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Abstract

This thesis presents the search for a heavy scalar boson H, decaying in two Stan-
dard Model like Higgs bosons h with a mass around 125 GeV. The final state
consists of a pair of b jets and a pair of 7, where both 7 leptons decay into
hadrons plus a tau neutrino.

The search uses proton-proton collisions data collected by the Compact Muon
Solenoid (CMS) experiment during 2012, at a centre of mass energy of 8 TeV cor-
responding to an integrated luminosity of 19.7 fb~".

The results have shown no evidence for a heavy boson H and are compatible with
the Standard Model expectations. Upper limits are set at 95% confidence level on
the production cross—section times the branching fraction of the heavy boson H,
in the final state hh — bb7r7, for a H mass in the range 260 < My < 350 GeV.
The results are also interpreted in the context of benchmark scenarios of the Min-
imal Supersymmetric Extension of the Standard Model (MSSM) and of the Two-
Higgs-Doublet Model (2HDM). Exclusion limits are set in the two dimensional
parameter space of these two models.
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Introduction

The discovery of a scalar boson with a mass around 125 Ge\/ﬂ [1,12] at the Large
Hadron Collider (LHC) [3] by the ATLAS and CMS collaborations [4.[5], was the
starting point for a new era of measurements in particle physics. Is the discovered
boson the Standard Model (SM) Higgs boson [6,7]7 Latest results [8,9] confirm
that the discovered particle is compatible, within the achieved precision, with the
SM Higgs boson.

On the other hand the SM theory has some critical points: it does not include the
gravitational force, it does not account for neutrinos masses, in contrast with the
experimental evidence |10}/11], it does not also explain the baryogenesis [12], the
dark matter and the dark energy [13}/14]. In addition, in the SM the naturalness
and the hierarchy problem [15] are not solved. These issues lead to introduce new
theories, generally called Beyond Standard Model (BSM) theories. The two mod-
els on which this thesis will be focused are the Minimal Supersymmetry Model
(MSSM) [16+H18] and the Two-Higgs-Doublet Models (2HDM) [19], two possible
extensions of the SM. They introduce two Higgs doublets and therefore the sym-
metry breaking mechanism produces five physical particles for the Higgs sector:
a light and a heavy CP-even neutral Higgs bosons, h and H, a CP-odd neutral
Higgs boson A, and two charged Higgs bosons H*.

In the context of these two models and in specific scenarios, the SM-like Higgs
boson discovered can be the light Higgs boson h, which is produced through the
decay of the heavy Higgs boson H, H — hh. For a H mass in the range 260
< My < 350 GeV, this decay is the most sensitive for the search of an additional
Higgs doublet [20-23]. The data collected by CMS in 2012 open the possibilty to
investigate this decay mode.

The final state investigated in this thesis, in which one h decays into a pair of
7 leptons and the other h decays into b quarks, is very appealing, thanks to the
high branching fraction of the h — bdﬂ (B =575 £ 1.9% [24]) and the quite
clean and efficient signature of the h decaying into a 7 pair (B = 6.3 + 0.36%
[24]). The choice of this final state is a compromise between the decay modes,
H — hh — bbbb, which has the highest branching fraction but an overwhelming

'In this thesis the system of natural units is used with & = ¢ = 1, where h = h/27 =
6.58211889(26) - 10” **MeVs e ¢ = 299792458 ms™ .

*For simplicity throughout the paper it is not specified the charge of the leptons and the
particle-antiparticle nature of the quarks: 77 corresponds to 7777, for leptons ¢/ is equal to
007, bb stays for bb and in general gq stays for ¢q.
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QCD background, and H — hh — bby~, which has a very clean signature but a
very low branching fraction (B(h — vv) = 0.228 4+ 0.011%). Given the potential
of discovery or exclusion of new BSM physics, searches for the decays H — hh have
been already performed by the ATLAS [25-27] and CMS Collaborations [28-33]
in several final states. In this thesis, for the first time at CMS, the bbr;,7;, final
state is investigated, where 7, indicates a 7 which decays into hadrons plus a
tau neutrino. The decay h — 7,7, the fully-hadronic decay mode, was chosen
because it constitutes the 42% of the di-tau decay modes and because of the very
good performance of the 7, reconstruction and identification provided by CMS
experiment. In the following, the different hh — bbr7 final states will be named
according to the tau pair decay modes: respectively, the fully hadronic channel,
TwTh, the semileptonic channel, 7,7, and the fully leptonic channel, 7.

The SM theory, the Higgs boson’s discovery and properties, and these two BSM
theories will be described in the first chapter. The physics motivations for the
H — hh — bbr7 process will be highlighted at the end of the same chapter.

In the second chapter the LHC machine will be introduced and the Compact
Muon Solenoid (CMS) experiment will be described, focusing the attention on its
components, useful to reconstruct the hunted final objects (7,, muons, electrons).
The reconstruction and identification algorithms used to obtain the high level
objects will be described in the third chapter.

In the fourth chapter, starting from the reconstructed objects, the analysis strategy
will be described, focusing the attention on the signal identification and on the
modelling of the background processes.

In the fifth chapter the signal extraction procedure will be described and the final
results as well as the exclusion limits will be presented.

The results of this analysis are combined with the CMS results for the process
H — hh — bbrm,, the semileptonic channel, and are also combined with the
results coming from the process A — Zh — f¢77, for both theoretical models in
specific benchmark scenarios.

Finally, in the conclusion paragraph the comparison of our exclusion limits for
H — hh channel with the results obtained by other analysis in CMS and in ATLAS
experiments will be reported, showing the sensitivity of the obtained results and
the future perspectives of this search.

