso(Tk)Mu24

L1 SingleMu20er
OR L1_SingleMu22

Double electron

HLT Ele23 Elel2 CaloldL
TrackIdL. IsoVL DZ

L1 DoubleEG 25 12
OR L1 DoubleEG 24 17
OR L1_ SinglelsoEG34er
OR L1_ SinglelsoEG36
OR L1_ SingleEG38

Muon-+-electron

HLT Mu23 TrklsoVVL__
Ele8 CaloldL_ TrackIdL_IsoVL(_DZ)

HLT Mu8 TrkIsoVVL
Ele23_CaloldL_ TrackIdL_IsoVL(_DZ)

L1 Mu20 IsoEG6
OR L1_ SingleMu20er
OR L1_ SingleMu22
L1 Mub_ IsoEG20
OR L1_Mu5_EG23

Double muon

HLT_ Mul7_TrkIsoVVL__

L1 DoubleMu 12 5

Mu8 TrkIsoVVL DZ

Table 3.1: Triggers used in the 2¢ss + 17, category of the 2016 ttH analysis in final states
with 7 leptons. The events must first trigger the L1 seed then the corresponding HLT
path. Only the L1 seeds enabled for all luminosity conditions are indicated here. The
numbers indicated in the trigger paths refers to the py thresholds. In addition, various
quality criteria, isolation requirement or eta-restriction (er) can be applied. For L1 seeds
such as L1 SinglelsoEG34er, er means eta-restricted and corresponds to an || < 2.1 cut.

the calorimeters. Algorithms involving muons have therefore typically lower pr thresholds
than the calorimeter triggers. Electrons and photons candidates are reconstructed based
on the information from ECAL. As the tracker information is not available at Level-1,
no distinction is made between the two for Level-1 triggers. The rate associated to those
objects can be further reduced by requiring isolation criteria based on the surrounding
energy deposits in the calorimeters.

For what regards hadronic objects, the distinction between those produced in hard and
soft scattering is relatively difficult with the limited information available at trigger level,
which is why their associated pr thresholds are much higher than those for leptons. It
is possible to reduce the associated rate by requiring the presence of multiple jets in the
events or by targetting specific topologies (like the VBF one). Low pr thresholds can
still be used in trigger paths with monitoring purposes but they must be prescaled. For
instance, in the case of a prescale of 1000, the trigger system for instance only keeps one
triggered event every one thousand, which allows to reduce the associated rate. The jets
produced by hadronic 7’s are typically narrower than those produced by QCD partons
and this characteristic can be exploited at the trigger level using dedicated reconstruction
techniques to produce 7 candidates. Combined with an isolation requirement, it is thus
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for instance possible to use at Level-1 the unprescaled path L1 DoublelsoTau36er, while
the lowest unprescaled double jet trigger is L1_DoubleJetC112. Finally, global quantities
such that the missing transverse energy ' or the total hadronic activity Hy can also be
used to trigger.

Technical considerations

The main points regarding the technical specification of the trigger system are the rate
reduction, imposed by the capabilities of the data acquisition (DAQ) system, together with
the available latency. The current DAQ in the CMS experiment can typically sustain a
data taking up to 1.5 kHz of events. On the other hand, at a luminosity of 103 cm=2s7!
and with on average more than 20 interactions per bunch crossing, the input rate of events
in the detector is of the order of 1 GHz, which requires a rate reduction by a factor 10°. As
already mentioned in section [2.2.7 to meet that challenge, the CMS trigger is organized
in two stages. The Level-1 trigger first reduces the rate down to 100 kHz. Because of the
considerable amount of data produced by the detector (1000 Th/s), the Level-1 trigger
must be based on custom electronic boards. The Level-1 output data flux is thus reduced
to 2.5 Gb/s sent to the HLT, which further skims it down to 225 Mb/s.

The latency of the trigger system corresponds to the maximum time allowed for the
system to take the decision to accept or discard an event. This parameter depends on
different factors including:

e the required time to read the information from the detector: this must take into
account the transit of data from the detector through optical fibers, limited by their
bandwidth.

o the time needed by the trigger algorithms to process the information and produce
physical quantities which are used to trigger on the events

« the capability of the data buffer in each subdetector: it corresponds here to the
maximal depth in terms of number of events which can be stored in the Front End
(FE) Electronics.

o the time needed to distribute the L1 Accept signal to the FE of each subdetector

The CMS Level-1 trigger has a fixed latency of 3.2 ps. This constraint is imposed by the
data buffer of the tracker and the preshower detectors in the endcaps. Since the electronic
boards used by the Level-1 trigger system are located in the service cavern, outside of
the experimental cavern, 62 m of optical fibers are required, which already consumes a
non-negligible part of the latency budget. In the end, 1 us only are allocated to the trigger
algorithms, constraint which has to be taken into account in their design.

In addition to the rate reduction and the latency, the flexibility of the trigger system
is important as well. Indeed, with the evolving conditions of LHC collisions, the trigger
system must be configurable to make it as optimal as possible for every luminosity and
pile-up conditions. As the Level-1 trigger is hardware-based, this is a priori more difficult
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for the Level-1 than for the software-based HLT. Still, the Level-1 system benefits from
the programmable logic available nowadays in FPGAs (Field Programmable Gate Arrays).
However, these FPGAs cannot be used in a radiation-hard environment. As during the
CMS conception, the available optical fibers did not meet the needs of the experiment in
terms of radiation-hardness, bandwidth and cost, the chosen solution consists of ASICs
(Application-Specific Integrated Circuit) on the detector and of FPGAs on the electronic
boards in the service cavern.

3.1.2 CMS Level-1 Trigger architecture in Run 1

The architecture of the Level-1 trigger system used by CMS during Run 1 is presented in
Fig. As can be seen, data produced by the muon subsystems and by the calorimeters
are first treated separately by the Muon Trigger and the Calorimeter Trigger. Those
subsystems take as inputs trigger primitives, which corresponds to a coarse reconstruction
of energy deposits in the subdetectors. In the case of the muon subsystems, those trigger
primitives consist of track segments mainly produced by the Drift tubes (DT) and the
Cathode Strip Chambers (CSC) (see section [2.2.6]). The Resistive Plate Chambers (RPC)
produce complementary trigger information with a very good timing resolution. Muon
candidates (L1Mu) are then reconstructed from that information and the Global Muon
Trigger (GMT) collects them, removes potential duplicates and orders them by decreasing
order of pp. For what regards the Calorimeter Trigger, the trigger primitives are produced
from ECAL, HCAL and HF data and are processed to produce electron-photon (L1EG),
jets (L1Jet), hadronic 7’s (L1Tau) candidates as well as global quantities such as total
hadronic energy (L1HT) or missing transverse energy (L1IMET). All the L1 candidates
produced by the Muon and the Calorimeter Trigger are then sent to the Global Trigger
(GT), which checks if any of the conditions implemented in the full set of L1 algorithms
used for data-taking (L1 menu) is fulfilled. If so, a L1 Accept signal is produced and the
event is then sent to the HLT to be further processed.

One of the challenges the CMS L1 trigger system has to meet is the massive amount
of data produced by the detector, which has to be processed during the 3.2 us of latency
allocated to the L1 trigger. As the amount of data to transfer in a given time is limited
by the bandwidth of the system, the strategy adopted in Run 1 was then to progressively
reduce the amount of data to be transferred to be compatible with the technical constraints.
This reduction is achieved thanks to a regionalized implementation. This regionalization
already starts at the level of the trigger primitive generation. In the case of ECAL for
instance, the trigger primitives are for instance built in the barrel from 5 x 5 arrays of
crystals (while in the endcaps, the geometry is more complex, as presented in Fig. .
They already take into account some identification criteria, especially regarding the removal
of anomalous ECAL signals known as spikes [124]. In the Regional Calorimeter Trigger
(RCT), the detector is segmented in areas of An x A¢ = 0.35 x 0.35, corresponding to
4 x 4 trigger towers (combination of an ECAL and HCAL trigger primitive). Each of those
RCT regions are then processed in parallel to produce L1 EG candidates and to compute
the total energy deposit in those regions, which are then sent to the Global Calorimeter
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Figure 3.2: CMS Level-1 trigger architecture during Run 1. The different subsystems of
the Muon Trigger are presented on the left while those for the Calorimeter Trigger are
displayed on the right. Level-1 candidates are sent by the Global Muon Trigger (GMT)
and the Global Calorimeter Trigger (GCT) to the Global Trigger (GT) which delivers the
Level-1 trigger decision. [140]

Trigger (GCT). The GCT takes care of the Ep ordering of the LIEG candidates and of
the reconstruction of L1Tau and L1Jet candidates together with the computations of L1
global quantities.

3.1.3 Upgrade of the CMS Level-1 Trigger for Run 2

With the luminosity increase planned by LHC during Run 2 and 3 potentially up to
2.10% cm™2s7! (twice the design luminosity!), CMS undertook a major upgrade of its
Level-1 Trigger system to be able to deal with those harsh data-taking conditions. If
nothing had been done, the trigger thresholds required to stay within the Level-1 rate of
100 kHz would have been increased significantly, which would have significantly impacted
the physics programme of CMS.

For what regards the Level-1 Calorimeter Trigger, one of the major changes introduced
with this upgrade has been the improvement of the granularity of this trigger system: the
upgrade has enabled the trigger reconstruction algorithms to get access to the individual
trigger towers instead of the regional information used previously. The upgrade had thus
positive consequences in several areas:
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Figure 3.3: Trigger towers map in the ECAL endcaps. The trigger towers are bounded by
full black lines. [124]

« For the electrons and photons, the Run 1 algorithm reconstructed L1EG candidates

from a fixed window of 2x1 trigger towers. In the case of Bremsstrahlung radiation,
this window was actually too small to recover the whole energy deposit from electrons
or photons. With the new Run 2 trigger, it has been possible to adapt the reconstruc-
tion to improve the resolution on L1EG candidates. Moreover, an improved isolation
criteria, including a pile-up mitigation, has also been deployed.

For the hadronic 7’s, the rate reduction with respect to QCD jets was achieved
using a dedicated topological pattern identification on the calorimeter energy deposit.
However, this resulted in a limited trigger efficiency below 60% (which was mitigated
combining L1Tau and L1lJet algorithms). The new L1Tau algorithm makes use of
a reconstruction and an isolation criteria similar to the ones for L1IEG candidates,
which achieves a much higher efficiency than the Run 1 algorithm for all the possible
Tp, decay modes.

For the jets and calorimeter sums, the new L1 trigger better granularity enabled to
improve the energy resolution, especially in the HF, and introduced pile-up subtrac-
tion techniques absent in Run 1.
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e The new L1 trigger also introduced the possibility to implement sophisticated correla-
tion conditions, in particular based on invariant mass computations already possible
at hardware level. Those improvements have been exploited to design for instance
VBF triggers, improving significantly the sensitivity to that production mode of the
Higgs boson.

Another major change introduced in the new Level-1 Calorimeter Trigger, which en-
abled all the aforementioned improvements, concerns the hardware architecture. The Run
1 regionalized approach has indeed been replaced with a trigger architecture called Time
Multiplexed Trigger (TMT) [141]. Instead of splitting and duplicating information based
on detector regions to process it in parallel, the TMT processes together all the information
coming from the whole detector. This enables for instance to determine the energy density
in the event to mitigate the effect of pile-up. However such a treatment of the informa-
tion results in an increased latency. The TMT includes therefore several processors which
can treat sequentially the events corresponding to different bunch crossings. Moreover the
TMT does not require more latency as the trigger algorithms can process data as they
arrive, without having to wait for the reception of the whole information.

This new architecture is illustrated in Fig. It uses a first layer of CTP7 electronic
boards and a second Layer of MP7 boards, presented in Fig. [3.5] The Layer-1 boards
receive in parallel the information from the calorimeters and reorganize it to send it se-
quentially to the Layer-2: at each clock count, data corresponding to a whole 7 slice is
sent to a single MP7 board. The data from the next event is then sent to another MP7.
Overall 9 MP7 boards are used, which corresponds to a latency of 9 x 25 ns for running the
L1 trigger algorithms. Thanks to that latency, a certain flexibility in the complexity of the
algorithms is allowed. An additional MP7 board is then used as demultiplexer (Demux)
to reorder and format data before sending it to the Global Trigger.

In order to ensure the constant availability of the trigger system during data taking,
the following strategy has been adopted by CMS. An upgraded version of the Calorimeter
Trigger, called Stage-1, has been designed and used for data-taking in 2015. It was based
on the same regionalized architecture as the Run 1 Calorimeter Trigger. The new version
of the Calorimeter Trigger, to be used for the remaining of the Phase 1 and called Stage-2,
has been finalized and tested in parallel with the Stage-1 trigger until the end of data-
taking in 2015. I have been deeply involved into the final implementation of the Stage-2
L1EG algorithm and its commissioning during this phase. The detailed implementation of
the Stage-2 L1EG algorithm will be presented in the next section. The parallel running
enabled to show that the Stage-2 trigger was able to run with the expected performance
and it has therefore been used from 2016 onward for data-taking.



88 CHAPTER 3. LEVEL-1 EG TRIGGER UPGRADE AND COMMISSIONING

| Each card spans 8 out of 72 towers in ¢ and % of n. |
T

18 cards, each receiving 60 links at between 5.0 Gb/s & 6.4 Gb/s of Calorimeter data

YYY VYYY vV

vy oy
S INIINIHITE
= D

\\\
NS §§
Layer 1 cards transmit e =
48 links @ 10G
// .
MP7 x10

~
-~
72 input links per Layer-2
Layer-2 node — Cards / Node 1
V72
“ - 6 output links per
MP7 Node 2 MP card @ 10Gb/s
Redundant Nodes 3to 9 Flexible system

Nodes

Simple to upgrade from 16 bit
¢ towers to 24 bit towers or

provide extra logic resources.

Figure 3.4: TMT architecture used in the upgraded CMS Level-1 Calorimeter Trigger. See
text for explanations. [140]

o i

2

§

&
.';.

Figure 3.5: CTP7 [142] (left) and MP7 [143] (right) boards used in the upgraded CMS
Level-1 Calorimeter Trigger.
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3.2 Implementation of the Stage-2 Level-1 EG algo-
rithm

3.2.1 Reconstruction

As mentioned previously, the inputs of the Calorimeter Trigger correspond to the ECAL
and HCAL trigger towers. Those trigger towers are first processed by the Layer-1 to orga-
nize the information in a way compatible with the TMT architecture. Due to bandwidth
limitations, information from ECAL and HCAL has to be compressed before being sent to
Layer-2, where the L1IEG algorithm is implemented. The information associated to each
trigger tower is sent under the form of a 16-bit number:

« one bit corresponding to the ECAL fine-grain bit used for the L1EG identication (see

section (3.2.2))

« one bit corresponding to the HCAL feature bit (currently unused)

« one bit indicating whether the ECAL energy in the trigger tower (E) is larger than
the HCAL energy (H)

» one bit indicating whether £ =0or H =0

« three bits corresponding to log,(E£/H) (binary logarithm of the £/H ratio) if £ > H
or log,(H/E) it H>FE

e nine bits corresponding to the total transverse energy E + H

Knowing the value of £+ H and H/FE, it is possible to reconstruct if needed the individual
components E and H. The position of a trigger tower is indexed by two numbers in (going
from -28 to 28 for ECAL) and i¢ (going from 1 to 72). Each CTP7 sends information
related to 4 trigger towers along i¢ (corresponding to a 20° sector). At each clock count,
data corresponding to a whole ¢ slice of 72 towers is sent for each half of the detector
(n < 0 and n > 0). The in position is therefore inferred from the clock and the L1EG
algorithm can start running without waiting for data from the whole detector to be sent.

The reconstruction of the L1EG candidates used in the Stage-2 algorithm is inspired
by the superclustering algorithm used for the offline reconstruction of electrons (see sec-
tion . This algorithm showed indeed good performance to collect the potential
Bremsstrahlung radiation emitted by electrons when going through the tracker material.
For that reason, even though electrons produce compact electromagnetic showers, their en-
ergy deposits in the ECAL can have different sizes. The study of the footprint of electrons
in the ECAL, presented in Fig. [3.6] showed that an appropriate shape was provided by
a 3x3 window around the tower with maximal energy (the seed), extended by one or two
towers in the ¢ direction. Moreover, the size of the footprints is most of the time contained
within two trigger towers along 7.

Based on those observations, the following clustering algorithm has been implemented:
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Figure 3.6: "Footprints" of the energy deposit from electrons in different 7 regions of the
detector, observed in Run 1 data. The granularity shown here corresponds to the trigger
towers (5x5 ECAL crystals). The z axis represents the fraction of energy deposited by the
electron in each tower around the maximum. [140]

» Potential seeds are first defined as trigger towers associated to a local maximum of

energy deposit in a 3 X 9 window in i1 X i¢ around them. They are also required
to have an energy above 2 GeV to limit the influence of detector noise. To avoid
situations where two towers with the same energy in a 3 x 9 window would veto each
other, a dedicated set of large and strict inequalities, shown in Fig. [3.7] (left), is used
to define whether a tower is a potential seed.

The neighboring towers in a 3 x 3 window around the seed are then clustered together
with the seed if they have an energy above 1 GeV. The cluster is potentially extended
along the ¢ direction by one or two towers if they have an energy above 1 GeV and
can be linked to the seed (i.e. if the intermediary tower is also clustered).

The maximal size of the cluster is then reduced down to 2 towers along n by removing
the n-side with the lower energy.

After this procedure, the maximal size of a cluster corresponds therefore to the one pre-
sented in Fig. [3.7) (right). These clusters are used to produce not only L1EG candidates
but L1Tau candidates as well. Note that for that reason, the clustering is performed using
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E + H as the energy of the towers and not E only. When combined with a L1EG identi-
fication based on H/E, the performance of the L1IEG algorithm is actually equivalent in
the two cases.

=
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Figure 3.7: Left: Description of the filtering window used to define a local energy maximum
in the trigger towers. Right: Maximal cluster shape allowed for a L1IEG candidate. Each
block represents a trigger tower and the cluster is at most two-tower wide along 7 and
five-tower wide along ¢. [140]

As previously mentioned, the dynamic clustering enables to improve the energy res-
olution on electrons and photons with respect to a sliding window algorithm. However,
background candidates are mainly produced from QCD processes and pile-up interactions
and tend to create wider energy deposits within jets. The dynamic clustering algorithm
will therefore collect all the neighboring energy and would in principle produce background
EG candidates with higher energy than a sliding window algorithm including only up to
two trigger towers for instance, since background candidates are more likely to have wide
shapes. The difference in the topological distributions of the clusters for real electrons and
for background candidates is presented in Fig. 3.8 To tackle this issue, a trimming is
applied on the EG candidates: this step corresponds to an effective reduction of the size of
the clusters. The trimming is based on a Look-Up Table (LUT), which simply corresponds
to the firmware implementation of a multi-dimensional array. This trimming LUT takes as
inputs the n position and the shape of the cluster and returns a reduced shape, where some
of the original towers have been removed from the original cluster. The largest shapes,
more characteristic from background events, are thus reduced, which effectively limits the
energy of background candidates. The trimming LUT has been determined to keep 90%
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of the real electrons unaffected.
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Figure 3.8: Distribution of the shapes obtained with the dynamic clustering algorithm
for real electrons (signal) and for the background, in 8 TeV data and in Monte-Carlo
simulation, in linear scale (left) and logarithmic scale (righ) [140]

In order to keep the benefit from the improved energy resolution due to the dynamic
clustering, a dedicated calibration is applied on the L1EG candidates. The energy of the
candidates, obtained by summing the energy of the towers after trimming, is multiplied
by a correction factor encoded in another LUT, with the 7 position, the untrimmed shape
and the uncalibrated energy as inputs. The correction factors are determined based on
real electrons reconstructed offline in data such that the L1 transverse energy gets as close
as possible to the transverse energy of the electrons offline calorimeter superclusters (see
section . Those correction factors are typically larger than one, especially in the case
of the large shapes, more affected by trimming. This calibration enables therefore to get a
uniform L1 energy response in the detector and to compensate for the loss of energy due
to the trimming of real electrons. The improvement in the energy resolution with respect
to the Run 1 algorithm is presented in Fig. 3.9 Since background EG candidates have an
energy distribution within the cluster different from real electrons and since the calibration
is tuned on real electrons, the background EG candidates gets undercorrected with respect
to the real EG candidates, which enables to keep their energy lower than before trimming
and therefore to reduce the rate at a given L1 threshold.

The position resolution has also been considerably improved with the new L1EG al-
gorithm used from Run 2. In the Run 1 algorithm, the resolution in position was limited
by the size of the RCT, corresponding to 4 x 4 sets of trigger towers. With the dynamic
clustering, this resolution can even go below the size of a trigger tower. Indeed, the default
position attributed to an EG candidate corresponds to the one of its seed tower but using
the energy distribution within the cluster, it is actually possible to refine it. For instance,
if the upper half of the cluster corresponds to a higher energy deposit than the lower half,
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Figure 3.9: Transverse energy resolution of the L1IEG candidates with respect to offline
electrons in different regions of the detector, for the Run 1 and the upgraded Run 2 algo-
rithm, in 8 TeV data. [140]

the position of the EG candidate is determined accordingly to be shifted by a quarter of
trigger tower in that direction with respect to the center of the seed tower, which makes this
procedure close to an energy-weighted position. A sketch of the different allowed positions
together with the obtained L1EG resolution in position are presented in Fig. |3.10
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Figure 3.10: Left: Possible refined positions of a L1EG candidate within the seed tower.
Right: Position resolution of the L1EG candidates with respect to offline electrons in the
barrel, for the Run 1 and the upgraded Run 2 algorithm, in 8 TeV data. The resolution of
the Run 1 algorithm is limited by the size of the RCT regions. [140]
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3.2.2 Identification

Without any identification criteria, the rate of the L1EG algorithm would be driven by
hadronic candidates and would be very similar for instance to the one of the L1Tau al-
gorithm. Knowing that the lowest unprescaled L1 threshold affordable in 2016 for the
SingleTau algorithm has been 120 GeV, dedicated identification criteria for the L1EG al-
gorithm must be used to maintain trigger thresholds low enough to cover the electroweak
processes which represents an important part of the CMS physics programme. Those are
based on three vetos:

e Fine Grain: the Fine Grain is a veto computed at the level of the ECAL trigger
primitives [124]. It is based on the compactness of the electromagnetic shower in the
seed tower.