The results of the analysis described in this thesis are published in Physics Letters
B journal [34] by the CMS collaboration. I presented the results of the H — hh —
bbrT process at “HH2015: Higgs Hunting 2015”7, at Orsay (France), 30 Jul-1 Aug
2015, on behalf of the CMS collaboration. I also presented both the analyses,
H — hh — bbr7 and A — Zh — llr71, at the “LP2015: XXVII International
Symposium on Lepton Photon Interactions at High Energies”, 17-22 Aug 2015,
hosted in Ljubljana (Slovenia). I am also the first author of the proceeding,
that will published on the Proceedings of Science. This work is partially funded
by MIUR Italy, under contract 2012Z23ERZ of PRIN 2012, “H-TEAM: Trigger,
Elettronica Avanzata e Metodi innovativi per misure di precisione nel settore dell’
Higgs ad LHC”".



Chapter 1

Theory and motivation

This chapter describes the theoretical framework for the search performed in this
thesis. It begins with a brief overview of the Standard Model (SM), our current best
understanding of elementary particles physics, followed by a brief description of the
reasons why extending the theory Beyond the SM (BSM) is necessary. Two popular
BSM models are considered in this thesis that can resolve the pending issues left by
the SM: the Minimal Supersimmetry Model (MSSM) and the Two—Higgs—Doublet-
Model (2HDM). The discovered scalar neutral boson h can be interpreted by these
models, in some benchmark scenarios with specific parameters, as a particle with
the same properties of the SM Higgs boson, which can be produced in pair by the
decay of the heavy neutral scalar Higgs boson H, also predicted by these models
and observable with the current available data at LHC. This chapter provides an
outline of these models, focusing the attention on the electroweak sector and on
the theoretical and experimental motivations for the search of H — hh — bbrT,
the main arqgument of this thesis.

1.1 The Standard Model

1.1.1 Fundamental particles of the Standard Model

The Standard Model (SM) theory [6,/7] of the particle physics describes the micro-
scopic world in term of its constituents and its interactions. It is an elegant theo-
retical formulation of three of the fundamental interactiong'] the electromagnetic,
weak nuclear and strong nuclear interactions, and of the particles that compose
the matter.

'The description of the gravitational force cannot be included because it is 40 orders weaker
than the other three forces. It is expected to become relevant at the so called Planck scale, of
the order of 10"? GeéV and in the context of the Grand Unification Theory [6].

11



12 Chapter 1. Theory and motivation

The matter is made up of elementary particles with spin 1/2 (fermions) and di-
vided in leptons and quarks families. The fermions interact among themselves
through the bosons, particles of spin 1 that are the mediators of the fundamental
forces described in the SM.

The elementary building blocks of matter, the fermions, are composed of six lep-
tons and six quarks, organized in generations according to the mass, starting from
the lightest and most stable particles. For both families there are so doublets of
leptons and quarks in each generation, and the same goes for antiparticlesﬂ. The
doublet of leptons is composed of a charged massive lepton and a neutral particle,
called neutrino, assumed massless in the SM theoryﬂ; the leptons interact through
electroweak forces and not through the strong interaction. The same organization
characterizes the quarks doublets: they can be of six flavours, are massive, have
a fractional electric charge and interact through strong and electroweak interac-
tions. Quarks have an additional charge, the color charge, which exists in three
states “red” (R), “green” (G) and “blue” (B). Quarks don’t exist in nature as
free particles but they combine in “white” color charge states, called hadrons, di-
vided in mesons, a quark—antiquark couple, and in barions, made of three quarks.
Properties of leptons and quarks are summarized in Table [I.1]

Generation I Generation II Generation III
Family Particle Mass Particle Mass Particle Mass Charge
v, <2eV v, < 0.19 MeV v, < 18.2 MeV 0
Leptons
e 0.511 MeV m 105.7 MeV T 1.777 GeV -1
2.3 MeV c 1.27 GeV t 173.2 GeV +2/3
Quarks
4.8 MeV s 95 MeV b 4.18 GeV -1/3

Table 1.1: Leptons and quarks: some properties [35].

The interactions among elementary fermions is mediated, as already stated, through
bosons. The photon, v, is the mediator of the electromagnetic interactions for all
fermions except the neutrinos, is massless and electrically neutral. Eight gluons
are the mediators of the strong nuclear interaction among quarks, are massless,
electrically neutral and have a color charge; the W* and Z are the carriers of the
weak nuclear interactions for all the fermions. Properties of bosons are summa-

rized in Table [.2

2Antiparticles are particles with the same mass, spin and lifetime of its partner but opposite
charge.

3By the observation of the neutrino flavour oscillation the different neutrino flavors have
different masses, although these masses have been shown to be very tiny by the experiments [10,
11].
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Force Particle | Charge Mass
Electromagnetic ¥ 0 <1x107 "% ev
w +1 80.39 GeV
Weak
Z 0 91.19 GeV
Strong g 0 0 (theoretical)

Table 1.2: The SM bosons mediators: some properties [35].

1.1.2 Standard Model as gauge theory

The SM is a quantum field theory and its mathematical formulation is based on
the construction of a local gauge invariant Lagrangian [6]E| under the non-abelian

group SU(3)c x SU(2)r, x U(1)y.

The SU(3)¢ is the symmetry group which describes the strong interactions be-
tween quarks and gluons. The theory was introduced by Yang and Mills [36] and
included in the so called Quantum Chromodynamics (QCD). It contains 8 genera-
tors, the Gell-mann matrices, which correspond to eight physical gauge fields, the
gluons. The non—abelian property of the group allows to have interactions among
gluons, which are the color carriers and, as a consequence of the gauge invariance,
they are massless. Further details about QCD can be found in [6}7].

The SU(2);, x U(1)y group describes the unified electromagnetic and weak inter-
actions (EWK), as theorized by Glashow, Weinberg and Salam [37H39], where the
Quantum Electrodynamics (QED), represented by the U(1),,, group, is included.
The generators of the groups are respectively the three isospin weak operators,
T = (T}, T5,T3), and the weak hypercharge Y. The gauge invariance allows to
associate the Wu = (W,},Wi,Wg) gauge bosons to the isospin operators and
B,, gauge boson to the hypercharge operator. The fermions interact with gauge
bosons, which, as a consequence of the non—abelian property, interact also with
each other. Moreover the third component of the isospin (73) and hypercharge
are related to the electric charge @ (Q = T3+ Y/2). The electric charge is the
generator of the abelian U(1),,, group, the gauge boson A,,, representing the pho-
ton, is associated to this. The A, boson is massless as a consequence of the gauge
invariance, and it is not self-interacting because of the abelian property of the
group.

The electroweak theory is chiral 7], which means that the left-handed and right-
handed fermion components trasform in a different way under the local gauge
trasformations. The left-handed fermions form an isospin doublet with which the
weak forces interact, instead the right—handed form a singlet which is invariant
under SU(2), transformations. They can be written as

‘A system is considered symmetric if it remains unchanged, despite of the changes of its
properties, under a global transformation, that does not depend on the space-time coordinates,
or under a local transformation, which depends on space-time coordinates.
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(), ),

Yr = Ilg, ug, dg,

1 usually represents the fermion, the index ¢ refers to the generation: v are the
neutrinos, which have only the left-handed component because they are massless
in the SM and the right component has not been yet observed; [ are the charged
leptons; u the up-type quarks (u, ¢, t), and d the down-type quarks (d, s, b), that
have both also the right-handed components. Moreover the gauge fields Wu and
B" do not represent the physical mediators of the electroweak interactions, which

are indeed a combination of the gauge fields:

1 Tr 2
W:E _ Wu \:';_ZW/L
2

7 91W3 — 2B, _ 91W3 + 2B,

SR YR+ g

g1 and g, correspond to the electroweak couplings, related to the electromagnetic
coupling e through the Weinberg angle 0y, (experimentally measured [40]), as

, A (1.2)

reported in the following equation:

e = gy sin By, = g, cos Oy, (1.3)

The resulting EWK Lagrangian describes all the interactions between the gauge
fields and the fermions, but crucially does not contain mass terms for the weak
force bosons or any of the fermions. Attempts to add gauge boson mass terms
of the form —m%VWuW“ or —mQZZMZ“ or fermion mass terms break the gauge
invariance of the Lagrangian. On the other side this contradicts the experimental
results: the Z and W* bosons were discovered by UA1 and UA2 experiments in
1983 at CERN [41-44] with a mass of around 91.2 GeV and 80.4 GeV respectively,
also the fermions have a definite mass, as reported in [35]. The only particle
massless is the photon and this property has been confirmed experimentally so
far [35]. In order to confirm the experimental results the spontaneous breaking
of the electroweak symmetry was theorized and formulated in the Brout—Englert—
Higgs mechanism in the SM.

1.1.3 The Brout—Englert—Higgs mechanism

In order to give a mass to the fermions and to the weak bosons, the existence of
a scalar boson, the Higgs boson, was predicted by Brout, Englert and Higgs in
the 60’s and theorized in the Brout—Englert—Higgs mechanism [45-47]. The mech-
anism is based on the spontaneous breaking of the electroweak symmetry. The
spontaneous symmetry breaking has the important feature that the Lagrangian is
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invariant under the symmetry but the ground state of the theory not [7], which re-
sults to be degenerate and therefore it is necessary to break the symmetry choosing
one eigenstate. In the electroweak theory the group SU(2); x U(1)y is sponta-
neously broken in the U(1),,,, related to the QED that must stay an exact sym-
metry. For the Goldston theorem [7], three massless Goldstone bosons appear,
which are absorbed by three out of four gauge bosons, giving mass to the vector
bosons and keeping massless the photon.

The spontaneous symmetry breaking [48] can be obtained introducing a complex
scalar field ¢ which attains a non-zero vacuum expectation value (vev) and that,
once added to the electroweak Lagrangian, preserves the gauge invariance. It is
an isospin doublet with hypercharge equal one and a linear combination of four

real scalar fields:
(o7 1 (P +igy
= <¢°> e <¢3 ¥ ¢> ' (14

The additional invariant term to the EWK Lagrangian due to the scalar field part
can be written:

Ls = (D,0)/(D"6) — V(¢) = (D) (D"0) — i*6'o— A (6'0)”  (15)

with D, =9, — ig;T,W, i) B,, (1.6)
where V' (¢) is the potential which describes the evolution of the ¢ field and depends
on A and . The parameter ) is needed to be > 0 to make the potential bounded
from below, instead the parameter u” is considered < 0. In this way the ground
state is not uniquely identified but the minima lie on a hypersphere equal to:

2
2 H
= —— 1.7
o = £ (1.7
whose trend can be observed in Fig. [I.1]
The vev is defined as v = \/—p? /A and a particular minumum is chosen:

(¢) = \}5 (2) : (1.8)

This choice ensures both the electroweak symmetry breaking with the consequent
generation of massive vector bosons and the invariance under the U(1),,, symmetry
group, with the consequence that the photon still remains massless. The expansion
of the ¢ field around the vacuum state (¢) introduces four scalar fields: 6, 5 3 and
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V(©)

Figure 1.1: The potential V(¢) in the case ;* < 0. [48].

h (x) and the field is written as:

i70(z) /v 0
¢u»:e9“/ﬁﬁyﬂ- (1.9
2

The fields ¢, 5 3 represent the massless Goldstone bosons, obtained from the elec-
troweak symmetry breaking, that can be re-absorbed thanks to a gauge boson
transformation into the physical gauge bosons as their longitudinal component
and to give them mass. Therefore the ¢ field can be rewritten as:

601= 75 i) 10

where the scalar and neutral Higgs field h (x) can be recognized. The massive
gauge vector bosons can be obtained replacing the vacuum expectation value of
the ¢ field in the Lagrangian [1.5] and using the relations of the vector bosons [1.2]
The resulting massive terms are:

1 1
My Wiw =" + §M§ZHZ" + §1\434,4,1,4“; (1.11)

the W and Z bosons have acquired masses, while the photon, the generator of the

U(1)em symmetry, to grant the U(1),,, simmetry, remains massless as it should
be.