« H/E: a cut on the H/E ratio is determined to reject the large contribution from
hadronic background candidates. Two higher bounds have been separately deter-
mined for the barrel and the endcaps to keep unaffected 99.5% of the electrons. This
cut has been relaxed for candidates above 128 GeV to ensure a 100% efficiency at

« Shape: this veto is based on the topological shape of the clusters. As mentioned
previously, background candidates have typically a larger footprint. The largest pos-
sible shapes can therefore almost unambiguously be attributed to those background
candidates and be vetoed. The shape veto is based on a LUT using as inputs the
1 position, the untrimmed shape and the uncalibrated energy of the clusters and is
tuned to have a minimal efficiency of 99% on real electrons, this efficiency increasing
with E7 to reach 100% for electrons above 70 GeV.

Those vetoes are only applied to L1IEG candidates below 128 GeV, in order to ensure a
100% efficiency for high E7 electrons and photons. All the L1IEG candidates passing those
vetoes are then sorted independently in each n-half of the detector and the six leading ones
are further sent to the Global Trigger to be used in the triggers included in the L1 menu.

3.2.3 Isolation

Most of the electrons and photons produced in electroweak processes are expected to be
produced without hadronic activity around them (so-called "prompt" electrons or photons).
This is for instance the case for electrons produced in W or Z boson decays or for photons
produced in Higgs boson decays. An additional identification criteria, based on the energy
deposit around the L1EG candidate, is therefore implemented in the Level-1 trigger and
can be optionally used to define Level-1 seeds (L1IsoEG) with lower Ep thresholds than
the inclusive L1EG seeds.

This isolation criteria is defined based on a 9x6 T'T region around the seed of the L1IEG
candidate, presented in Fig. [3.11], in which the electromagnetic and hadronic energy from
all the towers is summed. A footprint of the L1IEG candidate is defined as a 5x2 ECAL
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region backed by a 2x1 HCAL region (to include potential energy leakage in HCAL of
the electron or photon). The energy from this footprint is then subtracted from the total
energy deposited in the 9x6 region to define the isolation energy. The isolation criteria
requires that this isolation energy is lower than some customized threshold implemented
in a LUT, using as inputs the n position, the uncalibrated Fr of the L1IEG candidate and
an internal variable called npr.

— HCAL

ECAL

. Isolation region

Figure 3.11: L1EG isolation region, decomposed between ECAL and HCAL components.
The red tower corresponds to the seed, while the white towers are included in the EG
footprint (see text). The blue towers are the ones summed to define the isolation energy.

The npp variable allows to introduce a dependence to pile-up in the thresholds to
apply. Indeed, the isolation energy includes some pile-up contribution which increases with
the number of additional pile-up interactions and to avoid a reduction of the triggering
efficiency with pile-up, this effect has to be taken into account. The variable npr is then
defined as the number of trigger towers in the 8 central slices of the detector with a non-
zero energy deposit. This variable has been shown to exhibit a strong correlation with the
number of reconstructed pile-up vertices, as shown in Fig. [3.12] The pile-up contribution
to the isolation energy is then taken into account by progressively relaxing the isolation
thresholds as nrr increases.

In practice, the isolation cut has been derived based on data in a given nyr range. For
each value of Er, a target isolation efficiency has been imposed and the corresponding cut
on the isolation energy has been derived for each possible value of . An linear extrapolation
to any possible value of nyr has then been used, based on the correlation of the isolation
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energy with npr. To ensure a high efficiency at high Er, the isolation requirement is also
relaxed with the LIEG Er, by increasing the target efficiency together with Ep. This
energy dependence can be adapted to different luminosity conditions in order to optimally
combine rate reduction and triggering efficiency.
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Figure 3.12: Distribution of nyr and the number of reconstructed vertices (left) and average
nrr values as the function of the number of reconstructed vertices (right) in 13 TeV data.

3.3 Commissioning of the Stage-2 Level-1 EG trigger

3.3.1 2015 commissioning

The new Level-1 Stage-2 trigger was scheduled to be used for data-taking in CMS from
2016 onwards. 2015 has therefore been dedicated to the commissioning of the new sys-
tem, which had to demonstrate that it would be ready for LHC restart after the winter
shutdown. It has to be understood that for practical reasons, the trigger algorithms are
first developed with a software implementation, mainly in C++. This software imple-
mentation is called "emulation'. When I started my work on the upgrade of the LIEG
trigger, the corresponding emulator was mostly finalized and had demonstrated already
very good performance, compatible with the expected 2016 LHC conditions. Still, as men-
tioned previously, the Level-1 trigger in CMS is implemented on custom electronic boards
and a firmware implementation had therefore to be developed to reproduce the software
emulation. This firmware implementation is in fact much more complex than the software
implementation as it has to be compatible with the TMT architecture and it has to be
optimized such that all the calorimeter trigger algorithms are able to fit on the FPGA of
a single MP7 board, which has a limited amount of resources. This implementation has
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been done in tight collaboration with engineers in electronics using the VHDL program-
ming language (Very high speed integrated circuit Hardware Description Language). The
VHDL implementation can then be compiled into an executable which can be uploaded
on the FPGA. This compilation is done using the Vivado software and requires a
powerful computer, on which the conversion is typically performed in twelve hours. Once
this is done, the firmware can be uploaded on an MP7 board and tested using data to
check the outputs of the algorithm. The test bench used at LLR for the tests of the LIEG
firmware is visible in Fig. 3.13]

Figure 3.13: uTCA testbench used at LLR. On the left, the Vadatech pTCA crate, with
the MHC board in the middle of the crate (used to download firmware) and the MP7 board
on the right of the crate. On the right, the Dell computer used for the compulation of
VHDL programs and the production of FPGA firmwares. |140)]

The Level-1 EG firmware implementation has been first developed at LLR and I have
been in charge of validating the firmware implementation with respect to the software
implementation. The procedure adopted was to send to the board test patterns, generated
from simulated events with two electrons or two gluons. The test patterns corresponded to
data, as if produced by the Layer-1 (see section . Those data can then be processed
on the FPGA and the outputs of the MP7 can be compared to the outputs of the software
emulator. The possible discrepancies had to be understood and fixed, either by modifying
the firmware or the software implementation, while maintaining the same level of physics
performance. Fixing those discrepancies can be quite challenging as from the firmware side,
only the outputs of the MP7 are available, i.e. the list of LIEG candidates produced with
their position and energy, and the intermediary variables defined in the software emulation
cannot be accessed in the FPGA. Fortunately, a virtual test bench simulation has been
developed, which gives the possibility to check some of those variables directly using the
VHDL implementation. After several iterations, it has been possible by the spring of
2015 to obtain a quasi-perfect agreement between emulator and firmware for the LIEG
candidates, as seen in Fig. [3.14]
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Figure 3.14: Comparison of the E7 (in firmware units) of the LIEG candidates between
the emulator and the firmware outputs, for simulated events with two electrons (left) and
two gluons (right).

At this point, the firmware implementation for the L1EG and L1Tau algorithms had
been developed independently from the LlJet and L1Sums algorithms. As all of those
algorithms were intended to fit in the FPGA of a single MP7 board, some parts of those
implementations have been revisited to better optimize the resource shared among the
different blocks. For example, the original size of the isolation window for the L1EG
algorithm was 5x9 trigger towers, while the L1Jet candidates were based on a 9x9 window,
using intermediary sums of 3x9 windows. The L1EG isolation window has then been
extended to a 6x9 window, computed as the sum of two 3x9 windows to better make use
of quantities already computed in some other blocks. The structure of the whole Level-1
calorimeter trigger firmware after re-optimization is presented in Fig. [3.15] The horizontal
links show how some results of the different flows are re-used in different blocks.

The last months of 2015 LHC proton-proton collisions have been dedicated to the
validation of this new firmware. A parallel running had been designed for the Level-1
trigger system for that purpose. One trigger data-flow was going through the upgraded
Stage-1 system, which had been deployed for the 2015 data-taking. The Level-1 trigger
decision was based on the outputs of this system. Another parallel trigger data-flow was
set up for monitoring purposes and was going through the Stage-2 system. All the Stage-
2 data have been recorded for offline analysis, while an online Data Quality Monitoring
(DQM) system had been deployed to monitor the Stage-2 system during data-taking. A
sample of online DQM plots is presented in Fig. [3.16, The list of runs which have been
analysed during the parallel running is presented in Table
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Figure 3.15: Final structure of the Level-1 calorimeter trigger, including all the calorimeter
trigger algorithms (LIMET, L1EG, L1Tau, L1Jet and L1HT). The data flow goes from
the top to the bottom. The different blocks correspond to computing steps run in paral-
lel. Three main data streams can be identified, corresponding to the LIMET (left), the
L1EG+L1Tau (middle) and L1IHT+L1Jet (right). Five outputs streams are produced and
sent to the Demux, corresponding to the LIMET, the L1Tau, the L1EG, the L1HT and
the L1Jet candidates.
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Figure 3.16: Sample of distributions available in the online DQM of the Level-1 Calorime-
ter Layer-2. On the top raw, from left to right: the distributions of L1 HTT, the 2D
distribution of the Fr of L1IsoEG candidates as function of the bunch crossing, the Ep-
weighted 2D distribution of the n— ¢ position of L1IsoEG candidates and the n distribution
of L1IsoEG candidates. On the bottom raw, from left to right: the 2D distribution of the
1 — ¢ position of L1IsoEG candidates, the ¢ distribution of L1IsoEG candidates, the Er
distribution of of L1IsoEG candidates and the n distribution of LL1Tau candidates.

This parallel running gave the opportunity to validate the Stage-2 firmware implemen-
tation in real data-taking conditions by comparing the firmware outputs with the corre-
sponding emulator quantities. The corresponding validation plots are presented in Fig.
[3.17, obtained from data collected with single electron triggers. A perfect agreement is
obtained for the energy of the L1IEG candidates. In the run 260576 (ECAL only inputs),
a bump at 20 GeV (=40 in firmware units) is observed in the falling Er distribution of the
L1EG candidates. This corresponds to a bias due to the 20 GeV threshold used for the
single electron trigger in that run. In the run 260627, inputs from ECAL and HCAL were
used and this bias is not visible. The reason is that at this time, the H/E identification
criteria for the L1EG electrons was not implemented in the firmware version deployed for
the parallel running. Therefore any calorimeter energy deposit could produce a valid L1EG
candidate. Since the hadronic deposits are produced in larger amount than the electromag-
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\ Run number \ Time \ Luminosity \ Notes \
258741 30 min. | 4.7 pb ! ECAL
258742 4.5h 59 pb ! ECAL
259884 lh 6.7 pb* ECAL + HCAL
260424 4.3 h 63 pb " ECAL
260490 30 min. | 5.3 pb! ECAL + HCAL
260493 20 min. | 3.7 pb ! ECAL + HCAL
260576 3h 48 pb ! ECAL
260627 12 h 180 pb~! | ECAL + HCAL + HF

[ Total [ 26h | 370pb ' | |

Table 3.2: List of runs recorded in the parallel running of the Stage-2 system. Those runs
correspond to a total of over 7 billions events, which have been used for offline analysis.

netic ones and are not biased by the single electron trigger thresholds, the energy spectrum
does not exhibit the same feature as the one from the run 260576. The energy spectrum
stops at a firmware value of 300 due to the energy saturation of the L1IEG candidates.

Concerning the position of the L1IEG candidates, the agreement between emulator and
firmware is quasi-perfect in the run 260576, while some discrepancies are observed in the
run 260627, especially a trend with ®. Those discrepancies are due to a known difference
present at that time between the emulator and the firmware implementation of the sorting
of the L1EG candidates, when some candidates have the same energy: in particular, the
emulator implementation favors the candidates with higher ® while the sorting in the
firmware is uncorrelated with ®. Since a limited number of L1EG candidates is produced
(12 at most), the LIEG candidates may differ between emulator and firmware. Note that
the energy spectrum is not affected as those differences only affect events where the trailing
L1EG candidates have the same energy. The difference is mostly visible in the run 260627
because the L1IEG multiplicity in that run was higher, since ECAL and HCAL inputs were
used. The small remaining differences between emulator and firmware were fixed during
the subsequent LHC end-of-year technical stop.

3.3.2 Preparation of the 2016 data-taking

Before the LHC restart in 2016, I tuned all the parameters (mostly encoded in LUTSs)
to make the L1EG algorithm ready for 2016 data-taking. This final optimization has
been mostly based on data taken during the parallel running and the performance has
been checked in data and simulation. The calibration has thus been rederived using an
MVA-based regression to obtain the LUT encoding the correction factors to applied to
the raw LIEG Ep. The improved L1EG resolution with the Stage-2 trigger has thus been
confirmed, as visible in Fig. The isolation LUT has also been rederived using 2016
data.
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Figure 3.17: Comparison of LIEG firmware and emulator outputs for the Ep (top), n
(middle) and ¢ (bottom) variables, from run 260576 (ECAL only, left column) and run
260627 (ECAL+HCAL, right column).
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Figure 3.18: L1EG relative energy response in the barrel (top left), in the endcaps (top
right) and L1EG resolution as function of the pseudorapidity (bottom) obtained with the
Stage-1 system (black) and the re-optimized calibration of the Stage-2 system (red) in 2015
data. To define the L1EG resolution, an effective RMS is defined from a fit of the relative
energy response with a double Crystal-Ball function and is divided by the average energy
response.

Measuring the efficiency of a trigger in data requires actually some care to avoid any
bias in the measurement. Indeed, data are recorded using one of the available triggers. If
the efficiency of the single electron trigger was to be measured in data using events triggered
with the same single electron trigger, the measurement would be biased: for instance, it
would not be possible to spot any inefficiency of this trigger, since the events where the
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single electron trigger has not fired would not be included in the data sample considered.
One possible solution would be to use events triggered with a dedicated ZeroBias (i.e.
random) trigger or an uncorrelated trigger (for instance a muon trigger). The problem in
that case is that a very low number of offline electrons is expected to be found in such
events and a very large number of events would have to be collected to get a reasonable
statistical error on the efficiency measurement. A solution widely adopted in experiments
on particle colliders is the so-called tag-and-probe method. This method takes advantage
of a physical process in which the particle of interest (the probe) is produced in association
with another particle (the tag). The tag is then used to trigger the event while the probe
is used to provide an unbiased measurement of the trigger efficiency.

In the case of electrons, the process commonly chosen for the Tag-and-Probe method
is the decay of a Z boson into a pair of electrons. The events used are selected among
those triggered with a single electron trigger. Among those, additional requirements are
applied to select those compatible with a Z boson decay: those events must contain two
offline reconstructed electrons with opposite charge and an invariant mass compatible with
the Z boson mass. Additional electron identification criteria are also applied to increase
the purity in real electrons in those events. One of the electrons is then flagged as the
tag while the other is flagged as the probe. A selected event can therefore have two
interpretations in terms of Tag-and-Probe, depending on which electron is chosen as the
tag. Both interpretations can be considered for the efficiency measurement to reduce the
statistical error. The tag must then be compatible with a triggering electron, using some
matching criteria. In the case of the L1EG trigger, the position of the offline electron
supercluster (see section was thus required to correspond to the seed trigger tower
of the L1EG cluster or one of its neighboring towers.

For the L1EG efficiency measurements presented here, the events are selected among
those firing the HLT Ele30WP60_Ele8 Massbb and HLT Ele30WP60 SC4  Massbb paths.
Those paths require the presence at the HLT level of an electron with pr > 30 GeV, pass-
ing the 60%-efficiency working point of the electron ID. The event must also contain an
additional electron with pr > 8 GeV or an ECAL supercluster with £ > 4 GeV and the
invariant mass of the "di-electron" system must be larger than 55 GeV. Those HLT paths
are seeded by Level-1 SingleEG triggers and a geometrical matching of the offline tag elec-
tron is required with an L1EG candidate compatible with the Level-1 SingleEG seeds. The
electrons are required to be within the ECAL fiducial volume (with || < 2.5, excluding the
crack between the barrel and the endcaps). The pair of opposite charge electrons must have
an invariant mass between 60 and 120 GeV. The tag electron is required to have Epr > 30
GeV and to pass the medium working point of the offline electron identification while the
probe electron must only pass the loose working point of the electron identification.

One of the usual tools used to evaluate the performance of the L1EG trigger is the
so-called "turn-on" curve, representing the L1 SingleEG efficiency for a given threshold
as function of the Er of the offline electron ECAL supercluster (see section [2.3.3)). The
SingleEG20 turn-on curves obtained after re-emulation on 2015 data with the new L1EG
parameters to be used for the 2016 data-taking is presented in Fig. [3.19 The turn-on
curves present a sharp increase centered on the L1 threshold value related to the good
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L1EG energy resolution. The turn-on is sharper in the barrel than in the endcaps because
of the better energy resolution in the barrel. Moreover, the efficiency of the SinglelsoEG20
trigger is lower than for the inclusive SingleEG20 trigger but gets closer to 1 as Ep increases
due to the progressive relaxation of the isolation criteria.
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Figure 3.19: L1EG turn-on curves for a 20 GeV-threshold obtained in 2015 data with
the re-optimized set of L1IEG parameters in the barrel (left) and in the endcaps (right),
without (black) and with (red) isolation requirement. The lines correspond to the result
of an unbinned maximum likelihood with a Crystal-Ball integral function.
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The updated sets of parameters have then been used first for data-taking in cosmic runs
a few weeks before the LHC restarts in spring 2016. The so-called "splashes" have then
been another important test for the upgraded Stage-2 trigger. The splashes correspond to
injection tests performed by the LHC, where the proton beams collide with the collimator
blocks in front of the detectors, which produces a very large multiplicity of very energetic
particles. The splashes produce a much harsher environment than what is produced in
usual proton-proton collisions and are mainly used for detector monitoring and timing
studies. For the first run of splashes, it has been decided to use the new L1EG trigger for
data-taking (with a 5 and 20 GeV thresholds), with only the two innermost rings of ECAL
trigger towers unmasked for that test, in order to reproduce conditions compatible with
central collisions. Unfortunately, this test was only a half-success as the L1 SingleEG20
algorithm did not fire. The L1_SingleEG5 triggered though in what was believed to be the
"aftermath" of some splashes, catching the trailing particles produced in the splash event.
After a prompt analysis of the 2015 splashes data, I've been able to identify a feature of
the algorithm explaining why the L1EG algorithm failed to trigger in the configuration
deployed for the splashes. During splashes, all the trigger towers are saturated because
of the very large energy deposit in the whole detector (all the towers are produced with
an energy of 127.5 GeV). The algorithm used to define LIEG seeds from local energy
maxima (see Fig. left) fails then to produce a valid seed if all the towers have the same
energy because of the ¢ symmetry of the detector. In normal conditions during proton-
proton collisions, this is not a problem as the electrons and photons produce localized
energy deposits. (It is actually more appropriate to trigger on those events with L1 sums
algorithm.) To take that feature into account, I proposed to mask 4 consecutive towers in
the two rings to break the ¢ symmetry and to use additional L1 algorithms, including the
L1 sums, as back-ups. With that feature implemented, the L1EG algorithm successfully
triggered on the second run of splashes. Event displays of those splash events are presented
in Fig. [3.20] The L1EG trigger had then demonstrated its complete readiness for the 2016
data-taking and was monitored in the following weeks until the beginning of the 2016 LHC
proton-proton collision run.

3.4 Measurement of the Stage-2 Level-1 EG trigger
performance in 2016 data

During the first months of 2016 data-taking, I continued the monitoring of the L1EG trig-
ger performance. I have been in charge of the weekly data certification for the L1EG.
Benefitting from the large luminosity collected, I have been able to measure the perfor-
mance of the LIEG trigger in the first 0.5 fb™! collected in 2016 [145] then with the first 8.2
fb~! collected in 2016 [146]. Those results are shown in Fig. — The rate measure-
ments have been performed using ZeroBias data, while for the efficiency measurements,
the Tag-and-Probe method detailed in the previous section is used.

All those results are in agreement with the expected level of performance of the up-
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Figure 3.20: Event displays of splash events triggered with the upgraded L1EG algorithm.
The light red (blue) areas correspond to ECAL (HCAL) energy deposits, while the red
lines correspond to reconstructed muon tracks.

graded Level-1 EG trigger. The position and energy resolutions, presented in Fig. and
[3.22] are thus significantly improved with respect to the Run 1 L1EG trigger. The different
position and energy resolutions between barrel and endcaps can be explained by the differ-
ent geometries of the trigger towers, which are larger and have a more complex geometry
in the endcaps (see Fig. |3.3). The energy resolution is also considerably deteriorated in
the transition region between barrel and endcaps because of the large amount of material,
which induces a large amount of energy loss by Bremsstrahlung. These good position and
energy resolutions will be possibly exploited in the future to implement invariant mass
triggers, which should be developed as the LHC luminosity increases.
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Figure 3.21: Difference in pseudo-rapidity n (left) and azimuthal angle ¢ (right) for L1
EG candidates with respect to the offline reconstructed electron supercluster, in the barrel
(black) and in the endcaps (red), measured in 2016 data.
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as function of the pseudorapidity (right) measured in 2016 data. To define the LIEG
resolution, an effective RMS is defined from a fit of the relative energy response with a
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As seen in Fig. [3.23]and [3.24] the turn-on curve without isolation requirement exhibits
a sharp increase, in particular in the barrel, thanks to the very good energy resolution
of the L1EG trigger. The isolation requirement, slightly tighter in the barrel, induces a
slower turn-on but the lower efficiency is compensated by a lower rate, as visible in Fig.
[3.25] The rate is thus reduced with respect to the inclusive LIEG trigger by up to a factor
2 for a 24 GeV threshold. The isolation relaxation enables to still get a very high efficiency
at high energy and explains why the rate with isolation gets closer to the inclusive rate at
high thresholds (above those used for data-taking). As the LHC instantaneous luminosity
gets higher, it will be possible to re-optimize the isolation requirement with a new LUT
to keep reasonable SingleEG thresholds. Moreover, the trigger efficiency stays relatively
stable across different pile-up conditions, as seen in Fig. [3.26] This is the case even when
the isolation requirement is applied, thanks to the use of an online pile-up estimate.
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Figure 3.23: L1EG turn-on curves measured in 2016 data for a 40 GeV-threshold without
isolation requirement (left) and for a 24 GeV-threshold with isolation requirement (right),
in the barrel (black) and in the endcaps (red). The lines correspond to the result of an
unbinned maximum likelihood with a Crystal-Ball integral function.
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Figure 3.24: L1EG turn-on curves measured in 2016 data for different thresholds without
isolation requirement (left) and with isolation requirement (right). The lines correspond
to the result of an unbinned maximum likelihood with a Crystal-Ball integral function.
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Figure 3.26: Trigger efficiency as function of the number of reconstructed vertices measured
in 2016 data, for a 40 GeV-threshold without isolation requirement (left) and for a 24
GeV-threshold with isolation requirement (right). The efficiency in the left (right) plot is
defined as the fraction of offline reconstructed electrons with Er > 40 GeV (Er > 24 GeV)
associated with a L1EG (isolated) candidate passing the corresponding threshold.