1 1
My = Jvgs , Mz = 5“\/@ and My = 0. (1.12)
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From the masses and couplings|1.22equations, the following relations are obtained:

M
M—Z = cos Oy (1.13)
M2
p= gy =1 (1.14)
M7 cos” Oy,

where the first allows to determine the Weinberg angle, the second represents the
relative strength of nuclear weak interactions with neutral and charged current
and has been verified experimentally [49)].

The same doublet ¢ can be introduced in the electroweak Lagrangian to generate
the fermion masses [48] and using the same procedure described for the gauge
bosons masses, the fermion masses emerge as constant terms in front of the ¥
component and are identified with the fermion masses

B M AW AgU

e — ) u_iad = =
m 7 m 7 nd my NG

Also for these terms the gauge invariance is preserved and the U(1),,, and SU(3)¢s
symmetries are unbroken. The masses of the fermions are parameters in the theory
and are not predicted by the SM, the input is given from experimental values.

(1.15)

Moreover it is possible to determine the value of v, using the experimental value
of the Fermi constant G, evaluated from the muon decay and related to the W
boson mass in the following way:

Gr 92
—_ = 1.16
3 SME (1.16)
Joining the and equations, the resulting value of v is
DN B (246 GeV)?. (1.17)
V26
Finally the potential V' (¢) can be rewritten using the equation:
1
V(¢) = = R (z) — Awh® () — ~Ah* (2), (1.18)

4

where the second and the third terms represent respectively the triple and quartic
self-couplings of the Higgs boson; the first term instead represents the Higgs mass,
equal to

M = 2)0° = =242, (1.19)
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which is not predicted by the theory despite the fact that v is fixed.
Using equations and the SM Higgs self—couplings are equal tdﬂ:

M,» M,
9,5 = sTh and g+ = 373. (1.20)

The couplings to gauge bosons and fermions arise when calculating their masses.
Indeed from the Lagrangian terms that represent the mass terms

) % h
v v f v

one obtains also the Higgs boson couplings to gauge bosons and the Yukawa
couplings to fermionﬂ

m M M
Gnfs = Tf » Ghvv = —27 s Jhhvv = —27. (1.22)

In Fig. the Feynman diagrams of the SM Higgs interactions are reported. The
direct couplings to gauge bosons and fermions are proportional to their mass and
the discovery of the Higgs boson (that will be briefly described in section
provided a confirmation of these parameters and as a consequence of the experi-
mental values of the masses.

1.1.4 Higgs physics at LHC

The Large Hadron Collider (LHC) at CERN (whose description will be given in
the next chapter) has been built with the purpose of testing the SM theory, and in
particular to discover and study the characteristics of the SM Higgs boson, and also
to discover new physics BSM . In the next sections the production mechanisms,
the decay processes and the discovery of the SM Higgs boson by CMS and ATLAS
experiments will be treated.

Production mechanisms and decay channels

The SM Higgs boson mass is not predicted by the theory so its production cross—
section and branching fractionm are calculated as function of its mass. In Fig.|1.3
the theoretical cross—section values are reported as function of M;, at the centre of
mass energy /s = 8 TeV at which LHC proton—proton collisions occured during

59h3 and g,. are multiplied by i in the reference [48|

6Also in this case the couplings are multiplied by ¢ in the reference [48]

"The cross-section is defined in a simple way as the probability of a particular process occurs
or some particles are produced; the branching fraction is the probability that a particle decays
in a specific channel.
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Figure 1.2: Feynman diagrams of the SM Higgs interactions.



20 Chapter 1. Theory and motivation

the 2012. The data collected during that period were analysed in this thesis.
They are calculated at leading order (LO) considering the QCD and electroweak
corrections [b0] at next—to-leading—order (NLO).

As it can be observed, the most probable production mechanism is the gluon
fusion gg — h (Fig. , mediated by a loop of quark (the Higgs does not
couple directly to the gluons because they are massless), and dominated by the
loop of top quark which is the heaviest quark. The second process is the vector
boson fusion (VBF) qq — V*V* — qgh with V.= W ,Z, relevant in the search of
the Higgs boson despite its cross—section is one order less than the gluon fusion.
An important feature of the VBF production (Fig. [1.4b)) is that the two jets are
highly energetic and have the tendency to be produced along the beam line, with
a high pseudorapidityﬂ (Jn| > 4) and high invariant mass (M;; 2 700 GeV). This
peculiarity allows to discriminate better the signal from background. Despite their
lower cross—sections the associated production with vector bosons (Fig. and
with heavy quarks (Fig. can be used for the SM Higgs discovery especially
in the low mass region. The first process, also called Higgsstrahlung, is quite
recognisable thanks to the presence of one or two isolated leptons coming from
the vector boson. The production in association with heavy quarks, beauty or top
quarks, is quite challenging process because of the presence of a lot of hadronic jets
in the event, but it is crucial for directly measuring the Higgs Yukawa couplings
to t/b quarks.