3.5 Preparation of the 2017 data-taking

In the last months of my PhD, I also contributed to develop some improvements before the
2017 data-taking. These improvements were motivated by the following observation. In the
original L1IEG algorithm, the H/E identification was based only on the information related
to the seed trigger tower of the cluster. However, as seen in Fig. [3.27] the neighbouring
towers for background candidates can also be associated with a sizable hadronic energy
deposit, even after applying the H/E criteria for the seed tower. A possible extension of
the H/E criteria to include also the neighboring towers has therefore been investigated.
Applying the same H/E criteria as for the seed to all the neighboring towers was found
to cause a large reduction of efficiency, because of low-energy towers with hadronic activity.
A loose H/E criteria, corresponding to H/E<1, is therefore used for towers with transverse
energy above 5 GeV, while no requirement is applied to towers with lower energy. This
new extended H/E criteria is then applied in addition to the already existing one used
for the seed tower. The inefficiency due to this new criteria has been measured to be
very small, while bringing a rate reduction of up to 20% for SingleEG triggers, as seen in
Fig. [3.28] This improvement benefited to all the triggers using EG objects and helped to
keep the trigger thresholds for 2017 at a similar level as in 2016, in spite of an expected
increase in instantaneous luminosity by 30%, up to 2 x 10**cm~2s~!. This new feature also
demonstrated the advantage of using tower-level information together with the flexibility
in implementation of the Stage-2 calorimeter trigger, allowing incremental changes to be
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Figure 3.27: H/E ratio (z-scale) distribution for LIEG candidates in ZeroBias data. The
position of the seed trigger tower corresponds to (in,i$)=(0,0).

implemented in the firmware to improve the performance of all the trigger objects.
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Figure 3.28: L1EG turn-on curves measured in simulation for a 40 GeV-threshold without
isolation requirement (left) and SingleEG rate as function of the threshold (right) with the

standard H/E used in 2016 (black) and with the new extended H/E developed for 2017
(red).
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3.6 Conclusion

The upgrade of the Level-1 trigger and in particular of the L1EG trigger represented a
critical achievement for the CMS collaboration in view of the end of the LHC Phase 1.
Thanks to the new trigger architecture deployed and the new implementation of the LIEG
algorithm, the performance of the LIEG trigger has been substantially improved. The
expected level of performance of the upgraded L1EG trigger has thus been achieved and
benefited to a wide range of physics analyses in CMS.

The experience gained with the Phase I trigger upgrade has shown that significant gains
in performance can be achieved by bringing the reconstruction techniques at Level 1 closer
to those used offline, as shown with the dynamic clustering used for L1EG. For the Phase
IT trigger upgrade, the Level 1 trigger will benefit from a major improvement thanks to the
tracker information which will be available at Level 1. This gives in principle the possibility
to implement reconstruction techniques at the trigger level very close to the offline Particle
Flow algorithm, together with more powerful pile-up mitigation techniques, which will be
the biggest challenge for Phase 2 with an average pile up expected to go above 120. In
that context, the experience gained with the TMT architecture will probably be beneficial
in order to develop sophisticated algorithms using inputs with high granularity and having
access to the whole detector information.






Chapter 4

Matrix Element Method for H — 77
analyses

What is the Matriz?

Neo

Physics analyses pursued in high energy physics typically involve several particles in
the final state, associated to a large number of observables. One of the main issues to
tackle is then to identify relevant variables which can be used to discriminate the signal
from the background processes. Multivariate analysis has therefore become increasingly
relevant in particle physics, as the signal process searched in LHC experiments for instance
has become more and more complex. One of the developed approaches is the so-called
Matrix Element Method (MEM).

Analyses involving a Higgs boson decaying into 7 leptons with complex final states in-
cluding jets, leptons, hadronically decaying 7’s and missing transverse energy can typically
benefit from dedicated multivariate discriminants. A lot of the MEM tools are actually
common to all those analyses and will be presented in details in this chapter. The 8 TeV
analysis focusing on the Vector Boson Fusion production of a Higgs boson decaying into 7
leptons presented in [147] has been the first one to use a MEM implementation optimized
for a resonance decaying into 7 leptons. It benefited from the work detailed in this chapter
where an implementation of the MEM optimized for the search of the ttH, H — 77 process
is detailed. The results of this analysis will be presented in the last chapter of this thesis.

4.1 Introduction to the Matrix Element Method

Among all the available multivariate approaches currently available in high energy physics,
the Matrix Element Method (MEM) is probably the one which tries to exploit the most the
link between theory and event reconstruction in the detector. One of its first applications
has been the measurement of the top quark mass at the Tevatron [148]. It has been since
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adapted to other analyses, such as the H — 4¢ search in CMS [56], in the form of the
"MELA" approach, or the search for a Higgs boson decaying into b quarks in the ttH
production mode [149].

The goal of the MEM is to provide a discriminating variable £(y) which optimally uses
the available information from the objects reconstructed in the detector, associated to a set
of observables y. According to the Neyman-Pearson lemma [150], the optimal test statistic
for comparing two hypotheses Hy and H; is provided by the likelihood ratio

L(Holy)
A= Timly) @)
where L(Hy|y) (respectively L(Hly)) is the likelihood for the hypothesis Hy (H;) as a
function of the data y. In the case of the MEM, H; would be that a given event has been
produced by a signal process while Hy would be that this event has been produced via a
background process. The MEM aims then at providing an estimate for a given event of
the likelihoods L(H;|z) and L(Hy|z).

To do so, the MEM makes use of the differential cross sections and decay widths
predicted by the theory, by using the matrix element Mgq(x) associated to a given process
Q) (hence the name), which depends on a set of variables x which describes the initial- and
the final-state particles at a parton level. The squared matrix element is then convoluted
with a function W (y|x) associated to the event reconstruction in the detector and called
transfer function. It represents the probability that a set of observables y is measured
given a parton-level configuration x.

More specifically, the MEM aims at computing the differential cross section of the
process ) with respect to the observables y, while integrating over the unmeasured or
poorly measured parton-level quantities x, as well as the Bjorken fractions of the incoming
partons z, and z;,. The differential cross section, also called weight in the case of the MEM,
is then computed as

waly) = = [ ddrydn, P E DI o, p gy 57 ) Ma ()P ()

oo T TpS

(4.2)
The factor oq can be fixed by the condition [ dywq(y) = 1 and corresponds to the product
of the cross section of the process (2 with the acceptance of the analysis. Because of that
normalization condition, all the overall multiplicative factors, which do not depend on x
or y in the integrand can be omitted, as they would anyway simplify with og. The sum
>~ corresponds to a sum over all the possible assignements of the reconstructed objects to
p

the parton-level objects p (a so-called permutation). In some simple cases, it is actually
possible to include those permutations in the computation of the matrix element squared
|IMaq(x)[?, as it will be explained in Section [£.3] The functions f;(x,Q) are the parton
distribution functions associated to the incoming parton of flavor ¢, depending on their
Bjorken fraction x and the scale of the process Q).

The four-vectors P, are those of the colliding protons at a center-of-mass energy +/s,
while the four-vector Y pr = P is the sum over all the final-state particles. The conservation
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of energy and of longitudinal momentum is ensured thanks to the 2-dimensional ¢ function.
The integrations over x, and x; can then be simplified, imposing

PO+ [P
Tap = —F#—=
s \/E

The total transverse momentum of the system is not constrained to be exactly zero to ac-
count for a possible boost in the transverse plane of the final-state system, due for instance
to initial-state or final-state QCD radiations, which would require a proper treatment of
higher order corrections in the matrix element. The approach adopted here is instead to
use a leading order matrix element for the hard process and to constrain loosely the total
transverse momentum of the system with a transfer function relating the measured recoil
of the system to the recoil at parton level.

As the reconstructions in CMS of the different objects are mostly uncorrelated, the
overall transfer function W (y|x) can be split into a product of different transfer functions
associated to each individual objects. The different terms involved will be described in
details in the next sections. Finally, the integration is performed over the phase-space
spanned by the final-state particles dx. In the general case, this can be decomposed as a
product over the final-state particles dx = d [[x; with

(4.3)

Pk

Because of the non-analytic parametrization of the function to integrate, the integration
must be performed numerically event by event. This can be done using the VEGAS
algorithm [151], briefly described in the next section. The hard scattering amplitude can be
evaluated thanks to dedicated code generated using standard high-energy physics Monte-
Carlo generators, such as MadGraph [152]. Finally, the transfer functions can be defined
either analytically from theoretical considerations or parametrically, using in situ estimates
for the detector resolution.

Each weight wq(y) represents the probability to measure the set of observables y given
the process 2. Those weights are then usually combined in a likelihood ratio of the form

- ws(y)
L) = ws(y) + X wg(y) (45)

BeB
with S the signal process and B € B the set of background processes considered in the
MEM. This variable, whose value is between 0 and 1, can then be interpreted as the
probability that a given event associated to y originates from the process S, rather than
from one of the background processes B.

The Matrix Element Method offers in principle a large number of advantages which
can justify its use in particle physics analyses. First of all, it is in principle universal and
can be applied to a wide range of processes for which a theoretical prediction exists for
their amplitude (even though if the detailed implementation of the MEM may have to
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be specialized for each use case). The combination of this theoretical information with
the detector resolution is then done in an optimal way. Moreover, in contrast with other
multivariate methods, like Boosted Decision Trees [126], no training is required for the
MEM, which is really beneficial when no large statistics Monte-Carlo samples are available
for the processes investigated. On the other hand, the numerical integration required to
compute the final discriminating variable makes this method heavily CPU time consuming,
even though progress in the implementation of this method using GPU’s makes its use
more practical. In addition, the MEM cannot be used directly in the context of model-
independent searches but it is perfectly suited for searches of Standard Model processes
with a single signal hypothesis.

4.2 Numerical integration with the VEGAS algorithm

To understand the necessary steps required to implement the computation of a MEM
discriminant, it is necessary to present how a numerical integration can be performed
using Monte-Carlo methods, in particular with the VEGAS algorithm [151]. The goal of
such a method is to compute a n-dimensional integral

I= / d"x f(x) (4.6)

with f(x) the function to integrate and €2 the integration space. Generic Monte-Carlo
integration methods aim at approximating this integral as an average of the values taken
by the function f(x) over a large number N of points x; (also called integration points or
shots) within 2, randomly chosen with a density p(x)

g Ly fx)
AR w

Successive estimates (S;)1<j<m are then made with the same number of integration points
N using formula (4.7) to define a cumulative estimate S

I~S5=35"Y " (4.8)
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A x? per degree of freedom is also computed as

X2/dof:m1_1§j(5j;25) (4.11)

Jj=1

which converges towards 1 when N increases, if the algorithm works as expected.

In the simplest form of Monte-Carlo integration, the integration points are chosen
uniformly-distributed. With the VEGAS algorithm, the density p(x) is modified for each
of the successive estimate, in order to minimize o7 (Eq. using the information from
the previous sampling. Theoretically, 092- is minimized for

_ I
) = Tiners (112)

In particular, it implies that the integration points are concentrated where the integrand
is largest in magnitude. To realize this, the VEGAS algorithm starts from a uniform
sampling at the first iteration, dividing the space to integrate into hypercubes using a
rectangular grid. The integration points are then used to histogram the function and to
redefine the integration grid, by concentrating the hypercubes around the region where
|f(x)| is the largest. After several iterations, the sampling converges in an adaptive way
and the uncertainty ¢ decreases as 1/v/ Nm.

To implement the numerical integration of the MEM weights using the VEGAS algo-
rithm, it is therefore necessary to define precisely what are the integration variables to
be used. Then for each integration point (defined by a given value for each integration
variable), the integrand must be computed, which means that its dependence with respect
to the integration variables must be explicitly defined. Moreover, the definition of the
integration space must also be provided.

4.3 Scattering amplitude

The scattering amplitude for a process {2 can be generically written as

Mox)PP = 3 filen, Q) fal2,Q) S IM(prps — X)P2 (4.13)

flavours spins

with p; the incoming QCD partons. An averaged sum is done over the spins of the different
particles. (A potential refinement of the analyses could take into account polarization
effect of the 7 leptons.) The matrix element squared associated to different parton flavors
(u,d,c,s and g) are summed incoherently, weighted by the associated PDFs, as those
different processes do not interfere at the quantum level. Summing here the matrix elements
associated to different flavors, rather than integrating each of them independently, allows
to reduce the number of calls to the VEGAS algorithm and is done for practical purposes.
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For the incoming partons, the convention chosen is to define the partons 1 and 2 as
those with four-vectors

q1 = <xa\;§70707$a\é§> yq2 = (xb\ég70707_xb\é§> (414)

In the case of matrix elements associated to the VBF production of a Higgs boson
decaying into 7 leptons or the production of a Z boson in association with two jets, the
number of possible flavor combinations for the incoming and outgoing QCD partons is of
the order of several hundreds. A sample of those is presented in Fig. [4.1] A brute force
implementation requires therefore a very large amount of operations, which would lead to
a sizable computation time for the numerical integration. However, from first principles,
it is easy to actually figure out that all the matrix elements do not have to be individually
computed. Indeed, when considering for instance the VBF process uc — ucH, it appears
that

M (u(qr)c(qa) — u(gs)c(qa) H) = M (c(q1)u(ge) — c(gz)u(qa) H) (4.15)

based on the universality of the couplings between the first and the second quark generation.
In principle, some processes are still expected to have different matrix elements though,
due for instance to the different couplings of the W and Z bosons to the quarks. Still, it
is possible to group those into different categories of similar matrix elements for which a
single matrix element can be computed with minimal effect on the overall matrix element
computation. The distributions of some simplified PDF-weighted squared matrix elements
are presented in Fig. [£.2] The so-called "v2" has given very close values of the matrix
elements while reducing the computing time by one order of magnitude.

In the case of processes producing top quarks, the number of matrix elements is much
smaller because the initial states are in most cases reduced to gluon-gluon or quark-
antiquark configurations, as seen in Fig. . Thus, for the ttH,H — 77 MEM im-
plementation, no simplification of the matrix element computation has been required and
an exact sum over all the possible partonic initial states has been used.

4.4 Transfer functions

4.4.1 General considerations

The transfer function W (y||x) includes information on the resolution of the detector and
reconstruction techniques. It relates the parton-level variables x with the set of observables
y. Those observable{-] are typically:

A

« the energy or the transverse momentum (£}, pr;) and the direction (é]) of the jets

A
=

e the three-momentum of the charged leptons (1)

'Measured quantities are represented with a hat symbol
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Figure 4.1: Feynman diagrams of some of the processes contributing to the VBF production
of a Higgs boson decaying into 7 leptons

« the three-momentum of the visible decay products from hadronic 7 decays ()

o the missing transverse energy (EM*)
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Figure 4.2: Distributions of the PDF-weighted squared matrix element for the VBF process
evaluated on VBF Monte-Carlo events (left) and for the Drell-Yan (DY) production of a
Z boson in association with two jets in DY Monte-Carlo events (right))

Given the performance of the CMS reconstruction, based on the Particle-Flow algorithm
[127], the following assumptions can be made:

e The direction of the quarks is assumed to be perfectly measured with the direction

of the jets, the angular resolution for jets with pr; > 20 GeV being smaller than 0.03
rad [127].

o The momentum of the charged leptons is perfectly measured, both in direction and
in magnitude.

e The momentum of the visible decay products from hadronic 7 decays is perfectly
measured, both in direction and in magnitude.

Based on those assumptions, the transfer function W (y||x) can be decomposed into

W(yllx) = I 5(%’ — e)Ti(Prilpre:ng) 11 Ag(prgs 1g)
geA qg¢A

N A S (4.16)
[o(7 = ®)Th(#|ma) 100 = OTe()7e) T, (pr| Pr)

The previous assumptions have been translated into d-functions. T,(¢|7) relates the
momentum of the 7 decaying into a charged lepton and neutrinos to the momentum of its
visible decay product £. Tj,(7,|7) relates the momentum of the 7 decaying into hadrons and
neutrinos to the momentum of its visible decay products 75,. For some processes for which
the reconstructed hadronic 7 decay corresponds to a misreconstructed lepton, another
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Figure 4.3: Feynman diagrams of some of the processes contributing to the ttH production
of a Higgs boson decaying into 7 leptons

transfer function Ty, (7,|¢) is used to relate the pr of the reconstructed 7, to the one of
the original lepton. In the case of processes with non-prompt leptons from semi-leptonic
B hadron decays, a transfer function T5,on—prompt(¢]0) is used to relate the pr of the lepton
to the one of the original b quark. The notation ¢ € A (¢ € A) indicates those quarks
which are (not) associated to at least one of the jets. For ¢ € A, T;(prj|prq, n,) relates
the pr of reconstructed jets to the pr of the associated quark, while for ¢ & A, A,(prq,1y)
represents the probability that no jet is reconstructed given the kinematics of the quark.

Finally Tg, relates the opposite of the measured recoil pr = > pr + E?”ss to the recoil
Z,Th,j

Pr associated with the point in phase space considered for the integration. The different
parts will be described in the next sections. Note that, since the transfer functions are
interpreted as conditional probabilities of measuring y given x, the convention adopted for
their normalization is such that

/dyW(ny) =1,vx (4.17)
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4.4.2 Jets

The transfer function for the jets corresponds to the conditional probability to measure a
jet with a transverse momentum pr;, given a quark with a transverse momentum pp, and
pseudo-rapidity n,. The n dependence is introduced to better model the different energy
resolutions of the jets in the barrel and the endcaps. This energy transfer function can be
very well modelled using a sum of two Gaussian distributions

Ty(prilpre. ma) = £G (prilin (pre: 1), 01 (prg, 1)) + (1 = £)G (prslp2(pras ng), o2(Pres n4))
(4.18)

G(prjlp, o) = J;% exp (—; <ij0_ “) ) (4.19)

with u;(prq, n,) and o;(pry, n,) the mean and the width of the Gaussian distributions. The
distribution of the jet transverse momentum matched to quarks in different pr bins is
presented in Fig. both for light quarks and for b quarks. The py distribution for jets
from b quarks shows a larger tail towards low pr values due to the production of neutrinos
in semi-leptonic decays of B hadrons. The parametrization of the jet transfer functions
has been derived from a Monte-Carlo ¢ sample in two 7 bins (|n| < 1.5, 1.5 < |n| < 2.4).
The values of u; and o; are extracted from a fit of the pr distribution of the jets in bins of
pry (requiring a geometrical matching of AR < 0.4) with a double Gaussian distribution.

CMS Preliminary, Simulation {s=13 TeV CMS Preliminary, Simulation {s=13 TeV
S 0.22 > 03
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Figure 4.4: pp distribution for jets matched to light quarks (left) and to b quarks (right)
in different bins of quark pr for jets with |n| < 1.5 obtained in a t¢ Monte-Carlo sample.
The solid line represents the result of a fit with a double Gaussian distribution.

The pr, dependence of p; is then obtained fitting a linear function through the values
obtained previously, while for ¢ it is obtained from the result of a fit with the sum in
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’ Flavor \ I \ my/me \ ny/ngy \ ay/as \ b1 /by \ c1/co \ f ‘
light quarks | [0.0,1.5] | 0.99/0.94 | -2.33/9.39 0.0/0.0 1.53/0.78 | 0.13/0.05 | 0.81
1.5,2.4] | 0.94/0.82 | 10.79/51.65 | 4.26/2.56 | 0.58/1.99 | 0.0/0.0 | 0.80

[ ]
[ ]

b quarks | [0.0,1.5] | 0.99/0.97 | -6.24/-8.12 | 0.0/0.0 | 1.07/0.0 | 0.05/0.23 | 0.66
[1.5,2.4] [ 0.98/0.94 | -6.24/-10.31 | 0.0/3.86 | 1.14/0.47 | 0.0/0.21 | 0.52

Table 4.1: Numerical values of the coefficients used to parametrize the jet transfer functions

quadrature of a mnoise, stochastic and constant term. The relative weights f is taken
constant as a function of pp,. A different parametrization is used for jets matched to light
quarks and to b quarks.

14i(PTqs g) = Mi(1g)Prg + 1 (1) (4.20)
0i(prq, ng) = ai(ng) © bi(ﬁq)\/qu ® ci(1g)P1q (4.21)

The numerical values of the different parameters is presented in Table [4.1

4.4.3 Quark acceptance
The transfer function for a quark ¢ not reconstructed as a jet (¢ € A) is given by
L if [n| > n°

4 ] 0 elseif ARy < Rjand E% > fe
o(pr, 1) = 1 elseif miny AR;; < RS

& dpt T (plp | pr, 1) else

(4.22)

The numerical values of the parameters in Eq. are reported in Table . A uniform
prior (A, = 1) is assigned to a quark getting out of the detector acceptance (|n| > n°),
n° corresponding to the n acceptance of the jets in the analysis. On the opposite, if the
quark is close to one of the reconstructed charged lepton by less than some cut value Rj
and its energy is in excess of f°Ey, where Rj corresponds to the size of the cone veto used
to remove jets overlapping with isolated leptons and f¢ is the relative isolation cut applied
on the reconstructed lepton, such an occurrence would have been vetoed by the selection
cuts and is therefore not considered in the integration (A, = 0).

If instead, the quark direction is closer to one of the jets j’ by less than the jet algorithm
radius R, that quark is assumed to have been merged with another quark ¢’ into the same
jet. In this case, the acceptance function for ¢ is set to 1, while the transfer function
T;(prj|pre, ny) is replaced by Tj(prj/ |Preq s Ny ), using the pr of the g¢’ pair instead of the
pr of the single quark ¢’. Otherwise, the acceptance function is taken as the cumulative
distribution of the jet transfer function, evaluated at the transverse momentum threshold

pr-
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Lo [ R [R[ /] vh |
124]04[04]04[25GeV |

Table 4.2: Numerical values of the coefficients used to parametrize the quark acceptance

4.4.4 Hadronic 7 transfer function

As hadronic 7 decays include one neutrino in the final state, the four-vector of the 7 lepton
before decay cannot be directly deduced from its visible decay products. To take into
account the contribution from neutrinos, integrations over some variables related to the
di-7 system, which will be described in section [£.5.1] are performed. To account for the
non-flat distributions of the energy of the visible decay products a transfer function, based
on the 7 differential decay width, is used.

1-prong decay mode

In the case of the 1-prong decay 7 — v, the kinematics is the one of a two-body decay.

In that case, the energy transfer function is given by
1 |7[2dQ, v

| E. (2n)32E, (27)32E,

T (Er|E;) o Y1 — 7 —v)|Mp(r = vm)]* (4.23)

with |[Mrp(r — vm)|? the matrix-element corresponding to 1-prong decay. The spin-
averaged matrix element is given by

1= m2

EIM(r > ) = GVt 2 (1 - 12 (4.20)
The different factors do not depend on the four-vectors of the particle and are therefore
dropped in the computation, as mentioned in section 4.1} From the energy-momentum

conservation §*(7 — 7w — v), we then deduce that

2F,E, — (m? +m?)

cos B, = — (4.25)
2|7||7]
After integration and requiring the normalization condition
/ Tt (B, E)dE, = 1 (4.26)
this leads to .
Thi(EL|E;) (4.27)
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This transfer function corresponds to a flat distribution of the variable z = E./E..
Now, assuming that the momentum of the pion is perfectly measured, both in magnitude
and in direction, the overall transfer function for the hadronic 7 is given by

A d37 A ik
T (B | BT —T) e X (T — ) ————————
T m2

T

d|7|d cos 0 rdpr

We have to take into account the constraint on cosf,, given by Eq. (4.25)). The measure-
ment of the momentum of the pion enables thus to remove the integration over cos@,,,
which finally leads to

&7 |72

(27‘[’)32E~,- X E2 (1 o m%)

Ty (7] 7)3(7 — 7) d|7|dpr (4.28)

=

Moreover, for a physical solution, we must have —1 < cosf,, < 1. This constraint
leads to

sl < 7 < 5 (4.29)
with ) i ) )
S:I: _ (m‘r + mﬂ')|7r‘ + Eﬂ'(m‘r — mﬂ') (430)
2m?2
In the ultra-relativistic regime Eq. (4.29)) is simply equivalent to the constraint
2
E. < E, < LE, (4.31)
m

™

Other hadronic decay modes

The other hadronic 7 decay modes are in principle not as straightforward. Indeed, since
they involve hadronic resonances, a simple analytic computation is not possible as for the
decay into 1 prong. The constraints given by Eq. and still remain valid.
However, unlike for the 1-prong case, the invariant mass of the visible decay products
cannot be assumed to be fixed but has to be defined as m2 = E? — |7|2. The effect on the
distribution of the invariant mass of the hadronic system and on the variable z = E,/E;
is visible in Fig. [4.5

Even if the distribution of the invariant mass of the hadronic decay products cannot
be directly computed, it is reasonable to assume that for a given value of m,, the matrix
element associated to the 7 decay keeps the structure of a 2-body decay (7 — 7wv, with a
subsequent decay of 7) and is therefore independent on other kinematics quantities. If this
is indeed the case, as for the 1-prong case, a flat distribution of the variable z = E,/E;
between m?2/m? and 1 is expected for a fixed value of m,. This is indeed what is observed
in Fig. [4.6] Convoluting these distributions with the observed mass spectrum of the visible
decay products enables then to recover the overall z spectrum for the different decay modes,
as seen in Fig. 1.7 The modeling of the hadronic tau transfer function giving an excellent
agreement with the observed z distribution, the same formula as for the 1-prong case is
therefore used for the other decay modes.
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Figure 4.5: Distribution of the invariant mass of the hadronic 7 visible decay products
(left) and of the variable z = E,;s/E, (right) for different 7, decay modes at generator
level in H — 77 simulated events.
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Figure 4.6: Distribution of the variable z = F,;/F, for different bins of m,; for 1-
prong+7"’s (left) and 3-prong (right) 75, in H — 77 simulated events. The lines correspond
to the analytic expression of the transfer function used.
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Figure 4.7: Distribution of the variable 2 = E,;,/E, for 1-prong+7°’s (left) and 3-prong
(right) 7, in H — 77 simulated events. The black distribution correspond to the one
directly observed in Monte-Carlo while the red distribution is the one obtained with the
convolution of the analytic transfer function with the m,;, distribution.

4.4.5 Leptonic 7 transfer function

In the case of a leptonic 7 decay, the transfer function is given by

Tl )Ocd?’Focl/ 1 AP v
WHT) S 87 ™ B, ] @r)32E, (2n)2E, (27)32E,

S (r—l—v—0)| Mp(r — i) (4.32)

with |[Mp(7 — fvv)|* the matrix-element corresponding to the leptonic decay. The spin-
averaged matrix element is given by

;iwﬁ L )2 = 6AGE (w.0) (177 (4.33)

One gets then

1 B30 3o
E.E,) 2E,2F,

T(0)T) o (v.O)(0.7)6 (T — L —v —D) (4.34)

One can show that?

T,(4)T) [(€.7)(m2 4+ mi —21.7) + 2(l.7 —mj)(m?2 — £.7)] (4.35)

L E,

2The detailed computation is available in Appendix
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Moreover, the requirement that F, and E; are positive leads to

2FE . E; —m2 —m?
cosb,y > ! ﬁmj T — o (4.36)
2|7]1¢]

This constraint has to be taken into account in the integration. Indeed, since we must
have cos 6., < 1, this puts a constraint over the integration range for |7|. The same kind
of computation as for the hadronic case leads to the constraint

- <|7 <t (4.37)

with -
m2 +m2)|l| £ E,(m? —m?
t:t — ( T+ @)‘ ’ 5 Z( T f) (438)
2mg
Contrary to the hadronic case (Eq. (4.29)), there is no absolute value for the lower bound
t~ Again, in the ultra-relativistic regime Eq. (4.37) is equivalent to the constraint

m2
E, < E.< —E, (4.39)
my

For what regards the direction of the 7 lepton with respect to the charged lepton ¢, it is
in principle only constrained by Eq. but is not fixed beyond that. However, as the
7 leptons from Higgs or Z decay are relatively boosted, the directions of the 7 is very close
to the one of the charged lepton ¢, as seen in Fig. [£.8 Based on that observation, it is
assumed that the direction of the 7 before decay is the same as the one of the charged lepton
¢. This enables to remove two integration variables associated to the direction of the 7 in
the Matrix Element Method integration. The difference in the direction being relatively
small, this is expected to lead to a negligible difference in the MEM final discriminant.

Within the collinear approximation and assuming m, = 0, the only remaining part in

the leptonic 7 transfer function is therefore the energy transfer function given by

ar ,d°T
It can be shown that this leads finally tcf]
Tis(l|T) = ! (1—2) (5 + 5z — 4z2) (4.41)
IE = 3L, :

with z = E,/E.. Together with the integration related parts, this gives therefore

N
I}E(€|7—)6(€7— — 65)5(6 — K)W

7

sl (4.42)

océ(l—z) (5+52—4z2>

This result has been confirmed in simulation, as presented in Fig. [4.9]

3The demonstration is given in Appendix
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Figure 4.8: Angular distributions for the leptonic 7 decay in the electron (left) and muon
(right) decay channels. The distributions are obtained from generator level in a VBF

sample. cos 0 ymin is defined by Eq. (4.36))
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Figure 4.9: Distribution of the variable z = E,/E. for 7 decaying into neutrinos and an
electron (left) or a muon (right).

4.4.6 Fake 75, from leptons

As mentioned in section [2.3.6], some of the reconstructed 7;, can actually originate from
electrons (or less often from muons), even after application of anti-lepton discriminants.
Moreover, depending on the analysis, it is not always beneficial in terms of sensitivity to
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use those anti-lepton discriminants if the signal has also some fraction of events with such
leptons faking 7. As the reconstruction algorithm for 73, is not optimized for those objects,
the pr of the reconstructed 7, does not exactly match the one of the misreconstructed
lepton, as shown in Fig. [£.10, To take that effect into account, dedicated transfer functions
for fake 75, from leptons have been developed. In the case of electrons, that transfer function
can be described using a Breit-Wigner distribution, while in the case of muons a Crystal-
Ball distributions has been found to be more adapted.

1
Terr(Thle) ¢ ————— (4.43)
Prr—HK
14 (Pre=tt)
0 if ‘m‘ > 5
o
2
_ Prr—H f P —H
Tu—>7(7—h|:u) xX { exp ( 0.5 ( p ) ) if — <« (4.44)
n _ 2\ (n _ Prr—p
( ) exp(—0.50%) (a o + P ) else
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Figure 4.10: pr distribution for reconstructed 7, matched to generator level electrons (left)
and muons (right) in different bins of lepton pr, obtained in a ttZ Monte-Carlo sample.
The solid line represents the result of a fit with a Breit-Wigner distribution for electrons
and Crystal-Ball distribution for muons.

The parameters u, o, n and « depend on the pr of the lepton. This parametrization is
extracted from a fit of those parameters, with the following pr dependence

u(pr) = apr +b (4.45)
o(pr) =cpr +d (4.46)
n(pr) = epr + f (4.47)

The numerical values of the different parameters are presented in Table [1.3]
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] Lepton flavor \ a \ b \ c \ d \ e \ f \ o \
Electrons 0.96 | 0.84 | 0.04 | 4.69 - - -
Muons 0.97 | 1.17 | 0.02 | 4.46 | -0.015 | 2.29 | 1.2

Table 4.3: Numerical values of the coefficients used to parametrize the lepton to fake 7
transfer functions

4.4.7 Non-prompt leptons from b quarks

As mentioned in section [1.3.3] non-prompt leptons can be produced inside b-jets from
semi-leptonic decays of B hadrons. If such a lepton passes all the selection and isolation
criteria, jets overlapping with such objects are usually not considered for the analysis. In
order to evaluate the original b quark momentum, the reconstructed lepton can still be used
as a proxy. A dedicated transfer function can therefore be used to relate the momenta of
the b quark and the non-prompt lepton. For this purpose, the direction of the lepton is
assumed to be the one of the b quark while a dedicated transfer function relating the pp
of the fake lepton to the one of the b quark has been used. As shown in Fig. [{.11] a
Gaussian distribution provides a good description of this transfer function. The following
parametrization is used for the Gaussian parameters.

p(pre) = mpry +n (4.48)
o(pre) = a @ by/pry @ cpre (4.49)

The numerical values of the different parameters is presented in Table [£.4]

[m [ n [a [b] c]
[ 0.58 | -10.74 | 6.26 [ 0.0 | 0.14 |

Table 4.4: Numerical values of the coefficients used to parametrize the fake lepton transfer
functions

4.4.8 Recoil transfer function

As mentioned in section the recoil transfer function relates the total measured trans-

verse momentum ,(%T = E?iss + > IA?T to its parton level equivalent Pr = > pp. It is used
lm,jets P
both to account for the presence of potential initial or final state radiation not described

by the matrix element at leading order, as well as the detector resolution on the missing
transverse energy.
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Figure 4.11: pr distribution for reconstructed leptons matched to b quarks in different bins
of b quark pr, obtained in a tt Monte-Carlo sample. The solid line represents the result of
a fit with a Gaussian distribution.

This transfer function is obtained from the "Particle-Flow significance" algorithm, doc-
umented in |131] and summarized here. The particles reconstructed with the Particle-Flow
algorithm are grouped into exclusive collections of objects, depending on whether they are
clustered inside jets, are isolated (e.g. leptons) or unclustered. The measurement of the
transverse momentum E%p of a given particle 7 is then associated to a covariance matrix

2
U = ("fgﬂ 0 ) (4.50)

2

evaluated in the reference frame with axes parallel and perpendicular to EzT The Uy and
U;; elements depend in general on the pr and 7n of the object considered. The covariance
matrices are then summed together after a rotation into the global (x,y, z) CMS reference
frame to build the transverse energy covariance matrix

V= ZR(¢i)_1UiR(¢i) (4.51)

This covariance matrix, evaluated on an event-by-event basis, is then used to compute the
recoil transfer function, defined as

TET(ﬁT|ﬁT) = exp <—; (/%T - ﬁT)Tvil (ﬁT — ﬁT)) (452)

1
\/ 27| V]|
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4.5 Dimensionality reduction and kinematic reconstruc-
tion

The computation of the multi-dimensional integral defined in Eq. requires in principle
3 dimensions of integration per particle in the final state. In the case of a ttH, t — blv,
t — bqq, H — 77 — (15, + Vs weight, this represents for instance 33 dimensions. Such a
high number of dimensions would require a very large number of integration points to make
the numerical integration convergent. Fortunately, some of the transfer functions enable
to reduce the dimensionality: this is for instance the case for leptons where the detector
resolution makes reasonable the assumption that the measured momentum corresponds
to the genuine momentum of the lepton. Due to the resonant nature of the processes
taken into account, the dimensionality can be further reduce by assuming that some of
the intermediate particles involved are on their mass shell. This is the case for Higgs, Z
and W bosons, for top quarks and for 7 leptons. Off-shell contributions would anyway be
strongly suppressed by a small value of the matrix element and would therefore not have
a significant contribution to the integral.

4.5.1 Higgs and Z boson decaying into 7 leptons

For a Higgs (or a Z) boson decaying into 7 leptons, the phase space associated to that
decay is

(4.53)

Without loss of generality, it is assumed here that the 7 lepton decays into 7 — {4+ v, + 1
while the 7 lepton decays into 7 — 7, + .. With the approach of effective 7 transfer
functions presented in sections [4.4.4] and [4.4.5] the direction of the 7 lepton is assumed to
be the one of the charged lepton ¢, which leaves the following integration variables

1y o T2 a7 5 cos by 4.54
HOCET ’T‘ET_—T 08 Oz Az (4.54)
with the angles 0:, and ¢:, defined with respect to the visible decay products of the
hadronically-decaying 7.
To take into account the resonant mass spectrum, the following change of variables is
introduced.
d|7|d|7|d cos rxdprr — d|T|d cos Ozrd cos O -dm?. (4.55)

This requires to be able to determine 7 as a function of the variables used for the final
integration. For that purpose, we can introduce the following Cartesian system of co-
ordinates (€x, €,,€,) with € the direction of the visible decay products of the 7, €, =
(€: — cosb..€;) and €, = €; A €, (see Fig. . In that frame, 7 is given by

sin O

7= \ﬂ (cOS O7€r + Sin Oz COS P7€, + Sin Oz sin p7.€;) (4.56)
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Figure 4.12: Cartesian system used to describe a 737, decay

Introducing now the system of non-Cartesian coordinates (€r, €, €,), T can be written
as

= |7/(aé; + BE; +7E,) (4.57)

N

With that parametrization,

cos 0z, — cos O, cosl. - cos 6, — cos B, cosO-,

, B (4.58)

sin? 0, sin 6,

v =1-0a®— % —2aBcosl, (4.59)

This system has a solution if and only if 42 = 1 — o? — 8% — 2a8cos 0, > 0, with o and
[ defined by the previous equations as function of cosf,: and cosf,.. However, this is
not always guaranteed. In principle, to take into account all of the kinematically allowed
configurations, the integration domain should cover at least the whole region of phase
space for which 42 > 0. Although not solvable analytically, this constraint could be tested
prior to the integration process for different values of the integration variables. We can
therefore determine in advance what will be the contributing region in the phase space for
the integration and reduce the integration range consequently.

The so-called "boost" associated to the outgoing particles, defined by Pr = > pr, is
then computed for the two signs. At leading order, all the outgoing particles are indeed
expected to be perfectly balanced in the transverse plane, having thus Pr = 0. The sign
of v is consequently chosen as the one leading to the smallest boost in magnitude. This
procedure to determine the sign of v has been proven to be very efficient at generator level
(see Fig. [4.13).

The value of |7| can be determined from the following equation

m?. = (1 +7)% = 2m? + 2(E, E; — |7||7| cos 0.) (4.60)
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Figure 4.13: Distribution of v(MC') = ér.¢, and Pr(y > 0) — Pr(y < 0) in leading-order
Monte-Carlo samples for VBF (left) and DY+2 jets (right). All the quantities have been
evaluated using the kinematic reconstruction detailed previously, fixing the integration
variables at their generator-level values. A clear anti-correlation can be observed between
the sign of v and the sign of Pr(y > 0) — Pr(y < 0).

Defining M? = Im2. —m2, we get

M?| 7| cos 0, + ET\/(MQ)2 —m2 (mZ + |72 sin? 97%)

7| =

(4.61)

m2 + |7|? sin? 0,»
with the additional constraint

2
mrz Mz

< —
= |sin 07| \ 4m?2

ki

(4.62)

With the change of variables introduced in Eq. (4.55)) and taking into account the
additional constraint from Eq. (4.25) and the on-shell hypothesis used for the di-7 pair,
the phase space of the Higgs boson is finally reduced to a 2-dimensional phase spaceﬂ

|72 1717 1

Er B2 5 sin 6,

- d|T|d cos 0= (4.63)
ET% - |7?| COs 97?

The integration boundaries are determined taking both into account the constraint
from Eq. (4.37) and the constraint 42 > 0. Those constraints are illustrated for a single

4The detailed computation is available in Appendix
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event in Fig. If for a given permutation, no v? > 0 region is found (which can happen
for instance if m(¢7;,) > 125 GeV in the case of a signal hypothesis with a H — 77 decay),
the numerical integration is skipped for that permutation and the corresponding weight is
assigned a value of 0, as the kinematical configuration is not compatible with the process
hypothesis.

v?=f(It),cos8,) in the collinear approximation

g F |
Q0.84 |
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Figure 4.14: Region where v2 > 0 (colored region, the color scale corresponding to the value
of «?) for a single VBF event in the (|7|,cosf,:) space. The black rectangle corresponds
to the limits of the integration region, which is determined prior to the integration. The
lower limit for |7] takes into account ¢~ from Eq. , which explains why the rectangle
does not cover the whole region 72 > 0.

4.5.2 Hadronic top

The phase space associated to a hadronic top can be written as

B BW B B3q dB®F

d®y, o< d*PdW?§(t — W —b)§(W —q — q>2Et 2Fw 2E, 2E, 2F;
q q

(4.64)

Taking into account the mass constraints of the top quark and the W boson, this can be
reduced td’]

b E. 1
b1 E; dE, (4.65)

dd, o
h = q
1 — cos Qqq % W .e, — Ew‘

5The detailed computation is available in Appendix
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with e
E; = W 4.66
" 2E,(1 —cosf,;) (4.66)
W = B, + E;¢; and Ey = \/M%, + E2 + E} + 2E,E; cos 04 (4.67)
EwAM? £ |W .|/ (AM?2)2 — m2(E2, — (W.&,)?
g B W&l (AM2)2 — mR (B}, — (W.8)?) (4.68)

B2, — (W.G,)?
and AM? = (M? — My, —m})/2. In Eq. (4.68)), some unphysical solutions may have been
introduced, depending on the sign chosen, which can be removed by requiring the following
condition to be fulfilled by one of the solutions FEj",

M? AM?

or W.¢ < 0and Ef <
W w

W.& > 0and Ef > = (4.69)
If two admissible (positive) solutions exist, the largest one is chosen.

The MEM also allows in principle to account for jets from one of the light quarks
not being reconstructed. In that case, the phase space integration is simply expanded by
adding two integration variables corresponding to the direction of the missing jet. Up to
that change, all of the previous developments are still valid and the reconstruction of the
hadronic top can be performed in the same way.

In all cases, the integration range for £, is determined by considering the 95% confidence
interval of the associated jet transfer function. Moreover, in the case where all jets are
reconstructed, a lower limit M[°?(b;jj) and an upper limit M;*(bjj) are determined for the
mass of the hadronic top candidate, by considering the invariant mass of the jet triplet
with their transverse momentum shifted to the edge of their respective 95% confidence
interval. If the following condition is not fulfilled

M (bjj) < M, = 173.21 GeV < M;"(bjj) (4.70)

the numerical integration is skipped as the jet triplet is not compatible with a hadronic top
decay and a null value is assigned to the integral. In the case of an event with a missing
jet, a lower limit M[°“(bj) is defined only from the two considered jets, and the following
condition has to be fulfilled to get a non-zero integral

M (bj) < M; = 173.21 GeV (4.71)

Those compatibility checks enable to avoid the computation of integrals for spurious per-
mutations mainly arising from combinatorial background (when considering wrong jet as-
signements for instance). If taken into account, the kinematic reconstruction introduced
above would assign to the quarks pr very far from the value of their associated jet. In
that case, the integrals would have a negligible value due to the jet transfer functions and
neglecting that computation does not change much the final result while speeding up the
computation.
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4.5.3 Leptonic top

The phase space associated to a leptonic top can be written as

BEBPW &b B0 P
9F, 2By 2B, 2E, 2E,

d®;, oc AP dW?(t — W — b)s(W — £ — v) (4.72)

Taking into account the mass constraints of the top quark and the W boson, this can be

reduced td

d®,, o ‘553 o j s, (4.73)
I .6y — EW‘
with 2
Bo = 2Eg(1]\—4VZOS 0u) 4
W =0+ E,é, and Ew(E,,é,) = /M3 + E} + E2 + 2E,E, cos 6, (4.75)

EwAM? + [W.& |\ (AM?)2 — m2(E2, — (W.6,)?)
E2, — (W.&,)?

Ef = (4.76)

and AM? = (M?— M3, —m?)/2. Again in Eq. ({.76), some unphysical solutions may have
been introduced, depending on the sign chosen, which can be removed by requiring the
same conditions as in Eq. . If two admissible (positive) solutions exist, the largest
one is chosen.

Similarly to the case of the hadronic top with a missing jet, a lower limit M (bf)
is defined by shifting the energy of the b jet according to the 95% lower edge of the jet
transfer function and considering the invariant mass of the b jet and the lepton. If the
following condtion is not fulfilled

M (bl) < M, = 173.21 GeV (4.77)

the integration is skipped for the permutation and the value of the integral is set to zero.