102 E T T I T T T T T T T T E E
T F Ns=8Tev J¢
< 0l i}
£ 10F EE
1 C .
o B i
&
© 1 E
10t =
10% |
80 100 200 300 400 1000
My [GeV]

Figure 1.3: The SM Higgs boson production cross—sections as a function of M;, [50]
(in this figure H corresponds to h).

The mass of the Higgs boson is crucial also in the calculation of the branching
fractions of the Higgs [24], as can be seen in Fig. 1.5 where the theoretical branch-
ing fractions are reported as function of the Higgs mass. The SM theory provides

$The pseudorapidity will be defined in the section m
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(b) Vector bosons fusion.

g q

q
(c) Associated production with a vector (d) Associated production with heavy
boson. quarks.

Figure 1.4: Feynman diagrams of the SM Higgs production mechanisms.

a mean lifetime for the Higgs boson ~ 107%* s, so the only way to detect the SM
Higgs particle is through its decay products. The theoretical total decay width
I';, is the inverse of the lifetime and from this and the partial decay width of a
particle into X, it is possible to calculate the branching fraction B:

'h—X
Bh — X) = g (1.23)
Ly
The partial decay widths are directly proportional to the couplings and therefore
to the masses of the particles in which the Higgs particle decays, and to the Higgs
boson mass itself, with the tendency to decay in the heaviest particles.

According to the mass region some decay channels are more favoured than others.
In the low mass region, M}, < 130 GeV, the dominant decay is h — bb (B ~ 57%),
which is quite challenging to identify due to a huge presence of jets in a hadronic
environment but at the same time very important to study the coupling of Higgs
with fermions. The decays h — gg through a top quark loop can compete with the
h — 77 and h — cc decays. The decay h — ~7 is highly suppressed in this region
despite its clean signature, because it is produced through a W boson loop. In the
high mass region the dominant decays are into W or Z bosons pair. The decay
into real vector bosons is possible if My > 2M;,, below this kinematic threshold
it is possible that the Higgs boson decays into one or two virtual gauge bosons,
decaying into fermions.
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Figure 1.5: Theoretical branching fractions as a function of M, where the theo-
retical uncertainties are reported as color bands [24].

SM Higgs boson: experimental searches and discovery

The searches of the SM Higgs boson started at Large Electron—Positron collider
(LEP) [51], that operated at CERN from 1989 to 2000 with centre of mass energies
V/s between 90 and 209 GeV. The process more probable at this collider was the
Higgsstrahlung in association with Z boson and the final states with bb and 77
pairs were explored. Direct and indirect searches were performed but without
any evidence of the presence of the SM Higgs boson. A lower bound of M, =
114.4 GeV was established, at the 95% confidence level [52]. Other searches were
performed at Tevatron [53], proton—antiproton collider at Fermilab, by the CDF
and DO experiments at /s = 1.96 TeV. The studied channel was the associated
production of a Higgs boson with a W or Z boson and the decay of the Higgs
boson to a bb pair. An excess of events was observed in the data compared with
the background predictions in the mass range between 120 and 135 GeV, with
a significance of around 3 standard deviations, which can be interpreted as the
evidence of a particle compatible with the SM Higgs boson [54].

The discovery of a new particle with mass around 125 GeV was announced the 4th
July 2012 separately by the ATLAS [4] and CMS [5] collaborations, after having
analysed the data collected by both experiments at /s = 7 TeV, around 5 fb™",
and at /s = 8 TeV, around 56 fb~'. Despite the low branching fractions the
discovery of the Higgs boson was performed in the h — vy and h — ZZ decays
for their clean signature, giving an excess of events of 5 standard deviations with
respect to the background [12]. After the end of the Run I at LHC at the beginning
of 2013 the data collected at 8 TeV were increased up to an integrated luminosity
of ~ 20fb™! so it was possible to study some properties of this new particle. The
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combined measurements of ATLAS and CMS experiments for the mass gave the
value My, = 125.09 + 0.21 (stat) &+ 0.11 (syst) GeV (Fig. 8]

L L L L L L L L L LA L L
ATLAS and CMS —— Total Stat 1 Syst
LHC Run 1 Total Stat Syst
ATLAS H—syy F——=—4 126.02+0.51 (+0.43 £ 0.27) GeV
CMS H—yy == 124.70 + 0.34 ( + 0.31+ 0.15) GeV
ATLAS H»ZZ—»4  —— 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ 41 —=— 125.59 + 0.45 (+ 0.42 + 0.17) GeV

| amasicms yy =— 12507029 (£02540.14) GV
ATLAS+CMS 41 |—|IE|—| 125.15 + 0.40 ( + 0.37 + 0.15) GeV

| ATLAs«CMS yyra .-é-u """"""""" 125,00 £0.24 (£0.21£0.11) GeV
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Figure 1.6: Summary of Higgs boson mass measurements from the individual
analyses of ATLAS and CMS and from the combined analysis [8]. The system-
atic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands),
and total (black error bars) uncertainties are indicated. The (red) vertical line
and corresponding (gray) shaded column indicate the central value and the total
uncertainty of the combined measurement, respectively.

Further studies conducted by ATLAS and CMS confirmed that the 125 GeV parti-
cle discovered is compatible with the SM Higgs boson, indeed the spin and parity
were confirmed to be equal to 07 by both ATLAS [55] and CMS [56] searches.
The Higgs width predicted by the SM, I, is almost equal to 4 MeV, quite low
with respect to the experimental mass resolution, so upper limits of I';, < 22 MeV
have been set at the 95% of confidence level by both experiments [57,58]. Fi-
nally the signal strength measured combining the results of both experiments is

p = 1.097015 and also the couplings to fermions and vector bosons were confirmed
to be compatible with the SM predictions, as shown in Fig. [1.7] [9].