In the case of a top decaying into t — bvr, 7 — 7,v ("tauonic top"), the reduction of the
dimensionality and the kinematic reconstruction is very similar to the one of the leptonic
top, the four-momentum of the 7 lepton replacing the one of the charged lepton ¢. The
T — TV decay is taken into account using the hadronic 7 transfer function introduced in
and adding an additional integration over d|7|. The top mass compatibility check is
the same as for a leptonic top, using the measured 7, momentum instead of the charged
lepton momentum.

5The detailed computation is available in Appendix
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4.5.4 7 boson decaying into leptons

In the case of a Z boson decaying into two leptons with one of them misreconstructed as
a 7, (labelled as ¢, in that section), an integration over the pr of the lepton is in principle
required because of the finite resolution associated to the pr measurement of such an object.
However, this can be avoided if the Z boson is assumed to be on-shell. In that case, the
phase-space associated to the Z boson is given by

B7 a3 30,

Z T

(4.78)

Taking into account the on-shell condition of the Z boson, the perfect momentum mea-
surement assumed for the lepton ¢, the perfect direction measurement assumed for /., it
is reduced after integration over Z to

E
APy o §(E4((, ;) — Ey — By )—=—dFE, (4.79)
EzE,
with
Eg(0,0:) = \/M} + E} + B2 + 2E,Ey, cos 0y, (4.80)
Integrating over Ey_ one gets
1 E,
dd z 4.81
da OEz 1‘ EzE, ( )
OF,,
with Fy,_ defined by
M7
E, = 4.82
b 2Eg(1 — COS ‘QMT) ( )
This leaves finally no remaining integration and a simple Jacobian term
E2
ddy x —4= (4.83)

E,

4.6 Integration of the MEM in the VBF H — 77 cat-
egories

Based on the previous tools developed in this thesis, a full analysis using the Matrix
Element Method for signal extraction in the VBF H — 77 categories has been presented
in |147], focusing on the H — 77 — u7, decay channel. The results presented in that
reference are summarized here for completeness, to assess the improvement brought by the
MEM with respect to the CMS H — 77 analysis of Run I |153]. This analysis includes
several categories targeting the two main production modes of the Higgs boson, the gluon-
gluon fusion and the VBF production. Those categories are defined in particular based
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on the jet multiplicity in the event. The so-called VBF categories include events with
at least two jets with pr > 30 GeV. To take into account the VBF topology, additional
requirements are applied on the invariant mass of the two leading jets (m;;) as well as the
difference in pseudo-rapidity of those jets (An;;). Moreover, due to the electroweak nature
of the interaction between the two partons in the VBF process, additional hadronic activity
is expected to be suppressed in the region between the two VBF jets. For this reason, a
so-called "central jet veto', requiring that no additional jet with pr > 30 GeV is present
between the two leading jets, is also applied in the VBF categories. All the categories used
in are presented in Fig. [4.15

. O-et | 1-jet g 2-jet
: ' p;™ > 100 GeV
} | P > m; > 500 GeV | m; > 700 GeV
i 5 100 GeV | |Any| > 3.5
. : high-p,™
_p.Th _p.h
p™h > 45 GeV high-py* high-pr* boosted loose
VBF t
HTh baseline lowi-p;™ S -

Figure 4.15: Categories used in the H — 77 — u7), channel in the CMS H — 77 Run [

analysis

4.6.1 Validation of the Matrix Element Method implementation

The full reconstruction of the di-7 system, starting from the variables integration variables
d|7|d cos 0,-dm?-, has been validated in a VBF Monte-Carlo sample. For that purpose,
the reconstruction procedure detailed previously in section [£.5.1] has been used with the
variables |7|, cosf,- and m?2. set to their actual values. The results of that validation
are presented in Fig. 4.18] As can be seen, an excellent agreement is observed in
the quantities associated both to the leptonic 7 and the hadronic 7, which shows the
validity of the procedure described above. The small disagreements observed between
the actual values in Monte-Carlo and the reconstructed values can be explained by the
various approximations performed in the previous computations (including the collinear
approximation for the leptonic 7).

As an additional cross-check, the dependence on the functions to integrate with respect
to m,, has been checked. For that purpose, a VBF event and a Drell-Yan event have
been chosen randomly in the Monte-Carlo samples used to evaluate those processes. All
of the integration variables have then been set to their actual values except for m,, which
has been varied. The result of that check is presented in Fig. As can be seen, the
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Figure 4.16: pr distribution of the leptonic (left) and hadronic (right) 7, directly from the
Monte-Carlo (filled) and as reconstructed by the MEM algorithm (dots) [147]
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Figure 4.17: n distribution of the leptonic (left) and hadronic (right) 7, directly from the
Monte-Carlo (filled) and as reconstructed by the MEM algorithm (dots) [147]
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VBF integrand (used to compute the VBF weight) peaks at 125 GeV while the Drell-Yan
integrand (used to compute the Drell-Yan weight) peaks at 91 GeV, which is the expected

behavior due to the resonant nature of the matrix elements.
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Figure 4.19: VBF (left) and Drell-Yan (right) integrand as a function of m,, for a VBF
(blue) and a Drell-Yan (red) event
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Based on those results, the VBF and Drell-Yan MEM weights (wypr and wpy) have
been computed in the VBF and the Drell-Yan samples, for events with one muon, one 73, and
two jets. The associated distributions are presented in Fig. .20 and some discrimination
is already visible with those individual weights. The expected ordering is also observed,
namely that the VBF weight is higher on average for VBF events while the Drell-Yan
weight is higher on average for Drell-Yan events. To combine those weights, a likelihood
ratio is defined as introduced in section [4.1]

Wy BF
L =
wypr + kwpy

(4.84)

The factor k is present to adjust the relative values of the VBF and Drell-Yan weights. Its
numerical value however does not impact the discrimination power of the likelihood ratio,
as any cut on L is equivalent to a cut on the ratio wpy /wygr which does not depend on
k. In the following results, its numerical value has been chosen to get a crossing point of
the VBF and Drell-Yan distributions around £ = 0.5. The distribution of the likelihood
ratio is presented in Fig. [4.21]
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Figure 4.20: VBF (left) and Drell-Yan (right) weight distributions in the VBF (blue) and
Drell-Yan (red) samples [147]

To further validate the MEM implementation, the correlation of the likelihood ratio
with VBF-associated variables has been investigated, namely the invariant mass of the two
leading jets m;; and their pseudo-rapidity difference An;;. Due to the VBF topology with
two forward jets, those variables are expected to be higher on average in VBF events than
in Drell-Yan events. Selecting VBF-like events based on the value of the MEM likelihood
ratio should therefore reflect those characteristics and it is indeed what is observed in Fig.

4. 221
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Figure 4.22: mj; (left) and Anj;; (right) distributions evaluated in the VBF sample for
events with £ < 0.1 (red) and £ > 0.995 (blue)

4.6.2 Results

After the analysis selections, the main background in all the categories is the Drell-Yan Z —
77 production. Another important background corresponds to the electroweak production
of a W boson decaying into a muon and a neutrino in association with jets, among which
one fakes a 7,. The remaining backgrounds consist essentially in ¢ production and in pure
QCD processes. Most of those backgrounds are evaluated using data-driven techniques and

the interested reader can find more details about the background estimation techniques
and the associated systematics in [147] and [153].
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To compare the performance of the MEM with the default analysis, the following strat-
egy has been adopted. In the VBF categories, a binned maximum likelihood fit is performed
for the signal extraction using either the MEM distribution or the distribution of the di-7
mass estimate. Because the number of events in those categories is relatively low, the back-
ground shapes and yields are poorly constrained if those categories only are considered.
Therefore, the 0- and 1-jet categories have also been taken into account in the analysis,
using the distribution of the di-7 mass estimate for the signal extraction as in [153].

The detailed statistical procedure applied for this analysis is detailed in section [5.5] as
it is the same as the one used for the ttH analysis targetting final states with 7,. The
expected and observed 95% C.L. exclusion limits are displayed in Fig. [4.23] As expected in
the MEM analysis, the highest sensitivity is achieved for my =125 GeV, which is consistent
with the fact that the implementation of the MEM has been optimized for that mass value.
The significance of the observed excess is presented in Fig. In both cases, the MEM
analysis shows an improvement with respect to the default analysis, demonstrating the
potential of this method. The expected 95% C.L. exclusion limits and significance at
my =125 GeV are summarized in Table
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Figure 4.23: 95% C.L. upper limit on u = /oy as a function of the Higgs boson mass
mpy in the H — 77 — pm, channel for the default analysis (left) and the analysis using
the MEM in the VBF categories (right). The observed limit (black dots) is represented
together with the expected limit (red line). The bands show the expected one- and two-
standard-deviation probability intervals around the expected limit. [147]
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Figure 4.24: Local p-value and significance in number of standard deviations as a function
of the Higgs boson mass my for the default analysis (left) and the analysis using the MEM
in the VBF categories (right). The observation (solid line) is compared to the expectation
(dashed line) for a Standard Model Higgs boson with mass my. [147]

Default analysis

Analysis with MEM
in the VBF categories

Expected 95% C.L.

(muy=125 GeV)

upper limit on u = o/ogy 0.97 0.93
(my=125 GeV)
Expected significance 2.1o0 2.30

Table 4.5: Expected 95% C.L. upper limit and expected significance at mz=125 GeV
for the default analysis and the analysis using the MEM in the VBF categories in the

H — 77 — 1y, decay channel.
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4.7 Conclusion

In this thesis, significant contributions to the development of generic tools useful for the
implementation of the Matrix Element Method have been developed in the context of
analyses with a Higgs boson decaying into 7 leptons. The 8 TeV VBF H — 77 analysis
presented in [147] has thus been the first analysis where the MEM has been successfully
implemented for the search of a resonance decaying into 7 leptons. The different conclusive
checks presented in this chapter gave confidence in the MEM implementation presented
here and the observed improvement with respect to the default 8 TeV H — 77 analysis
showed the potential of this method, which can now be applied to more complex final
states. This is the purpose of the next chapter where the MEM will be applied to the
search for the associated production of the Standard Model Higgs boson with top quarks
in final states with a 7 lepton.






Chapter 5

Search for the ttH process in final
states with a 7 lepton

Rien ne donne le repos que la recherche sincére
de la vérité.

Blaise Pascal

The study of the ttH process offers a good opportunity to study the coupling of the
Higgs boson to the top quark. Thanks to the substantial increase in the cross-section of
this process and the large luminosity collected, this process is expected to be observed by
the end of LHC Run 2. In order to optimize this search, all the different possible Higgs
decay modes are investigated. Due to the different final states, the analysis techniques and
signal extraction methods need to be specifically optimized for each final state though.

In this thesis, the development of the first dedicated analysis targeting the ttH pro-
duction of a Higgs boson decaying into 7 leptons using 2016 data is presented. My work
specifically focused on the most sensitive category of this analysis, covering events with
two same-sign leptons and one hadronically-decaying 7. Indeed, this category benefited
from the development of a discriminant based on the Matrix Element Method, making
use of the tools presented in the previous chapter. In addition, my contributions to the
combination of this category with other categories sensitive to the ttH, H — 77 production
are presented in this chapter as well as the specific details of this analysis presented in the
Physics Analysis Summary [154].

5.1 Introduction

Analyses focusing on the search for the ttH production in final states with several leptons
are mostly sensitive to the H — WW/ZZ decay modes. Still, as mentioned in section
, some BSM models predict different modifications of the signal strengths of the ttH
production for different decay modes of the Higgs boson, due to the modification of several

151
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Higgs boson couplings and not only the top-Higgs coupling. In that sense, the search for the
ttH production in different decay modes provides additional checks of the Standard Model,
which can be confronted with different BSM models. The contribution from H — 77 decays
can in particular be enhanced by requiring the presence of reconstructed 7;,’s in the final
state.

The ttH, H — 77 process produces three massive objects, with uncorrelated decay
modes. For instance, one light charged lepton (electron or muon) can be produced in one
of the top quark decays while another one is produced in the subsequent decay of one of
the 7 lepton. One of the advantages of having those uncorrelated decays is that in 50%
of the cases, the leptons will have the same charge, while in most of the Standard Model
processes where two leptons are produced they have opposite charges. Selecting events
with two same-sign leptons and one 7, enables thus to strongly reduce the contribution
of most of the Standard Model backgrounds. The contribution from events where a pair
of vector bosons is produced (diboson) can be reduced by requiring the presence of b-
tagged jets. The main irreducible backgrounds consist essentially in events where a top
quark pair is produced in association with a vector boson (#tV'). As mentioned in section
[4.4.7 additional leptons can also be produced in semileptonic decays of B hadrons. This
makes the tt production a sizable source of background, which can be reduced by applying
tight isolation and identification criteria for the leptons but still yields a non-negligible
contribution, due to its relatively large cross section in comparison to ttH. The object and
event selections in the two same-sign leptons + one 7, (2¢ss+ 17,) category, as well as the
background estimation techniques will be presented in section [5.2] and [5.3]

Even after the event selection, the background yield remains sizable in comparison to the
signal yield and the signal extraction can be improved with the use of dedicated variables
with some discriminating power between the ttH signal and the different backgrounds. I
developed for that purpose a Matrix Element Method (MEM) discriminant optimized to
separate the ttH, H — 77 signal component from the irreducible ttZ and the reducible
tt backgrounds. This discriminant benefits from all the tools presented in the previous
chapter and its specificities will be presented in details in section [5.4 Finally, the results
obtained with events with two same-sign leptons and one 75, have been combined with other
categories sensitive to the ttH, H — 77 production in order to measure the signal strength
of this process. The statistical procedure used for the signal extraction will be introduced
in section and the results will be presented in section [5.6]

5.2 Objects and event selection

As mentioned in section [2.3] the information provided by all CMS subdetectors is used by
a Particle-Flow algorithm [127, 155, 156, (121} [117] to identify and reconstruct individual
particles in the event, namely muons, electrons, photons, charged and neutral hadrons.
These particlesﬁare then used to reconstruct jets, 7, candidates and the missing transverse

energy vector ., as well as to quantify the isolation of leptons. Those objects are then
used for the event selection and the computation of the MEM discriminant.
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5.2.1 Electrons and muons

The identification of electrons and muons is performed in two stages. Basic electron (muon)
identification criteria and loose isolation criteria are applied in the first stage to separate
genuine leptons from jet backgrounds. In the second stage, the leptons originating from
decays of W and Z bosons and from 7 lepton decays are separated from leptons produced
in the decays of bottom quarks or from misreconstructed hadrons. The former are referred
to as "prompt" leptons while the latter as "non-prompt" leptons. Dedicated multivariate
algorithms have been developed in the context of the ¢t¢H multilepton analysis [157, [158]
to distinguish the prompt leptons from the non-prompt leptons.

Basic muon identification

Muons reconstructed by the Particle-Flow algorithm are used in the analysis. As described
in section muon candidates are reconstructed combining the information from both
the silicon tracker and the muon spectrometer in a global fit. Different identification se-
lections are then performed using the quality of the geometrical matching between the
tracker and the muon system measurements, defining a loose and medium muon identifi-
cation. Only muons within the muon system acceptance |n| < 2.4 and minimum pr cuts
of 5 GeV are considered.

Basic electron identification

As described in section [2.3.3] electrons are reconstructed using tracking and electromag-
netic calorimeter information by combining ECAL superclusters and Gaussian sum filter
(GSF) tracks. Electrons are required to have |n| < 2.5 to ensure that they are within
the tracking volume and a minimum p7 of 7 GeV. The electron identification is performed
using a multivariate discriminant built with variables related to the shape of the electro-
magnetic shower reconstructed in ECAL and to the associated tracks. A loose selection
based on n-dependent cuts on this discriminant is used to preselect electron candidates.
This discriminant is used as well for the lepton multivariate selection to separate prompt
leptons from non-prompt leptons.

In order to remove electron candidates that are due to photon conversions, it is also
required that the electron track is associated to a hit in each layer of the pixel detector that
is crossed by the track, except for at most one layer. Electron candidates are also rejected
in case there exists a track of opposite charge near the electron track that, if paired with the
electron track, can be fitted to a common vertex within the volume of the tracking detector.
For reasons which will be described in section [5.3.2] additional identification criteria are
also applied for electrons with pr greater than 30 GeV to mimic the identification applied
at the trigger level for single electron triggers.
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Lepton vertexing

Collision vertices are reconstructed using a deterministic annealing algorithm [159} |160].
The reconstructed vertex position is required to be compatible with the location of the
LHC beam in the x — y plane. The tracks associated to each vertex are clustered using the
anti-kp algorithm [128]. For each vertex, a weighted p2 is then computed using those jets,
remaining single tracks including identified leptons and the missing transverse momentum
associated to the vertex, to account for neutral particles. The primary vertex (PV) is then
selected as the one with the largest p2.

In order to reject pile-up or misreconstructed tracks, and more importantly to reject
non-prompt leptons from B hadron decays, the following impact parameter variables are
also considered: the impact parameter in the transverse plane d,,, the impact parameter
along the z axis d, and the signed impact parameter, in three dimensions, of the lepton track
with respect to the PV, divided by its uncertainty, which corresponds to its significance
d / 4.

Electron and muon isolation

Electrons and muons in signal events are expected to be isolated, while leptons from B
hadrons decays, as well as from in-flight decays of pions and kaons, are often reconstructed
within jets. Isolated leptons are distinguished from leptons in jets by means of the sum of
scalar py values of charged particles, neutral hadrons, and photons, that are reconstructed
within a narrow cone centered on the lepton direction. The size R of the cone shrinks
inversely proportional with the pr of the lepton in order to increase the efficiency for leptons
reconstructed in events with high hadronic activity to pass the isolation criteria. The
narrow cone size has the further advantage that it reduces the effect of pileup. Efficiency
loss due to pileup is further reduced by considering only charged particles originating from
the lepton production vertex in the isolation sum. Residual contributions of pileup to the
neutral component of the isolation of the lepton is taken into account by means of so-called
effective area corrections:

;= > pr+max (0, > pr—pA <0R3> ), (5.1)

charged neutrals

where p represents the energy density of neutral particles reconstructed within the geomet-
ric acceptance of the tracking detectors, computed as described in Refs. [161} [162]. The
size of the cone is given by:

0.05 if pp > 200 GeV
R =< 10 GeV/py if 50 < pr < 200 GeV . (5.2)
0.20 if pr < 50 GeV

The effective area A is obtained from the simulation, by studying the correlation between
I, and p, and is determined in bins of 7, separately for electrons and muons.
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Lepton MVA discriminator

To discriminate prompt leptons from non-prompt leptons produced in the decays of B
hadrons, additional variables are used in addition to the vertexing and isolation variables.
These additional variables are related to the jet reconstructed closest to the lepton. To
avoid over-correction of the jet due to the clustering of the prompt lepton, the jet energy
corrections are only applied to the hadronic part of the jets. The additional variables
related to the jets are then the ratio between the pr of the lepton and the pr of the jet,
the value of the CSV b-tagging discriminator (see section [2.3.5]), the number of charged
tracks of the jets and the transverse momentum of the lepton with respect to the jet.

In order to optimally combine the discrimination from all those variables, a multivariate
discriminant has been trained using prompt leptons passing loose preselections from a ttH
signal Monte Carlo sample and non-prompt leptons from a tt+jets Monte Carlo sample,
separately for electrons and muons. This MVA uses as input variables the vertexing,
isolation and jet-related variables described so far, the pr and 7n of the lepton and two
additional variables that contribute to make it robust also in the rejection of leptons from
light jets misidentification: the electron MVA ID discriminator and the muon segment-
compatibility variables. The distributions of some of those variables obtained for prompt
and non-prompt leptons in a ¢t Monte Carlo sample are presented in Fig. .

The tight lepton selection, used in the signal region, corresponds to the requirement
lepMVA>0.75. The closest jet must also fail the medium working point of the CSV dis-
criminator (CSV<0.8484). A so-called fakeable selection is also used for the data-driven
estimation of backgrounds with non-prompt leptons, presented in details in section [5.3.2]
This selection is obtained by relaxing the lepMVA requirement. Some additional require-
ments are applied to leptons failing the tight selection based on the jet variables, in order
to reduce the systematic uncertainty on the fake lepton background related to the jet flavor
composition.

5.2.2 Hadronic 7 decays

The hadronic 7 decays are reconstructed using the hadrons-plus-strips algorithm. The
identification of the 7, candidate is then based on an MVA discriminant, whose inputs
variables have been described in section [2.3.6] However, with an isolation cone of AR = 0.5,
as it is the cases in most analyses using 7, it has been found that this isolation cone size
leads to a sizable inefficiency for the 7, selection in ttH, H — 77 events, due to the high
hadronic activity in those events. The cone size for the isolation variable used as input
of the MVA has thus been reduced to AR = 0.3, which has been determined to be the
optimal one in terms of signal efficiency and background rejection.
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Figure 5.1: Distribution of some of the input variables and of the MVA used for the lepton
selection, obtained in ¢t Monte Carlo events with two same-sign fakeable leptons. Prompt
and non-prompt leptons are defined based on a generator-level matching with a lepton
produced in the decay of a W boson. The variables presented are: the relative isolation of
the lepton (top left), the number of charged tracks in the nearby jet (top right), the ratio
of the lepton and nearby jet pr (middle left), the transverse momentum of the lepton with
respect to the nearby jet (middle right), the CSV b-tagging discriminator of the nearby jet
(bottom left) and the lepton MVA.



5.2. OBJECTS AND EVENT SELECTION 157

7, candidates are then required to have a pr > 20 GeV and || < 2.3 and not to
overlap within AR = 0.3 with any muon or electron passing loose identification criteria.
No dedicated anti-lepton discriminator are used beyond this overlap removal as they do
not improve the sensitivity of the analysis. The medium working point of the MVA Tau
ID is used in the 2¢ss + 173, category, corresponding to an average 7, selection efficiency
around 50%.

5.2.3 Jets and missing energy

Jets are reconstructed using the anti-kr algorithm [128] with a distance parameter R = 0.4.
Charged particles not originating from the primary vertex are excluded from the jet clus-
tering. Fake jets, mainly arising from calorimeter noise, are rejected by requiring recon-
structed jets to pass a set of loose jet identification criteria. As mentioned in section [2.3.4]
jet energy corrections depending on pr and n are applied. Jets are only considered if they
have a pr > 25 GeV and |n| < 2.4. In addition, they have to be separated from any fakeable
lepton and loose 7, candidates. Jets originating from the hadronization of b quarks are
identified by the CSV algorithm (see section [2.3.5)). The loose and medium CSV working

points are used to select jets for this analysis.

The type-1 PF F is used as estimate of the missing transverse energy (see section
2.3.7). Its magnitude is referred to as E7***. To mitigate the influence of pile-up, the miss-
ing transverse energy is complemented by the observable H#5 defined as the magnitude
of the vectorial transverse momentum sum of leptons, 75,, and jets:

HP™ = | 3" fre+ Y Pre+ y_ brjl - (5.3)

leptons Th jets

The HZ'* variable has a worse resolution than EZ'*** but is more robust with respect to
pile-up as it does not rely on the soft part of the event. A linear combination of those two
variables

ENSSLD = 0.6 x B 4 0.4 x HSS (5.4)

is used for the event selection, based on the fact that EF* and H** are less correlated
in events with instrumental missing energy with respect to events with genuine missing
energy.

5.2.4 Event selection in the 2(ss + 17, category

Events in the 2¢ss + 17, category are selected by a combination of triggers based on the
presence of one or two leptons, either electrons or muons, in the event. The pr threshold of
the single electron (muon) trigger amounts to 27 GeV (22 GeV). The pr thresholds of the
double electron (muon) triggers amount to 23 GeV (17 GeV) for the leading and 12 GeV
(8 GeV) for the subleading lepton. Events containing electron plus muon pairs pass the
trigger selection if either the electron satisfies the condition pr > 23 GeV and the muon
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pr > 8 GeV or the muon satisfies the condition pr > 23 GeV and the electron pr > 8 GeV.
The complete list of HLT paths and L1 seeds can be found in Table

The 2¢ss+ 173, category includes events with exactly two tight leptons together with at
least one 7,,. The two selected leptons are required to have the same charge. The leading
lepton must have a transverse momentum larger than 25 GeV, while the subleading lepton
must be above 10 GeV for a muon and 15 GeV for an electron. At least one 7, is required
to pass the medium working point of the Tau ID and the leading selected 7, must have an
opposite charge with respect to the leptons. In addition, selected events are also required to
contain at least three jets, including either at least two jets passing the loose CSV working
point or at least one jet passing the medium CSV working point.

To reduce the acceptance to events where the charge of one of the leptons is mismea-
sured, additional requirements are applied on the quality of the charge assignement. For
the electrons, the consistency between the independent measurements of the charge from
the ECAL supercluster and from the tracker is required, while for the muons the track
transverse momentum must measured with a relative uncertainty lower than 20%. Those
requirements are further referred to as tight-charge criteria. The background from elec-
trons from Z boson decays, where the charge of one electron is mismeasured, is further
suppressed by vetoing events where the di-electron invariant mass is within a 10 GeV-
window around the Z mass. For the same reason, the EF***LD is required to be larger
than 30 GeV for di-electron events. Events containing lepton pairs of mass less than 12
GeV are rejected as well, as these events are not well modeled in the Monte Carlo samples.

5.3 Signal and backgrounds estimation

5.3.1 Monte Carlo estimation
Samples

The shape templates for the ttH signal and the backgrounds with two same-sign prompt
leptons are estimated using Monte Carlo simulated samples. The signal events are gener-
ated for a H boson mass of my = 125 GeV. The dominant irreducible backgrounds consist
of the production of a top quark pair in association with a Z or a W boson. The other
irreducible backgrounds include the diboson electroweak production as well as some rare
SM processes, such as triboson production, the production of a single top quark in associ-
ation with a Z boson or the production of same-sign WW boson pairs. The background
estimation includes also a contribution from tt events with real photons, where a photon
undergoes an asymmetric conversion v — e*e™ in which one electron or positron carries
most of the energy of the photon, while the other is of low energy and fails to get recon-
structed. For all those processes, contributions from events both with a genuine 7, or a
fake 7, (from jets or leptons) are considered.

Monte Carlo samples have been generated using next-to-leading-order matrix elements
implemented in the generators MadGraph5_ aMCQ@QNLO [91] and POWHEG [163, 164,
165], interfaced with PYTHIA 8.2 [92] to model the parton shower and fragmentation.
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The samples are generated with the NNPDF3.0 set of parton distribution functions (PDF)
[166, 167, [168]. The decays of 7 leptons, including polarization effects, are modelled by
PYTHIA. Minimum bias events generated with PYTHIA are overlaid on all simulated
events, according to the luminosity profile of the analyzed data and for a pp inelastic cross
section of 69.2 mb. In the analyzed dataset, approximately 30 inelastic pp interactions
(pileup) occur per bunch crossing on average. All generated events are passed through a
detailed simulation of the CMS apparatus, based on GEANT4 [169], and are reconstructed
using the same version of the CMS event reconstruction software as used for data.

Data-to-Monte Carlo corrections

To correct for small data-to-Monte Carlo mismodellings, so-called "scale factors" are com-
puted as ratios of reconstructions and/or identification efficiencies between data and Monte
Carlo. They are used to reweight the Monte Carlo events and correct for those differences.
Corrections are applied for the following efficiencies:

o Trigger efficiency: The combined trigger efficiency of single and double lepton
triggers has been measured in data collected with a MET trigger, avoiding thus any
bias in the measurement. The data/MC scale factors have been measured to be
1.01 £0.02 for events with two electrons, 1.01 £0.01 for events with one electron and
one muon and 1.00 £ 0.01 for events with two muons.

+ Lepton identification efficiency: The lepton identification efficiency has been
measured in data separately for muons and electrons, using Z — ¢¢ events selected
using the tag-and-probe method (see section . Scale factors are computed as a
function of the lepton pr and n and the event scale factor is computed as the product
of individual lepton scale factors.

« 7, identification efficiency and mistag rate: The 7, identification efficiency
has been measured in data, using Z — 77 — u7, tag-and-probe events [136], and
has been found to be compatible with the 7, identification efficiency obtained in
simulation. The mistag rate due to fake 7, from jets has been measured in tt —
bbepvy events and a corresponding scale factor is applied to simulated events with a
fake 15, from a jet.

« b-tag efficiency and mistag rate: The full shape of the CSV discriminant used
for b-jet identification is corrected in simulation to match the one observed in data.
This shape is measured in tt events for b quarks and in Z — £{-+jets events for light
quarks [170]. The event scale factor is then computed as the product of the individual
jet scale factors.

5.3.2 Non-prompt leptons

The background contribution due to events with at least one non-prompt leptons is evalu-
ated from data using a loose-to-tight extrapolation developed in the CMS ttH multilepton
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analysis [157, |158]. This method requires to measure the fake rate for non-prompt leptons
passing the tight lepton MVA selection, which is then used to extrapolate the contamina-
tion of such events in the signal region.

Fake rate measurement

The region used to measure the fake rate is enriched in QCD jet events and obtained
selecting events with one loose lepton and a jet well separated from the lepton. Events are
selected at trigger level using prescaled single lepton triggers. At low muon pr, a jet with
pr greater than 40 GeV is also required in the trigger. Studies based on simulated samples
have shown that the trigger requirements could affect the fake rate, which represents an
issue as events in the signal region can be triggered by single or double lepton triggers. In
particular, a trigger with a given threshold can only be used to measure the fake rate for
leptons with significantly higher py. Moreover, single electron triggers used in the signal
region include tight isolation criteria which are not used for double lepton triggers or for
the triggers used in the fake rate measurement region. Selections reproducing the HLT
isolation cuts are therefore used for electrons with pr > 30 GeV to avoid any bias in the
fake rate.

The fake rate f is then measured as the fraction of fakeable leptons (as defined in section
passing the tight MVA selection as a function of pr, n and flavor of the lepton, after
subtraction of backgrounds with prompt leptons. The lepton identification criteria used on
the fakeable object affect mostly the fake rate for fake leptons from hadrons, while a cut
on the CSV discriminant of the jet associated to the fakeable lepton can alter the fake rate
for non-prompt leptons from b-jets. The fakeable selection has thus been tuned in order
to reduce the flavor dependency of the fake rate and thus reduce the associated systematic
uncertainty.

Extrapolation to the signal region

The contamination from events with non-prompt leptons in the signal region is evaluated
using a so-called "application region”, defined with the same selections as the signal region,
except that at least one of the leptons must pass the fakeable selection while failing the
tight MVA selection. The background prediction due to events with fake leptons can then
be obtained by weighting the events in the application region with:

o f/(1—f) for events with a single failing lepton, where f is the fake rate of the failing
lepton

o —fifa/((1 — f1)(1 — f2)) for events with two failing leptons, where f; and f, are the
fake rates of the two failing leptons

The second case allows to correct for the contamination from events with two non-prompt
leptons in events with a single failing lepton. Contamination from events with two prompts
leptons is subtracted from the application region using simulation in order to avoid double-
counting in the signal region.
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5.3.3 Charge mis-identified leptons

The background where the charge of one of the lepton is misreconstructed arises mainly
from tt — bbl* ¢~ vv+jets events. The charge misidentification rate for electrons and muons
has been measured in data as a function of pr and n, using Z — ee and Z — pu events.
This rate is found to be negligible for muons, while it varies from around 0.02% in the
barrel up to around 0.4% in the endcaps for electrons. This background is estimated from
data, using events that pass all selection criteria of the signal region, except that the two
leptons are required to be of opposite charge. The events in this application region are then
reweighed by the charge misidentification rate associated to the lepton with opposite-sign
with respect to the selected 7y,.

5.4 Matrix Element Method in the 2/ss+ 17, category

5.4.1 Implementation and object assignement

After the event selection, the dominant background in the 2¢ss + 17, category is the
production of a Z boson in association with a pair of top quarks (¢¢Z). The reconstructed
7, can either correspond to a genuine hadronic decay of a 7 (from a t{Z,Z — 77 event)
or a misreconstructed electron or muon (from a ttZ, Z — ¢f event). A sizable background
contribution also originates from events with a non-prompt lepton, mainly from ¢t events
where the non-prompt lepton is produced in a b quark hadronization and is isolated enough
to pass the tight lepton MVA selection. In that case, the associated b-jet is often not
considered in the analysis because it overlaps with the tight lepton, as illustrated in Fig.
b2

Consequently, the following processesE] have been considered in the computation of a
Matrix Element Method (MEM) discriminant, using the various tools presented in Chapter
4

e 99/qq — ttH, H — 77 with the subsequent decays t — blTv, t = bqq', T — (Ti, 1,
and 7 — TRV,

e 99/qq — t1Z,Z — 77 with the subsequent decays t — bltv, t — bqq', T — (T,
and T — TV,

e 99/qq — ttZ,Z — (0~ with the subsequent decays t — bl*v and t — bgq’ and £~
being reconstructed as a 7,

« gg/qq — tt with the subsequent decays t — b¢*v and t — bris,, 7 — T, and an
additional ¢* lepton produced in the semi-leptonic decay of a B hadron from one of
the b quarks

Some of the corresponding Feynman diagrams are presented in Fig. [5.3]

'For all the processes, the corresponding case where the two charged leptons have a negative charge
can be easily deduced.



162 CHAPTER 5. SEARCH FOR TTH IN FINAL STATES WITH A m LEPTON

————— o7 gen. top
: : i 5 i f.} gen.

n

@

®
2 2 2
= 00 O0TT

{ gen. T,
@® Db-jet loose
B light jet
A reco.e
¥ reco. p
4 reco.t,

R
(LJ—IIIIIIIII T | LU l T T 1T { IIIIIIIIIJ

_I.
-
)]
(%]

Figure 5.2: Event display of a tf event entering the 2¢ss+ 173, category, with one of the tight
leptons produced in the hadronization of a b quark and vetoing the associated jet. The
particles at generator level are represented with empty markers while the reconstructed
objects are represented with filled markers. The generator objects with identical color are
from the same decay chain. In that event, an electron is produced in the hadronization of
the b quark around (n,¢) = (—1,0) and passes the tight lepton selection. No jet is then
considered within AR = 0.4 around this tight electron.

The jet multiplicity expected in a leading order ttH event is in principle of four jets,
including two b-tagged jets. However, due to next-to-leading order QCD contributions and
to pile-up, the jet multiplicity can often be higher than the leading order value expected
for the MEM computation. To avoid computing the MEM weights for every possible
combination of four jets, which would be very CPU consuming, the following assignment
algorithm is used to select the MEM inputs. First the two jets with the highest CSV
value are chosen to be the ones associated to the b quarks (later called "b-jets"). This
has been shown to lead to a correct assignment in 62% of Monte Carlo ttH events, with
t — blv,t — bgq and H — 77 and one jet associated to each quark. The two jets to be
associated to the W quarks are then chosen among the remaining jets (later called "light
jets") as the pair of jets with the invariant mass closest to the mass of the W boson ("W-
tagged jets"). This whole procedure leads to a correct assignment in 35% of the ttH with
one jet associated to each quark.

In that case, there are two same-sign leptons and two jets associated to b quarks in the
MEM inputs. For a ttH event, there is therefore an ambiguity to assign one lepton to the
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Figure 5.3: Sample of Feynman diagrams of the processes for which a dedicated MEM
weight is computed in the implementation presented here. The ¢q initial states are consid-
ered as well in the computation of the MEM weights.

leptonic top decay and one to the Higgs decay and another ambiguity to assign one b-jet to
the leptonic top decay and one to the hadronic top decay. To take those ambiguities into
account, the computation of the MEM weights under each of the signal and background
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hypotheses is done for each of the four possible permutations and they are summed to
define a total weight. Note that in the case of the ¢t background weight, only one b-jet
and no pair of W-tagged jets is expected but there are still four permutations taken into
account as one has to decide which of the two b-jets is to be used in the computation. For
each permutation, all the compatibility checks based on the reconstructed Higgs and top
masses presented in section are applied so the computation may be skipped in some
cases.

Moreover, sometimes no jet is associated to one of the light quarks, either because
the hadronization products gets out of the detector acceptance or because they have been
merged with another jet during the reconstruction. To cover those cases, two hypotheses
are taken into account in the MEM computation: either all the four jets expected are
reconstructed ("no missing jet hypothesis") or one of the two jets from the W boson decay
is not reconstructed ("missing jet hypothesis'). In the missing jet hypothesis, only three
jets are taken as inputs and the MEM weights computation includes an integration over
the direction of the missing jet. In that case, as it is not possible to know a priori which jet
comes from a hadronic W decay, the computation of the weights is done for each light jet in
the event (each time taking into account the four permutations due to the ambiguity in the
lepton and b-jets assignement). Again among all the a priori 4 x n(light jets) computations,
only those passing all the compatibility checks are taken into account.

To determine which of the two hypotheses is to be used in the computation, the following
procedure is applied. If the invariant mass of the two jets associated to the W boson is
lower than 60 GeV or larger than 100 GeV, the missing jet hypothesis is used. This means
that no pair of jets compatible with a hadronic W boson decay has been found in the
event. Otherwise, all the compatibility checks are applied to the four permutations. If one
of the permutations passes all those checks for the ttH signal hypothesis, the computation
is done under the "no missing jet hypothesis" while if all of the permutations fail those
checks, the computation is done under the "missing jet hypothesis". This last possibility
targets cases where the two W-tagged jets happen to have an invariant mass close to the
one of the W boson but in fact do not originate from a W boson decay. In that case, it
is unlikely that the event passes the compatibility checks related to the hadronic top and
this event enters the missing jet hypothesis. The two exclusive subcategories of events (no
missing jet and missing jet) are treated as independent categories for the signal extraction.

5.4.2 Performance

As presented in section .1} the MEM weights are combined to build a so-called MEM

likelihood ratio defined as

B w(ttH)

~ w(ttH) + X k(B)w(B)
B

LR(E(HHZ, Z — 1), k(tEZ, Z — 00), k(t)) (5.5)

The closer to 1 this likelihood ratio is, the more signal-like is the event. Reicever Operating
Characteristic (ROC) curves are used for performance assessment: they represent the
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background efficiency as a function of the signal efficiency for different selection working
points defined from a cut on the likelihood ratio. Monte Carlo samples are used to estimate
the corresponding efficiencies. Those efficiencies are computed for events entering the
two same-sign leptons and one 7, category, mentioned in section [5.2.4f Due to a limited
statistics in the ¢ dilepton Monte Carlo sample after those selections, the shape templates
for that background are obtained by considering events where at least one of the leptons
fail the tight MVA selection and reweighting them using their fake rate, as it is done for
the data-driven evaluation of that background presented in section

Note that the ROC curve associated to a given definition of the likelihood ratio is
invariant by a uniform scaling of all the k(B) values and thus, in theory, one can fix one
of the k(B) to 1. However, for plotting purposes, specific values are chosen here. Specific
likelihood ratios are defined as the ones where all the k(B)’s but one are equal to zero.
They are expected to give the largest discrimination between ttH and the corresponding
background. A combined likelihood ratio is tested as well where all the k(B)’s are non-
zero. The values of the k(B)’s in the combined likelihood ratio have been checked to give a
discrimination very close to the optimal one. The values of the k(B)’s used for the different
likelihood ratios are presented in Table

| Category || Likelihood ratio | k(HZ,Z — 7) | k(ttZ,Z — 00) | k(i) |

No missing jet || Specifc ttZ, Z — 77 0.5 - -
Specifc ttZ, 7 — U/ - 1.0 -

Specifc tt - - 10-9

Combined 0.1 0.2 10718
Missing jet Specifc ttZ, 7 — 17 0.05 - -
Specifc ttZ, 7 — 4 - 0.1 -

Specifc tt - - 10~

Combined 0.05 0.5 5-1071°

Table 5.1: Values of k(B) used for the different versions of the likelihood ratio

The discrimination obtained in each of those categories of events with the different
likelihood ratios is presented in the ROC curves in Fig. and the distributions of the
combined likelihood ratio are presented in Fig[5.5 It can be seen that the specific likelihood
ratios have the expected behavior and provide a significant discrimination between the
ttH, H — 77 signal and the background for which they are optimized. However, using
a single specific likelihood ratio would have poor performance to discriminate the ttH,
H — 77 signal from the backgrounds for which the likelihood ratio is not optimized. The
combined likelihood ratio, although less performant against a given background than the
optimal specific likelihood ratio, is still relatively performant against each of the background
components and has therefore been chosen as the discriminating variable used for signal
extraction in the 2¢ss + 17, category.
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Figure 5.4: ROC curves obtained with the different specific and combined likelihood ratios
(LR) obtained in the "no missing jet" subcategory (left) and in the "missing jet" subcategory
(right). The discrimination is presented for the signal and backgrounds for which the MEM
has been optimized: ttH, H — 77 signal against ¢t dilepton (top), ttZ,Z — 77 (middle)
and ttZ, Z — (¢ (bottom) backgrounds. The ¢t dilepton background is evaluated here from
Monte Carlo.
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Figure 5.5: Combined likelihood ratio distributions in the "no missing jet" subcategory
(left) and in the "missing jet" subcategory (right). The area of the inclusive background
and of each signal component is normalized to unity.

It can be seen in Fig. that the ttH, H — WW/Z Z component of the the signal has
a likelihood ratio distribution closer to the background than the ttH, H — 77 component
of the signal. Although the ttH, H — 77 represents the dominant signal contribution, the
ttH, H — WW/ZZ component represents still around 40% of the inclusive t£H signal and
therefore improvements in the treatment of this signal component could probably be used
to improve the sensitivity of the analysis. Keeping a MEM based approach, a possibility
would be to compute a MEM weight for the ttH, H — WW hypothesis but this would
face two main challenges. The first one is that the t¢H, H — WW contribution actually
originates both from events where a genuine 7, is produced (either as a Higgs or as a
top decay product) and from events where the reconstructed 7, is a fake produced in
a light quark hadronization. Those two components yield similar contributions and the
optimal approach would probably be to design a different weight for each one. The second
challenge is that the H — W decay is a priori less kinematically constrained than the
H — 771 decay, due in particular to the fact that one of the W bosons is offshell. The phase
space associated to the Higgs decay in the integration would then require two additional
dimensions with respect to the one used for the H — 77 decay and two different weight
computations depending on which W is off-shell. All of this would in principle make the
computation more CPU intensive but developments of GPU-based implementations of the
MEM could actually make this realistic in the near future. Another possibility would be
to use multivariate discriminants trained with MEM variables as inputs using the inclusive
ttH signal but this requires large statistics samples to be made available for training.



168 CHAPTER 5. SEARCH FOR TTH IN FINAL STATES WITH A m LEPTON

5.5 Statistical interpretation and systematic uncer-
tainties

5.5.1 Likelihood model

The statistical procedure used for the signal extraction in the general case of a binned
maximum likelihood fit using the distribution of a discriminating variable is presented
in this section. The fit is performed both under the signal 4+ background hypothesis
(Hy) and under the background only hypothesis (Hy). The statistical approach presented
here corresponds to the modified C'L; method [171]. The results of an observation can
be represented as an array of data yields in each bin of the distribution of the variable
considered in each category. The expected yield in the bin number ¢ is parametrized as

— — —

vi(p, 0) = psi(0) + bi(0) (5.6)

where s; and b; represents respectively the expected amount of signal and background in
that bin, depending on some nuisance parameters f. In the case of Higgs searches, the
signal yield is fixed to its Standard Model prediction and a signal strength modifier u is
introduced, potentially modifying by the same scale the signal rate from all production
modes. The Standard Model prediction corresponds by construction to g = 1, while the
absence of signal corresponds to @ = 0. The likelihood associated to an observation of n;
events in each bin is given by the following product of Poisson distributions

— —

usi(Hbi(@))me—(usm @) . p(d10) (5.7)

L(data|p,0) = 11 (

with p(g\ 5) the probability density function associated to the nuisance parameters 5, given

their best estimates 6.

5.5.2 Systematic uncertainties and nuisance parameters

In the statistical model used here, each source of systematic uncertainty is associated with
a nuisance parameter ¢;. Those nuisance parameters are typically constrained by auxiliary
measurements that restrict their values within confidence intervals. Those auxiliary mea-
surements can be for instance event counting in sidebands used to constrain the background
yields in the signal region or efficiency measurements using a tag-and-probe method.