Recently the combination of the two experiments have shown that the significances
of the VBF production process and of the h — 77 decay are at the level of 5.4
and 5.5 standard deviations, respectively [9].

1.2 Beyond the Standard Model Higgs

Despite its success in the description of the strong and electroweak interactions
and of the Higgs mechanism and properties, the SM theory presents unsolved
issues and seems to be valid only at the energies explored by the present hadron
colliders, the TeV scale |18]. The SM theory problems are the following:
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Figure 1.7: Negative log—likelihood contours of the relative to the SM predictions
Higgs couplings to fermions (kf;) versus the relative to the SM predictions Higgs
couplings to bosons (k{,) for the combined ATLAS and CMS measurements for the
individual decay channels (identified by the symbol f) as well as for their global
combination (kp versus ky shown in black), assuming that all coupling modifiers
are positive [Igl]
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it does not include the gravitational force

e it assumes massless neutrinos, which on the contrary have been observed
with non-zero masses [10,/11]

« it does not also explain the baryogenesis [12], the dark matter and the dark
energy [13}/14]

e it is based on the symmetry group SU(3)c x SU(2); x U(1)y which does
not provide the unification of the gauge coupling constants, the so called
unification problem

A Grand Unified Theory (GUT), solving the unification problem beyond the TeV
scale, for example up to the Planck scale Mp ~ 10" GeV, is expected to exist [59].
Furthermore in the SM two important issues are the naturalness and the hierarchy
problem [15]. The first issue is related to the fact that the radiative corrections
to the Higgs boson mass squared are quadratically divergent in the cut-off scale
A, which represents the energy scale at which the theory remains still valid and
consistent, and beyond this scale New Physics should appear. If A is chosen to be
the GUT scale, the mass of the Higgs particle will prefer to be close to the very
high scale unless an unnatural fine adjustment of parameters is performed, and in
order to cancel the divergences, to lie in the range of the electroweak symmetry
breaking scale, v ~ 250 GeV. The second issue is related to the reason why the cut—
off parameter A is much greater than v and the forces are spread along different
orders of magnitude.

These problems are not solved in the contest of the SM but many Beyond Standard
Model (BSM) theories have this purpose, besides wanting to fill the gap between
the electroweak and the Planck scale with new particles.

Last but not least: is the discovered scalar boson [1}2,8,9] the SM Higgs boson?
The way to test this hypothesis is to proceed with the precision measurements of
the SM parameters in the Higgs sector, including the Higgs mass and couplings to
the fermions and to the other bosons, and, more important, to directly measure the

Higgs self-coupling (g, = 3%, from equation [1.20f) by studying the double-Higgs
production modes [60]. However, data collected so far at LHC by ATLAS and CMS
(approximately 25 fb™' in total per experiment during Run I) are insensitive to
the self-coupling in the SM [61}/62], because of the expected small signal rates
and the large backgrounds. On the other hand, the current measurements do not
exclude the possibility that the discovered Higgs boson belongs to the Higgs sector
predicted by models beyond the SM (BSM). As discussed in the next sections,
the Higgs sector of some of these models, requires two Higgs doublets |18}|19],
and one of the neutral heavy Higgs of these models can decay into two lighter
“SM-like” Higgs bosons with the same mass and properties of the discovered

scalar boson, with a signal rate, depending on the model parameters, significantly
enhanced with respect to the SM double Higgs production. Furthermore, for
these models the invariant mass of the two SM-like Higgs, is another handle to
discriminate the signal of the decaying Higgs. The search for a resonant pair of
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“SM-like” Higgs boson is a probe for New Physics Beyond the Standard Model,
since the current achieved statistics at LHC can be sufficient to cover some part
of the parameter spaces of these BSM models, not yet excluded from the other
measurements |18,59]. This is the main motivation for the search presented in this
thesis. Two BSM models, the Minimal Supersymmetry Model (MSSM) |17,18] and
the Two-Higgs-Doublet-Model (2HDM) [19] will be used to interpret the Higgs
boson observed at LHC (section[l.1.4]). In this section the few key properties of the
Higgs sector of the MSSM and of the 2HDM will be described, which motivated the
experimental data analysis of this thesis. A detailed description of these models
can be found in [16}/18] and in [19].

1.2.1 The Supersymmetry and the Minimal Supersymme-
try Model

The Minimal Supersymmetry Model (MSSM) [18] is the simplest extension to SM
in the supersymmetry context based on the group SU(3)c x SU(2);, x U(1)y and
on the R—parity conservation.

The supersymmetry (SUSY) [16] is a symmetry that relates and transforms the
bosons into fermions and viceversa. They are organized in superfields of two types:
the simplest case is a scalar superfield, cointaining a complex scalar field and a
two-component Weyl fermionic field; the second is a combination of spin—1/2 gaug-
inos and spin—1 gauge bosons, called vector supermultiplet. Each supermultiplet
is composed of both fermion and boson states, which are commonly known as
superpartners of each other, and contains an equal number of fermion and boson
degrees of freedom. The presence of superpartners cures the quadratic divergen-
cies of the Higgs mass squared and if the symmetry was exact the masses of the
SM particles and their superpartners would be equal. The only freedom present in
this theory is the superpotential which gives form to the scalar field potential and
the Yukawa interactions between fermion and scalar fields |18]. Unfortunately the
SUSY cannot be an exact symmetry since no fundamental scalar particles have
been observed with the same mass of known fermions. Therefore SUSY has to be
broken in a way that the hierarchy problem is not reintroduced and that the gauge
invariance and the renormalizability of the theory are preserved. This can be done
introducing by hand terms that break the symmetry and give the SUSY-breaking
mechanism. This leads to a low—energy effective SUSY theory, called the Minimal
Supersymmetry Model (MSSM).

SUSY then implies that the spin—1 gauge bosons and their spin—1/2 partners, the
gauginos (Table , are in vector supermultiplets. There are only three genera-
tions of spin—1/2 quarks and leptons, which belong to chiral superfields together
with their spin—0 superpartners, the squarks and sleptons (Table[1.3)). Finally two
chiral superfields ]:]1, flg with hypercharges equal to -1 and +1 respectively are
needed to delete the quadratic divergences, and their scalar components H; and
H, (Table give masses to fermions while the two doublets fields lead to five
Higgs particles, as will be described later.
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The R—parity is defined as

RP _ (_1)28+3B+L (124)

where s, B and L are the spin, barion and lepton quantum numbers respectively.
The R-parity is equal to +1 for the SM particles and -1 for their supersymmetric
partners. Its conservation leads to the fact that the SUSY particles are produced
in pairs and that the lightest SUSY particle is stable. The symmetry breaking is
realized adding terms to the Lagrangian without introducing other divergences,
called soft-SUSY-breaking, introducing a huge number of unknown parameters.
These parameters are reduced making assumptions like no CP-violation and no
flavour—changing neutral currents (FCNC)H at three level. Further details can be
found in [16,/18].

Superfields Quantum numbers Particle contents
SU(B)c SU(2), U(1)y | SM particles | Superpartners
Superpartners of gauge bosons
G, 8 1 0 G G,
W, 1 3 0 Wk W,
B, 1 1 0 B* B
Superpartners of fermions
Q 3 2 1/3 (ug,dr) (ﬁL, CZL)
U° 3 1 -4/3 g i
D¢ 3 1 2/3 dp d
L 1 2 -1 (vi,er) (0p,€1)
E° 1 1 2 R &
Superpartners of Higgs bosons
H, 1 2 -1 H, H,
H, 1 2 1 H,.H,

Table 1.3: The list of the MSSM superfields composed by the SM particles and
their superpartners, and their quantum numbers. The MSSM Higgs sector is
composed by the two superfields H; and H, [1§].

Let’s focus then the attention on the Higgs sector in the MSSM. As already said
two doublets of complex scalar fields, H; and H,, are necessary to break the
electroweak symmetry and to delete divergencies:

1Y H\ .
H = {,.] withY =-1, Hy=1|,%] withY = +1 (1.25)
Hy Hy

9The flavour—changing neutral currents (FCNCs) represent the transition of a fermion which
changes its flavour and not the charge. These processes are suppressed at tree-level in the SM
and as well at higher orders by the Glashow—Iliopoulos—Maiani (GIM) mechanism [63].
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The expression of the scalar potential (see eq. for the SM scalar potential) in
this case is given by:

Vs = (In* +miy, ) [H,]* +
(Il +miy, ) | H)* —
pBe;; (H{Hﬁ + h.c.) +

9+ gi
8

(1.26)

(|5 + i 8 = | )+

2
g —% * 2
o |Hi"HY + HY H |
where p is the MSSM equivalent strength parameter used in the SM Higgs de-
scription and g; and g, are defined in[I.1.2] This potential provides a spontaneous

symmetry breaking at its minima, therefore leading the two Higgs doublets to
vacuum expectation values:

(1Y) = ;15 {(HD) = \% (1.27)

where the two vacuum expectation values are related to the SM one by

AM7
(’U% + vg) =0t = —Z _ — (246GeV)’ (1.28)

(97 + 93)
An important parameter can be defined to describe the MSSM phase space:

v v sin
tanf = 2= g
v, v cosf

(1.29)

In order to obtain the Higgs physical fields and their masses, the two Higgs dou-
blets have to be rewritten around the vacuum values and using real and imaginary
parts. The real parts represent the CP—even Higgs bosons and the imaginary parts
correspond to the CP-odd Higgs and the Goldstone bosons. The resulting fields
are:

e The two CP-odd scalar fields:

()= (0 o) () 10
B p (H3)
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o The four charged scalar fields:

G* _ [ cosB sinf Hi
(Hi> N (— sin 8 cosf) \HY (1.31)
e The two CP—even scalar fields:
H\ ([ cosa sina) (Re(HY)— v (1.32)
h)  \—sina cosa) \Re(HS) — v, '

where «, the mixing angle between the two CP—even scalar Higgs fields, is equal
to:

M3 + M3

1
a = —arctan | tan2f———5
2 My — Mz

>,—g§a§o (1.33)

The Goldostone bosons result to be massless and become the longitudinal modes
of the Z and W massive vector bosons. The resulting five Higgs physical states,
a neutral psudoscalar A, two neutral scalars H, h, and two charged scalars HE,
are massive and their masses are related in the following way:

M?+ = MX + My,

1 1.34
Mgy, = 3 [Mi + M:F \/(Mi + M%)2 — 4M3} M3 cos® 23| . (1.34)

The supersymmetric structure has strong constraints on Higgs spectrum. Only
two parameters are considered free at tree level, tan8 and Mj,, and there is a
strong hierarchy on the mass spectrum:

e My > max (MA,MZ)
o My+ > My

e M, < min (MA,MZ) - Jecos 28| < My

These parameters will be used in section in the context of a specific MSSM
scenario and to interpret the results of the search conducted in this thesis in
section