The nuisance parameters associated to a normalization uncertainty (like the uncertainty
on a cross section) are associated to a log-normal distribution

(m(o/d))” N1

A 1
p(010) = Tﬁln(/{) eXp 2(In )2 0

(5.8)
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with kK = 1 + € and € the relative scale of the uncertainty. Such nuisance parameters can
affect several processes in different channels or categories, in general with different scales.
The errors originating from the same nuisance parameter are then taken as fully correlated
or fully anti-correlated.

In the case of an estimation from a sideband, the uncertainty has a statistical origin
and is modeled with a Gamma distribution
L (n/a)™

p(nIN) = = exp(—n/a) (5.9)
where N is the number of events in the control region, used to estimate the number of
events in the signal region n with an extrapolation factor o such that n = aN. The
extrapolation factor a can itself be associated with a log-normal systematic uncertainty.

Finally some nuisance parameters can affect the shape of the distribution of the variable
used for the signal extraction. This is for instance the case of the jet or the 7 energy
scale. Those are taken into account using a vertical template morphing technique: a shape
uncertainty is modeled by defining a family of alternative shape templates governed by
a parameter A\. The templates corresponding to A = =£1 correspond to the templates
obtained by shifting the relevant nuisance parameter by +1 standard deviation around
their nominal value, while the nominal template is recovered for A = 0. The family of
templates is then defined by a quadratic interpolation between the up and down template
for |A] < 1, and linear beyond. The pdf constraining the A parameter is taken to be the
normal distribution with mean 0 and o = 1.

The systematic uncertainties taken into account are detailed below. Effects arising from
the same source cause correlations across different event categories, which are taken into
account in the statistical analysis.

Normalization uncertainty

e Luminosity
The uncertainty in the integrated luminosity amounts to 2.6%. This value is obtained
from dedicated Van-der-Meer scans and stability of detector response during the data
taking.

» Trigger efficiencies
In the 2¢ss + 17, category the uncertainty in the trigger efficiency amounts to 1%
(2%) for events containing either two muons or one electron and one muon (two
electrons). This corresponds to the uncertainty associated to the measurement of
the trigger efficiency.

« Identification and isolation efficiency for electrons, muons and 7,
The uncertainty for electrons and muons to pass the loose (tight) lepton selection
criteria amount to 2% (3%) while the uncertainty to reconstruct and identify hadronic
7 decays amounts to 5%. This corresponds to the uncertainty associated to the
measurement of those efficiencies with tag-and-probe methods.
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o Charge mismeasurement

The yield of the charge “flip” background in the 2¢ss+ 17, category has an associated
uncertainty of 30%, based on the statistical uncertainty in the charge misidentification
measurement and on the closure test performed on simulated events.

Signal and background yields

The uncertainties in the SM ttH cross section, computed at NLO accuracy, amount
to Jjg:%‘z due to missing higher orders and to +3.6% due to the uncertainties in the
PDF and «; [52]. The corresponding uncertainties with ttW (ttZ) backgrounds are
12% (11%) for the higher order corrections and 4% (3%) for the PDF and «;. The
rate of the W Z+jets background is assigned an uncertainty of 100%, while the rate

of other (small) irreducible backgrounds is assigned an uncertainty of 50%.

Jet and 7, energy scales

Uncertainties in the energy scale of jets are parametrized as function of jet pr and
n and typically vary between 1% and 4%. The energy scale of 73, is attributed an
uncertainty of 3%. Those uncertainties are taken into account in the 2¢ss + 17,
category by computing the variation obtained in event yields after selections when
varying the jet and 7, energy scales in the Monte Carlo samples. The impact on the
shape of the MEM discriminant has been checked to be negligible.

Shape uncertainty

« b-tagging efficiency

Uncertainties in b-tagging efficiencies and mistag rates are applied as function of jet
pr and n and typically amount to 3% and 10%, respectively.

Modelling of ttH signal and ttW, ttZ backgrounds

Uncertainties of theoretical origin on the modelling of the ttH signal and of the ¢t/
and ttZ backgrounds are estimated by varying the renormalization and factorization
scales within a factor two relative to their nominal values.

“Fake” backgrounds

The uncertainties in the measurement of the jet to 7, misidentification rate and fake
rate for non-prompt leptons are treated as pr- and n-dependent effects. They are
determined from the statistical uncertainty in the measurement of the tight-to-loose
ratios and from testing the closure of the method in simulated background events
[158].

Bin-by-bin uncertainty Additional uncertainties arise from the limited amount
of Monte Carlo events available to model the shape of the distribution in the dis-
criminating observable for the ttH and for the background processes. Limitations
in number of events on the shape templates are accounted for by the approach de-
scribed in 172, |173]. Nuisance parameters are added to the likelihood function £
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which allow the number of events expected in a given bin to vary within statistical
uncertainties during the fit.

5.5.3 Measured signal strength, limits setting and significance

Results are presented in terms of the measured value of the signal strength piys, i.e. the
value of the signal strength 1 which maximizes the likelihood function £, in terms of an
upper limit on p at 95% confidence level (CL) and in terms of significance.

The uncertainty in pps is obtained by determining lower and upper bounds, ft,;, and
Mmaz, for which the value of -2 In £ exceeds the maximum by one unit, corresponding
to a coverage probability of 68%. The differences d; = fhmazr — fobs aNd 0_ = fiohs — fhmin
represent the uncertainty on p that arises from the combination of statistical and systematic
uncertainties. The nuisance parameters are profiled, that is, their values are chosen such
that the likelihood function £ reaches its local maximum, subject to the constraint that p
equals iy and fimax, respectively.

Given the likelihood £ defined in Eq. , a test statistics g, is defined using the
profile likelihood ratio A(yu) defined as

(5.10)

with 6 (1) the conditional maximum likelihood estimator of g, i.e. the value of § maximizing

L for a given value of u, while i and g are the usual maximum likelihood estimators. In
addition, the following requirement is imposed

0<a<up (5.11)

that ensures the signal rate to be positive (i > 0) and that one-sided confidence interval
are obtained (ji < p) when setting limits on p. This condition is enforced by defining the
test statistics g, as

le»

L,
£(0,
L,

L4,

£@bu) it p <
5(0))

‘”ﬁosﬂgu

—2log

S le»
vl =

12
—2log (5.12)

0if u<p

By construction, g, is positive and the larger it is, the less compatible with the pus + b
hypothesis the observation is.

To establish confidence levels on p, the probability density function f(g,|us + b) is
needed as a function of p. This can be obtained from the distribution of the test statistics
qu in a set of pseudo-experiments generated for the corresponding hypothesis using Monte
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Carlo techniques. This pdf can then be used to define C'Lyy, and C'L; as

obs

qn

Loy = Play < qlus +0) = [ f(aulus + b)dg, (5.13)
qzbs

CLy = Plgy < a2"1b) = [ f(ulb)da, (5.14)

It is possible to directly use C'Lgyy, to set limits on p. In that case, if C' Ly, > 0.95
for instance, the cross section o = pogys is said to be excluded at a 95% confidence level.
However this method suffers from the following inconvenient: in the case where the signal
yield is small with respect to the background yield, a negative background fluctuation could
lead to a value of C'Lg,; close to 1, because the background fluctuation is larger than the
signal yield. To prevent from excluding values of u for which there is no actual sensitivity,
the C'L, method is preferred. The C'L, is defined as

C Ls _ CLs+b
CL,

As CL, < 1, CLy > CLgs and less p hypotheses are rejected, which makes it more
conservative and more robust against downwards background fluctuations. Based on the
CL, method, the sensitivity of an experiment can then be assessed based on the median
expected exclusion limit on g in the background only hypothesis, pgip, together with the
intervals where p2p, is expected to lie in 68% (1o) and 95% (20) of the cases.

In case an excess is observed, the observed value p2, would significantly deviate from
the expected value ugip. To assess the significance of that excess, the p—value for the

obs

observation of ¢§”* in the null hypothesis is used, defined using the pdf of the test statistics
do

(5.15)

—21og £0IO) it > g

qo = £(3,0) - (5.16)
0if o <0
+oo
po = P(qo > ¢3**|b) = / f(qo|b)dqo (5.17)
ngs

The significance of a discovery is often reported in the form of a Gaussian probability
Z = & Y1 — py) with ® the inverse cumulative function of the normal distribution. By
convention, an evidence is claimed when Z > 30 and we speak of a discovery if Z > 50.

5.6 Results

5.6.1 2/ss+ 17, category

The pre-fit distributions of the main event observables (lepton and jet multiplicity, pr
spectra and ET** spectrum) are presented in Fig. and Data and the expected
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signal and background already shows a good agreement, within the statistical uncertainty,
at the pre-fit level. An event display of an event entering the 2¢ss+ 17, category is presented
in Fig. [5.8f The number of events observed in the 2¢ss + 17, category is compared to the
SM expectation before and after the maximum likelihood fit in Tables and The
expected yvield of signal events is computed for the case that the ttH signal is produced
at the rate predicted by the SM. The signal and background rates are computed for the
values of nuisance parameters obtained from the maximum likelihood fit. The event yields
observed in data are in agreement with the SM expectation.

The post-fit distributions of the MEM discriminant are shown in Fig. for the no-
missing-jet and missing-jet subcategories. The measured value of the ttH signal strength
obtained in the 2(ss + 17, category alone is fiop, = 0.8170:¢5 while the observed (expected)
95% CL upper limit is 2.25 (1.37). As a reference, the expected 95% CL upper limit
obtained with a simple counting experiment in this category only amounts to 1.74, which
shows the benefit from using a discriminant based on the MEM for the signal extraction.

20ss + 11y,

Process « e e e

no-missing-jet missing-jet
ttH, H — 17 1.89 £+ 0.28 3.93 + 0.49
ttH, H — WW 1.40 £ 0.19 2.86 + 0.35
ttH, H — ZZ 0.09 £+ 0.02 0.08 £+ 0.01
ttZ 3.01 £+ 0.46 8.18 + 1.24
W 1.06 £ 0.21 6.95 + 1.04
Electroweak 0.19 + 0.14 3.36 4+ 2.52
Fake 1.50 £ 0.47 7.05 £+ 2.26
Charge flip 0.05 £ 0.10 0.38 + 0.10
Other 0.45 + 0.19 2.22 £0.95
Total expected background 6.26 £+ 0.78 28.14 4+ 4.07
Observed data 8 41

Table 5.2: Number of events events selected in the different categories compared to the
SM expectation for the ttH signal and background processes. The event yields expected
for the ttH signal and for the backgrounds are shown as estimated before the maximum
likelihood fit. Quoted uncertainties represent the combination of statistical and systematic
uncertainties.



174

CHAPTER 5. SEARCH FOR TTH IN FINAL STATES WITH A m LEPTON

CMS Preliminary 35.9 fb'1(13 TeV) CMS Preliminary 35.9 fb'1(13 TeV)
» R R L M R o e e AR » R i a i B o R s e
€ —e— Data c r —e— Data
o = tHHTT 3 sol— = tHHTT
w  s0 —— ttH H-wWw/zZ w - — ttH H-wWw/zZ
=W C =
=tz C ==tz
=Wz 40— =Wz
40 —— Rares - —— Rares
e Fakes r w2 Fakes
i Flips C i Flips
30 307
r |

Data/Pred.

25 3 3. 4 45
Number of fakeable muons

N(et, p,>25 GeV, CSVL)

Data/Pred.

15 2 25 3 3 4 45
Number of fakeable electrons

CMS Preliminary 35.9 fb™ (13 Tev) CMS Preliminary 35.9 fb™ (13 Tev)
P T T T e e e e e g P B i T R B e et S
c 90 — —e— Data — c 20— —e— Data |
Q £ = UHH-TT E e = = UHHoTT B
[T = tHH-wwizz it} = = ttH H-WwW/zZ 3
E = W E 350 = tw —
E = tZ 3 E = ttZ 3
= =Wz = = = Wz =
E —— Rares 3 - —— Rares |
60— 3% Fakes — E S Fakes B
E 4 Flips = 25— HHH#H Flips —
50— = = B
E E 20 —
40— = m ]
E 3 15— —
30— = = —
20 = 10— -
10— — 5 N =
E E F N E
= } } | NVNRRN
° E 3 ° E 3
O 15f = O 15F 3
a 3 [ —l—_+_ , |
g g T
T 05F E| T 05F -
o E 3 ) E 3
0.5 1 15 2 3 . 4 4.5 1 2 3 4 5 6 7 8 9 10
Number of fakeable T, N(jet, pT>25 GeV)
CMS Preliminary 35.91b™ (13 Tev) CMS Preliminary 35.9 b (13 TeV)
B =maama s e R e P T i I B R e O R A
c = —e— Data = c rC —e— Data |
Q r B tHH- Tt 7 L E B tHH- 1T J
m C = ttH H-WW/zZ ] W so— = tHH-wwizz —
w0 = W ] C = W ]
C =tz ] C =tz ]
L =Wz ] F = Wz -
E —— Rares B 40— Rares -
r a3 Fakes = C % Fakes ]
L — E i Flips i
] 3 ° El
2 = I =
a 3 a 3
8 E ]
I < 4
[a) [a] E
05 1 15 2 25 3 35 4 45 5 05 i1 15 2 25 3 35 4 &

N(et, p,>25 GeV, CSVM)

Figure 5.6: Number of muons and electrons passing the fakeable object selections (top),
number of reconstructed 7, passing the fakeable object selections and jet multiplicity (mid-
dle) and multiplicity of jets passing the loose and the medium working points of the CSV
tagger (bottom) in the 2¢ss + 17, category. The uncertainty displayed here is statistical
only.
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Figure 5.7: Lepton transverse momentum spectra (top), 7, transverse momentum and
missing transverse energy spectra (middle) and leading and subleading jet transverse mo-
mentum spectra (bottom) in the 2¢ss + 173, category. The uncertainty displayed here is

statistical only.
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Figure 5.8: Event display of an event entering the 2¢ss + 173, category in 2016 data. The
red (blue) rectangles correspond to ECAL (HCAL) energy deposits. The red (cyan) line
represents a reconstructed muon (electron) and the green shaded area a reconstructed 7.
The orange shaded areas correspond to reconstructed jets identified as b-jets while the
yellow shaded areas are for other jets. The purple arrow represents the E7s.
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20ss + 11y,
Process « T
no-missing-jet missing-jet
ttH, H — 717 1.90 £ 1.28 3.94 + 2.64
ttH, H - WW 1.41 £ 1.00 2.87 &£ 1.93
ttH, H - 727 0.09 £+ 0.06 0.08 4+ 0.06
tz 3.07 &£ 0.47 8.33 + 1.31
HW 1.10 £+ 0.20 7.18 £ 1.06
Electroweak 0.21 + 0.19 3.73 + 4.42
Fake 1.66 £+ 0.54 7.80 £ 2.69
Charge flip 0.05 £ 0.10 0.39 + 0.11
Other 0.50 £ 0.26 2.44 + 1.24
Total expected background 6.59 + 0.83 29.87 £ 4.73
Observed data 8 41

Table 5.3: Number of events events selected in the different categories compared to the
SM expectation for the ttH signal and background processes. The event yields expected
for the ttH signal and for the backgrounds are shown for the values of nuisance parameters
obtained from the maximum likelihood fit. Quoted uncertainties represent the combination
of statistical and systematic uncertainties.

5.6.2 Combination with other ttH categories with 7,

Other categories with 75, are sensitive to the ttH production. My results obtained in the
20ss + 173, category have thus been combined with the results obtained in the 1£ 4 27,
category and the 3¢ + 175, category in [154]. The 1¢ + 273, targets mostly ttH events with
the tt pair decaying into the lepton-jets final state while the Higgs boson decaying into
H — 1,13,. Tt has to deal with a large tt background with fake 73, against which a dedicated
BDT has been trained. The 3¢ + 17, is more similar to the 2¢ss 4+ 173, category, except
it is mostly sensitive to dileptonic decays of the ¢t pair. In this category, two BDT’s
have been trained inclusively in 3¢ events against the irreducible ¢tV background and the
reducible tt background. Based on the expected signal-to-background ratio the output of
the BDT’s is mapped into a single discriminant, referred to as Dysy 4, which is used for
the signal extraction. The observed event yields and the distributions of the discriminant
used for signal extraction in those two categories are presented in Table |5.4] and Fig.
Comparing the event yields for those two categories and the ones for the 2¢ss+ 17, category,
it is clear that the latter is the most sensitive to the ttH signal.
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Figure 5.9: Distributions in the discriminating observables used for the signal extraction in
the no-missing-jet (left) and (missing-jet) subcategories of the 2¢ss+17, category, compared
to the SM expectation for the t¢H signal and for background processes. The distributions
expected for the ttH signal and for the backgrounds are shown for the values of the signal
strength and nuisance parameters obtained from the maximum likelihood fit. The lowest
bin of the MEM discriminant in the missing-jet subcategory collects events for which the
kinematics of the reconstructed objects is not compatible with the ttH, H — 77 signal
hypothesis.
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\ Process \ 104 27, 30+ 17y,

ttH, H — 717 2.84 £ 1.35 1.01 &£ 0.65
ttH, H - WW 0.07 & 0.04 0.63 &= 0.29
ttH, H - 77 0.02 & 0.01 0.09 4+ 0.04
ttZ 4.07 £ 0.56 3.78 £ 0.62
HW 0.21 & 0.05 0.24 + 0.05
Electroweak 1.10 &£ 1.05 0.32 £ 0.05
Fake 20.98 £ 3.87 1.07 £ 0.34
Other 0.54 & 0.23 0.24 4+ 0.08
Total expected background | 26.91 £+ 3.84 5.65 4+ 0.85
Observed data 24 7

179

Table 5.4: Number of events events selected in the 1/+27;, and 3¢+ 17, categories compared
to the SM expectation for the ttH signal and background processes. The event yield in
the 1¢+ 27, category is given in the signal-like region MVA> 0.2 of the output of the BDT
that is used for the signal extraction. Quoted uncertainties represent the combination of
statistical and systematic uncertainties.
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Figure 5.10: Distributions of the discriminating observables used for the signal extraction
in the 14 + 27, (left) and 3¢ + 17, (right) categories, compared to the SM expectation
for the ttH signal and for background processes. The distributions expected for the ttH
signal and for the backgrounds are shown for the values of the signal strength and nuisance
parameters obtained from the maximum likelihood fit .
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Upper limits on the signal rate, computed at 95% CL, are shown in Fig.[5.11] Numerical
values are given in Table[5.5] The limits are computed for each of the categories 2¢ss+ 17,
3l+17,, and 14427, individually and for their combination. The limits expected in the case
p = 1 are computed using an Asimov dataset | while the limits expected in the case y = 0
are computed for the values of nuisance parameters obtained from a maximum likelihood
fit of the background-only hypothesis to the data. The observed limit computed for the
combination of all three event categories amounts to 2.0 times the SM ttH production rate.
The observed limit is compatible with the expected limit in case a ttH signal with u = 1
is present in the data.

Signal rates p have been computed for each of the categories 2¢ss + 1713,, 3¢ + 175, and
1¢ 4 27, individually and for their combination, taking into account the correlation of the
systematic uncertainties between categories. The results are shown in Fig. [5.12] Numerical
values are given in Table [5.6l The signal rates measured in each of the three categories
are compatible with each other and with the SM expectation. For the combination of all
three event categories, the observed (expected) signal rate is = 0.7270%2 (1.007057) times
the SM ttH production rate, with an observed (expected) significance of 1.40 (1.8¢). The
breakdown of the uncertainty is presented in Fig. and as can be seen, the statistical
uncertainty is already close to the systematics uncertainty.

In the light of these results, the background-only (x = 0) hypothesis is disfavored, but
not yet excluded. A possible combination with other final states, such as H — bb, H — vy
or multilepton final states without 7, would help to bring unambiguous evidence of the
ttH production and give the opportunity to precisely measure the top-Higgs coupling at
tree-level.

o Expected limit
Category | Observed limit (= 0) ‘ (n=1)
10+ 27, 2.6 34718 4.4
20ss + 17y, 2.4 1.475% 2.4
30+ 17, 4.0 2.71573 3.8
Combined 2.0 11555 2.2

Table 5.5: 95% CL upper limits on the t£H signal rate, in units of the SM ttH production
rate, obtained in each of the categories 2¢ss + 173,, 3¢ + 1713,, and 1¢ + 27, individually and
for the combination of all three event categories. The observed limit is compared to the
limits expected for the background-only hypothesis (1 = 0) and for the case that a ttH
signal of SM production rate is present in the data (u = 1). The +10 uncertainty intervals
of the limits expected in case of the background-only hypothesis are also given in the table.

2corresponding to the sum of the signal and background expectations
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CMS Preliminary 35.9 b (13 TeV)
1l+21,
M <2.6 (3.4 exp)
2lss+1r,
<24 (1.4exp)
3l+1r,
_'_
U< 4.0 (2.7 exp) Observed
-O- Expected
Combined I +10 Expected
H<2.0(1.1exp) +20 Expected
1 1 | 1 1 1 1 | 1
0 5 10

95% CL upper limiton p= cr/crSM

Figure 5.11: 95% CL upper limits on the t#H signal rate, obtained in each of the categories
20ss + 11y, 3¢ + 173,, and 1£ + 27, individually and for the combination of all three event
categories. The expected limits are computed for the background-only (1 = 0) hypothesis.

‘ Category ‘ Measured signal rate +1o ‘ Expected signal rate 1o ‘

10+ 27, —1.20759 1.00%1:5
2ss + 17, 0.86050 1.00498
30+ 17, 1.2211:34 1.00%1704
Combined 0.727052 1.0019 %7

Table 5.6: Signal rates y, in units of the SM ¢t H production rate, measured and expected in
each of the categories 2¢ss+ 17, 3¢+ 175, and 1£+ 27, individually and for the combination
of all three categories.
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Figure 5.12: Signal rates u, in units of the SM ttH production rate, measured in each of
the categories 1¢ + 27, 20ss + 175, and 3¢ 4 173, individually and for the combination of
all three categories. The expected signal rate is obtained using an Asimov dataset with

=1

Figure 5.13: Negative log-likelihood as a function of the signal strength p for the combina-
tion of the three categories, including both systematics and statistical uncertainty (black)
and only the statistical uncertainty with the systematics assigned to their best-fit values

(red dashed).

CMS Preliminary

35.9 fb2 (13 TeV)

—— Best fit

-2 0 2
Best fit u= o/o
SM

11+21,

- +1.50
M= 1.20_1.47

2lss+1r,,

_ +0.79
H= 0'86-0.66

3l+11,
— +1.33
H= 1'22-1.01
Combined

— +0.62
U= 0.72_0.53

o 8f
c [ CMS p=0.719 *%62
< 7E Internal o
o~ = 0.719 *%4%(syst) * 247 (stat)
' r Observed -0.317 -0.423
6F —

----- Stat. only




Conclusion

Success is knowing that your contribution is
what helps the collective.

Adrian Grenier

After the observation of the Higgs boson by the CMS and ATLAS collaborations in
2012, the physics of the Higgs boson enters now the era of precision measurements. The
measurement of the Higgs boson properties and especially of its couplings to other Standard
Model particles and to itself is becoming now one of the major goals of LHC experiments. In
that context, the increase in the center-of-mass energy and in the instantaneous luminosity
of the collisions achieved for LHC Run 2 offer the possibility to study now new processes
which were still statistically limited during Run 1. The search for the ttH production in
particular is now getting sensitive enough to constrain the coupling of the Higgs boson to
the top quarks, the two most massive elementary particles in the Standard Model.

Although the LHC is turning now into a real factory, producing several inverse fem-
tobarns of data every week, this puts unprecedented constraints on the trigger systems of
the detectors. To deal with this harsher data-taking conditions, considerable efforts have
been put into hardware and firmware developments to be able to maintain trigger thresh-
olds low enough to keep sensitivity to electroweak processes. The Phase 1 trigger upgrade
completed by CMS in 2016 represented in that context a major success, including the new
Level-1 EG algorithm, which contributed to a large variety of CMS analyses based on 2016
data. All the new available features of this algorithm presented in this thesis have been
optimized for the 2016 data-taking and have positively impacted the performance of this
trigger. Thanks to the flexibility of the firmware implementation, future improvements of
the L1EG algorithm can certainly be considered until the end of LHC Phase 1, together
with the design of more and more complex correlation conditions at the Level 1 trigger in
order to optimally select events.
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Thanks to the large luminosity collected thanks to the new CMS trigger, analysis of rare
processes can be considered for Run 2, such as the search for the t£H process in final states
with a 7 lepton. Due to the complexity of this final state, defining a variable with significant
discrimination power to be used for signal extraction is not an easy task but this challenge
has been met thanks to advanced techniques, such as the Matrix Element Method. The
implementation I designed has thus demonstrated very good performance in the search
for the ttH, H — 77 process in the 2¢ss + 173, channel. Combining the results with other
ttH, H — 77 sensitive channels allowed to measure a signal strength of z = 0.7270%3, with
an observed significance of 1.40. Although there is not yet an unambiguous evidence for the
ttH process in that channel alone, combining this result with those from complementary
analyses targeting different final states will definitely contribute to getting closer to a 50
discovery of the ttH process, which should happen by the end of LHC Run 2.
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Appendix A

Matrix Element Method
computations

A.1 Leptonic 7 transfer function

A.1.1 Full differential decay width &3T'/d3(

The aim of this section is to show the announced result in Eq. (4.35]), namely that starting
from

1 v dPv . .
T,(4|T) 5.5, ] 25, 2E, (wl)(v.r)o*(r—0—v—"1) (A.1)
one gets
T,(0)7) T E [(.7)(m2 +m] —21.7) + 2(L.7 — m7)(m2 — £.7))] (A.2)
T

The integral in can be rewritten as

/ () (570 (T — 0 — v — u)j;”: ;l;” O / Vs (r — f— v — a);l;”: g;”
=17 Lg(T — 0) (A.3)
By Lorentz covariance, the integral must be of the form
I05(Q) = A(Q*)(9asQ” + 2QuQs) + B(Q*)(9ap @ — 2QuQp) (A.4)
Since
(9°°Q* +2Q°Q")(90pQ” — 2QaQs) = 0 (A.5)
(9°7Q° +2Q°Q") (9ap@” + 2QaQs) = 12(Q*)* (A.6)
(977Q% = 2Q°Q°)(9ap@” — 2QuQp) = 4(Q*)? (A.7)
we have By B3
12(QVAWQ) = [ rQ* + 2 Q@ v - Vg s (A8
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For Q = v + v, we have Q? = 2v.v = 2v.QQ = 20.Q). Therefore

&5 &7
R2(QAQY) = (@ [8'Q-v-p) o (A.9)

Since the integral is Lorentz-invariant, it can be evaluated in the frame where Cj =0. We
have then P2l
v)|*d|v T
124(Q%) = [ 8@ — 27 = 2 A10

Moreover

=0 (A.11)

Y 177 (gap(T — 0)° +2(7 = O)o(T — 0)p)

oc (L.7)(m2 +mj —20.7) +2(6.7 —m?)(m2 — £.7) (A.12)

This integration not only gives the announced result but it also imposes some con-
straints on 7. To determine explicitly those constraints, let’s begin the computation dif-
ferently.

d&*v d*v
v ()T —l—v—D
[ w0 5E 3F.

- / (0.0)(5.7)64 (T — € — v — D)IO)S (V) d v (°)5(7)d'D

— / (.0)(7.7)0)S(V(E, — Ep — B)S((T — € — v)?)d'v (A.13)

with 6(z) the Heaviside function (equal to 0 for z < 0 and to 1 for x < 0). We have, using
2 =0,

(r—l—v)?=(r—0)?=2(r =)= (1r—0)?=2F|(E, — B, — |7 — {| cos 0,,_) (A.14)
Therefore e

(v0)(v. 7)54(7'—@—1/—5)%%
(v.O)(p.7)0(°)5((V°)? — 7*)0(E- — E; — |7])
(r = 0*=2/J|(E, — B, — |7 —{|cosb,,.))d*v (A.15)
J(w.O)(v.)0(|7)O(E- — Ey — |7]) .

5 (1= 0)% = 20D|(E, — By — |7 =l cosb,,—1)) 2

2|7

/
=
0

The computation will not be pushed further (we already know the result of the integral).
However, the constraints are to be provided by the 8 functions, which only ensure that the
energy of the neutrinos are positive. The remaining -function imposes that

(1 —10)?
2B, — E,—|T— Z| cos by r_¢)

|_)‘

(A.16)
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The 6 functions impose that 0 < || < E. — Ey. In the integral, all the possible values of
cos 0, ¢ between -1 and 1 will contribute. For cosf, ,_, = —1, we have

D ———
(B, ~ B, + 17— 1)

>0 (A.17)

This imposes that (7 — £)? > 0. This implies that |#/| is maximal for cosf,,_, =1 and we
have then

E,—E)P?—|7—(? 1 i
B BTt (e, By e -l <E-B (A1)

7] =

Therefore we must have |7 — ] < E, — E,, which is the same as (7 — £)2 > 0. Writing
(1 —0)%*=m?2+m? — 2E.E, + 2|7||{| cos 0,4, this implies that
2E.E; — m? —m?

cos > — =« (A.19)
2|711¢]

This constraint has to be taken into account in the integration.
A.1.2 Energy transfer function
For my, = 0, the energy transfer function is given by
Tie(fl7) = [ dEETi(¢l7) (A.20)

From Eq. (A.2), we have

T T
Ti(l|7) (1 — ‘ET’ coS 97l> <3m3 —4E,E. (1 — |ET’ coS 975>)

T E
= 3m? — 4E,E, + <8Eg|7_"| - 3m3|;’> cos b, — 4E—Z|77|2 cos® 0, (A.21)

T T
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Therefore

1
Tip(l|T) o /d (cos 0 EXTi(¢|7)

1 4F
=(1—a)E? (3m3 —AEE: + 3 <8El|F| — 3m? g’) (1+a)— 55%\2(1 +a+ a2))

(A.22)
Using Eq. (A.19), we get then

m; — 2EZ(E

Ty (0
ip(l]7) o 2F, |7]

|7'|) m2 - 8 3) 4 2
“E(E; — E'E (E. m: E
Sm2 B, 7)) ~ S BPEL(E, —|7)) + 1yt + 3
(A.23)

In the limit where m, < E,, we have

. m2\ "/ Im2  1ml mi

T

and

2 E 5 E 4 1 ,E? 5)
Tie(l)T) o % (1 — El> <m4l — —m2E} — —m?=L + —mi+ -m2E} + 0(m4)>

which gives

Ty (i]r) o E12 (1= 2) (5+ 52 — 4:2) (A.25)

with z = F;/E,. Imposing the normalization condition, [dFE,T;g(l|7) = 1 finally leads to

Tip(ll7) o< o (1= 2) (54 52 — 427) (A.26)

3E;

A.2 Change of variables for dimensionality reduction

A.2.1 Higgs and Z boson decaying into 7 leptons

For a Higgs (or a Z) boson decaying into 7 leptons, the phase space associated to that
decay is

=2 212
T T

7 gy P

E, E-
with the angles 0z, and ¢;, defined with respect to the visible decay products of the
hadronically-decaying 7. To take into account the resonant spectrum in the di-7 invariant
mass distribution, it is beneficial to constrain the integration over the variable

d®y d7d cos Oz pdy (A.27)

m?. = (1 +7)% = 2m? + 2(E, E; — |7||7| cos 0.) (A.28)
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To introduce an integration over m?2. fulfilling the constraint in Eq. (A.28)), a simple
possibility would be to introduce a change of variable d¢z, — dcos8,7. This requires to
be able to determine 7 as a function of (|7|,cos .z, cosfz,). For that, we can introduce

the Cartesian system of coordinates (€, €, €,) with €, the direction of 7, €, = ﬁ(é} -
cos 0,€,) and €, = €, A €, (see Fig . In that frame, 7 is given by
7= |7?] (cos 07 € + sin Oz, COS Pp7,€, + sin Oz, sin P7.€,) (A.29)
T
' T
,"" 91-7-,-
T 9T7r
.. > Y
¢7_'7T ?
X
Figure A.1: Cartesian system used to describe a 7,7, decay
We have then
cos 0.z = coS Oz cos 0 + sin O, cos ¢z sin 0, (A.30)
Therefore .
d¢7i7r = md(cos 977—) (A31)
8¢7’7r
with 9cosd
cos .- . . .
—————— = —sinf-; sin ¢=, sin O, (A.32)
a(bﬁr
In the system of coordinates (non-Cartesian) (&, &y, ¢,), 7 can be written as
7 = |7|(aéy + BE; +7¢,) (A.33)
With that parametrization
Y = €7.€y = sin bz, sin ¢z (A.34)
One gets then
1=0ao*+B*+~* +2aBcosb,, (A.35)

cosbzr, =a+ fcosl,, , cosb.- =acosb..+ [ (A.36)
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Therefore p 0 o p p 0
€08 Oz — €08 0 cos 0, cos 0,z — cos O, cos 0=

— TT TT TT — TT TT TT A.37

@ sin’ 6, B sin 6, ( )

=1-0a*— % —2a8cosl., (A.38)

This system has a solution if and only if 42 = 1 — o? — %2 — 2afcosf,, > 0, with «
and 3 defined by the previous equations in function of cos#,> and cos@,,.. However, this
is not always guaranteed. Indeed, we are here looking for a possible three-momentum 7,
which fulfills at the same time constraints on cos #,; and cos 6, (which depend on |7|). In
geometrical terms, this is equivalent to look for the intersections of two cones whose axes
are given by €, and €, and whose opening angles are 0.~ and #-,. Now, the axes being
fixed, it is possible that the opening angles are too small for the cones to intersect. This
would be the case for instance if the momentum |7| chosen is too high, because in that
case T should be at the same time almost collinear with 7 and 7.
If the constraint v2 > 0 is fulfilled, it is possible to define

v = :t\/l —a?— (2 —=2afbcosb., (A.39)

The so-called "boost" associated to the outgoing particles, defined by Pr= FT+$T+QTT+(I’ T
is then computed for the two signs. The sign of 7 is consequently chosen as the one leading
to the smallest boost in magnitude.

The constraint 42 > 0 could in principle be translated on the integration range for
one of the integration variable but it may not be possible to do it analytically. Since the
region 72 > 0 has a non-zero measure in the phase-space, the following strategy has been
first tested: if the choice of the point in the phase space is such that the inequality is not
fulfilled then this point has a null contribution to the integral. However this solution turns
out to be relatively inefficient, since when picking random values of |7| and |7|, most of the
time the constraints on the angles are such that there is no intersection of the two cones
of direction €, and €, with opening angles 6,- and 6:,. Only for a very small region in the
(]7], |7]) space this constraint is fulfilled, as shown in Fig. |A.2]

Therefore, rather than a change of variables

d|7|d|7|d cos Ozndprr — d|7|d|T|d cos Brrdm?. (A.40)
the change of variables
d|?|d|7?|d 08 Oz dzr — d|T|d cos Ozrd cos O.-dm?. (A.41)

is introduced instead. It has the following advantage: since the direction of the 7 leptons
is close to the direction of their visible decay products, cosf,, gives a good estimator of
cosf.z. In that case, it is possible to integrate cosf,> in a small window around cos 6,
such that 42 > 0 in most of the integration domain.

In principle, to take into account all of the kinematically allowed configurations, the
integration domain should cover at least the whole region of phase-space for which 72 > 0.
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v2=f([z|.Iz]) in the collinear approximation

= L |
O 40— |
—= [ | I l=H(Ixl)
= asl | for cos8,,=MC-truth
C | I l=H(Ixl)
36 r | for cos®, =cos8,_
L | — — MC-truth values
34l I of fr,| and fe|
32— |
I cosb,=0.999843 |
30— cos6,=-0.897710 |
 coss,,=0.901945 |
285 Al fr)=0-001000 |
B |
26 I
TIIlIII\l\I\I‘I\Il\l\l\llllllll\

100 110 120 130 140 150
o/ [GeV]

Figure A.2: Region where 4 > 0 (colored region, the color scale corresponding to the
value of 42) for a single VBF event in the (|7],|7|) space. The red line corresponds to the
function |7,| = f(|7i|) determined from Eq. (A.28) using m,z =125 GeV and the true value
of cos 0.z, while for the black line cos,> = cos 0, was used.

Although not solvable analytically, this constraint could be tested prior to the integration
process for different values of the integration variables. We can therefore determine in
advance what will be the contributing region in the phase space for the integration and
reduce the integration range consequently. The advantages of the new change of variables
is that this region is now more extended in the (|7|, cosf.7) space than previously in the
(|7], |7]) space and we know its approximate location around cos 6,7 & cos @y, as visible in
Fig. [A.3

The change of variables presented in Eq. introduces the following Jacobian term

- 1 2
d|7|dpsr = s py—— d cos O,zdm: - (A.42)
a7 o7
om2, Ocos b7
a¢?7r 8¢?ﬂ
with
cos 0.~ (|7? |, cos Oz, <b;7r) = €08 Oz cOS O + SiN Oz COS P77 SIN O (A.43)
m2. (]7?\, cos O, qb;,r) =2m?2 +2 (ETE; — |FH7:"| coS 97;(|$|, cos Oz, gb;,,)) (A.44)
One gets then
dcosb, -

—==0
7|
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v2=(ft|,cos8,;) in the collinear approximation

— — MC-truth values
of [t| and cos8,,

------------ MC-truth values
of cos,

— Limits of the integration
region

'0-93 1 11 | | | I | | I 1 ! 1| ‘ | | | | | ‘ L1
0 50 100 150 200 250 300
[1| [GeV]

Figure A.3: Region where v2 > 0 (colored region) for a single VBF event in the (|7], cos 0,>)
space. The black rectangle corresponds to the limits of the integration region, which is
determined prior to the integration. The lower limit for |7| takes into account ¢~ from Eq.
(4.37), which explains why the rectangle does not cover the whole region 72 > 0.

om?._ |7:"|
L =2 E,— — |T|cos b,z A.45
i ( oo (A45)
0 cos 0~
———— T — —sinf:,sin prrsin b, = —ysin b,
a¢7_'7'(' (b 7
Moreover, defining M? = Im2. — m2, we get

M?|7| cos 0,7 + ET\/(Mz)z —m2 (mz + | 7|2 sin? gﬁ)
7= (A.46)

m2 + |7)?sin? 0,.»

with
2
Mrr m2- n

l=u (A.47)

o _
71 < |sin0,7] \| 4m?2

Taking into account the additional constraint from Eq. (4.25) and the on-shell hypoth-
esis used for the di-7 pair, the phase space of the Higgs (or Z) boson is finally reduced to
a 2-dimensional phase space

|72 1717 1

Er E; 7| sin 6, | ET% — |7 cos 0~

d|T|d cos 6= (A.48)
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A.2.2 Hadronic top

The phase space associated to a hadronic top can be written as

& EW P BPF d*q
2E, 2FEw 2E,2E, 2E;

d®;, oc dt?dW?5(t — W — b)s(W — q — q) (A.49)

Assuming the top quark and the W bosons are on-shell removes the integration on dt? and
dW?2. Moreover, the direction of the quarks are assumed to be the ones of the associated
jets, which removes the integrations over the quark directions. In practice, this enables to
replace d*q/E, with |qldE,. After integration over W, one gets

d®,,  |b|E,Es8(E, — Ew(E,, E;) — Ey)6(i — E,é, — E;6; —b)
Bt (A.50)

S Ew(E,, E;) — E, — Eq)dEdequq—m
9> —q

with W = E,é, + Eq€; and

Ew(E,, E;) = \/MV%/ + E2 + E} 4 2E,F; cos . (A.51)

Integrating over d°t, one gets

’I_’]Ethi
dd )(Ey(E,, Bz, Ey) — Ew(E,, E;) — E
" BBy By B B (B, ) Fr B = BB B S B )
N Ew(E,, Ey) — E, — E;)dEydE,dE;
with
E\(E,, E;, Ey) = \/ME + B2 —m? + E% — M3, + 2\ E2 — m2W ¢, (A.53)
Integrating over Ej, one gets
|E|Eth? 1
dd, - S Ew(E, E;) — E, — Ej)dE,dE;  (A.54)
" Et(E(p E(f7 |b|)EW(E¢I7 Eﬁ) giglt) - 1‘
with
OF; 1 E, -
— == | E+ =W.¢ A.55
OE, Et( T eb) (A.55)
and FEj, fixed by
Et(Eq, Eg, Eb) - EW + Eb (A56)

This leads to

EwAM? £ W&\ (AM?)2 — m2(E2, — (W.&,)2)
E2, — (W.6,)?

Ef = (A.57)
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with AM? = (M? — M3, —m?)/2. To derive Eq. (A.57)), some unphysical solutions may

have been introduced, depending on the sign chosen. In order to remove them, we can
rewrite the original equation (A.56)) as

AM?  W.é,
By + o VEE —m? = E, (A.58)

Thus the following condition is required to be fulfilled by one of the solutions £,

. M? - AM?
W.¢ > 0and Ef > or W.6 < 0and Ef < (A.59)
w W
If two admissible (positive) solutions exist, the largest one is chosen.
Then integrating over Ej, one gets
b E,E; 1 1
d®,, | |4q £ o5 dE, (A.60)
Et(EQJ E@a ‘b|>EW<E(17 Elf) TEZ - 1‘ %%VY — 1‘
with 5
Ew 1
IE, =5, (Eq + E, cos qu) (A.61)
and Fj fixed by
M2
E;= L A.62
" 2E,(1 — cosb,z) ( )
This finally leads to
b E; 1

b cosb | BT g, — By

Once E, is fixed, Ej is fixed by Eq. (A.62)). The four-vector of the W boson is then fixed by

W = g+ ¢. This determines E, via Eq. (A.57) and (A.59) and we have b = \ EE — mié,.
The four-vector of the top is then given by t =b+ ¢ + ¢.

A.2.3 Leptonic top

The phase space associated to a leptonic top can be written as

BEBW 3o B0 3o
9F, 2Fw 2E, 2B, 2F,

d®;, oc dt*dW?25(t — W — b)6(W — £ —v) (A.64)

Assuming the top quark and the W bosons are on-shell removes the integration on dt* and
dW?. Moreover, the direction of the b quark is assumed to be the one of the associated jet
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and the momentum of the lepton is assumed to exactly correspond to its measured value.
In that case, after integration over W, one gets

bldE, B35 dT

A, x ——" = §(E,—Ew(E,,&,)—E)S(t—(—E,é,—~b)d(FEw(E,,¢,)—E—E,
tl X EEEW(Ey,gy) EV Et ( t W( € ) b) ( € ) ( W( € ) ¢ )
(A.65)

with
W =/0+E,e, (A.66)
Ew(Ey, &) = /M + E} + E2 + 2E,E, cos 6, (A.67)

Integrating over d3f, one gets
bldE d3
APy, EEEW(EU,lalef(Eu,ey,Eb> B, B (A.68)
6<Et<El/7 €y, Eb) - EW<EZ/7 el/> - Eb>5(EW(EV7 6,,) - EZ - Eu)

with

BBy, &y, By) = M2 + [B2 + |W|2 + 2[5 (A.69)

Integrating over E,, we get

) 1

dd o(F E}/; _'1/ —FE,— Eu EVdEI/dQV A.70

" EBw(E,, é,)E(E,, ¢, Ep) ‘g%z _ 1‘ (Ew(Ey, €,) — Eq ) (A.70)
with

ETo T T AT1

0B, E, ( bt 0 €b) ( )

and F, fixed, as in the hadronic case, by

o EwAME W&\ (AM2)? — m2(E2, — (W.6,)?)
b pu—

At i (A.72)
B2, — (W.8)?2

with AM? = (M? — M3, — m3)/2. The following condition is required to be fulfilled by
one of the solutions F;",

. M? - AM?
W.é > 0and Ef > or W.ey < 0and Ej < (A.73)

w Ew

If two admissible (positive) solutions exist, the largest one is chosen.
Integrating over E,, one gets
b E, 1 1

dd,, o - - s, A.74
h EEEW(EmeV)Et(Em €y, Eb) ’% — 1‘ ’%EEV: — 1‘ ( )
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with 9E .
w _
9B, By (E, + E;cosby,) (A.75)

and F, fixed by
Mgy

E, = .
2E,(1 — cosby,) (A.76)

This finally leads to
bl £ 1

Ey By 2
¢ ﬁW.eb—Ew

dd,, o, (A.77)

Once €, is fixed, F, is fixed by Eq. (A.76). The four-vector of the W boson is then fixed

by W = ¢ + v. This determines Ej, via Eq. (4.76)) and (A.73|) and b= \EE — mgé’b. The
four-vector of the top is then given by t = b+ ¢ + v.
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