1.2.2 The Two—Higgs—Doublet Model

Another possible extension of the SM are the Two—Higgs—Doublet—Models (2HDM) [18|
19]. In these models two scalar doublets provide masses to other particles by the
means of the Higgs mechanism solving, under some hypothesis, several anomalies
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of the SM like for istance the supersymmetry. The most general scalar potential,
Vg, assuming two complex doublets of SU(2); with hypercharge Y = +1, with
scalar fields ¢; and ¢, equal to

e <¢?> V2 <¢3+i¢4> 02 = <¢3) V2 <¢7+i¢8> (1.35)

contains 14 parameters and it can be expressed assuming a CP—noninvariant the-
ory, the gauge invariance and a correct breaking of SU(2); x U(1)y by

Vs = mi1gl61 +mbaoiey — mis (6102 + gl ) +
2 (alon)” + 22 (sdn)" +
AsPl16hdn + Nl dadhdi+
{A; (6102)" + [Ao(@01) + Me(6h62)] Bl + h.c.}

(1.36)

The 14 coefficients are all non—zero and real, except for m3, and A5 67 that are
complex and lead to a possible violation of CP. The expression of the scalar po-
tential is quite complicated from a phenomenological point of view. However, to
construct models that could be tested in modern experiments, several reasonable
simplifications might be applied [19]:

o CP-symmetry is not spontaneously broken and is conserved in the Higgs
sector.

o Tree level flavour-changing neutral currents (FCNC) are absent. Introduced
symmetries, which ensure absence of FCNC, will also eliminate quadratic
terms (see equation |1.36]), where one of the doublets appears an odd number
of times.

Under these hypotheses, A\¢ = A7 = 0. Similarly to the SM (see section [1.1.3]) the
minimization of this potential provides the vacuum expectation values of the two
scalar fields:

(¢1) = 315 (?) , (B2) = ;"5 (2) (1.37)

where v; and v, are the same vacuum expectation values described in the MSSM

section (1.2.1]). In order to obtain the Higgs physical fields, the fields have to be
decomposed, as already described for the SM and the MSSM theories, obtaining
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eight fields:

_ o .
= (s in pv3) =12 139

Three of them, the Goldstone bosons, are massless and give mass to the Z and W
vector bosons. The other five fields are the physical fields, the same of the MSSM,
H*, A h,H. After expanding ¢, (eq. into the 2HDM potential, considering
the simplifications mentioned above, the squared mass matrices for ¢, , p, and 1,
fields might be obtained. Mixing angles that diagonalizes these matrices are the
two most important 2HDM parameters: the angle a that diagonalizes the neutral
scalars matrix and the angle 8 (tan 8 = vy /v;) that diagonalizes the pseudoscalars
and the charged scalars matrices. By rotating the basis we can express the neutral
physical fields as function of p, and 7, using the definitions of o and 3, obtaining:

» the physical pseudoscalar field A = n;sin 8 — 1y cos 8

o The physical scalar fields, the lighter h = p; sin @ — p, cos @ and the heavier
H = —p;cosa — pysina

The SM Higgs boson field would be then:

H%M = p, cos 8+ pysin B = hsin(a — 8) — Hcos(a — f3) (1.39)

The assumption of absence of the FCNC is guaranteed by the Glashow—Weinberg
condition that all the fermions of a given representation receive their masses
through renormalizable Yukawa couplings to a single Higgs doublet [23]. This
condition is satisfied by four assignments, where by convention up-type quarks
are always taken to couple to ¢, doublet:

o Type I: all fermions couple to one doublet, the ¢,

o Type II: the up—type quarks couple to ¢, doublet, the down—type and
leptons couple to ¢,

o Type 3 - lepton—specific: quarks couple to ¢, doublet and leptons ¢,

« Type 4 - flipped: up—type quarks and leptons couple to ¢, doublet, the
down—type quarks to ¢,

Under all these assumptions, the free parameters left in 2HDM are then: My,
My, My, M+, m3s, tan 5 and cos(f—a) [19]. The interactions of the Higgs fields
with vector bosons and fermions are determined by g and «, so they are the only
parameters which determine the phenomenology of 2HDM.
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In this thesis the 2HDM Type I]F_UI, like the MSSM, has been chosen to interpret the
process H — hh, since this process is enhanced in a specific benchmark scenario, as
will be explained in the following section. Moreover, this model has the structure
of the supersymmetric model, indeed it includes the MSSM. Obviously there are
differences between the two models and it is important to highlight some of them:
for example the 2HDM Type II doesn’t have an upper bound for the lightest
Higgs boson which is an important characteristics of the MSSM; in addition the
parameters «, the scalar and the psudoscalar masses are arbitrary, while in the
MSSM the same quantities have constraints (respectively eq. and .

1.3 The H — hh process at LHC

In the following sections the process H — hh at LHC and the main motivations of
the search conducted in this thesis will be described in the context of MSSM and
2HDM models. Both theories, in order to introduce the observed scalar boson,
require that the CP—even neutral scalar h has the same couplings and proper-
ties of the SM Higgs. This assumption is supported by recent results, where the
hypothesis that the heavy BSM H is the discovered new boson is strongly dis-
favoured [64,65]. Last but not least, this process has an enhanced sensitivity in
the parameter region with low tan 3, not yet excluded by direct searches of the
MSSM Higgs boson, described in [65-69], and accessible with the data collected so
far by the ATLAS and CMS experiments at the LHC working at a centre of mass
energy /s = 8 TeV. The theorical predictions about cross-sections and branching
fractions reported in the following, are evaluated at 8 TeV.

MSSM low—tanB—high scenario

The discovery of a boson with a mass of around 125 GeV supports the MSSM h
Higgs, since in this model the lightest CP—even h boson is predicted with a mass
less than ~ 130 GeV, with an uncertainty of 3 GeV [20-22]. The H — hh process
can be used to probe the MSSM in the [M A, tan ﬂJ plane and in particular the
low tan § region (tan 5 < 3).

In Fig. the total H production cross-section section in the parameter space
[M A,taﬁ is shown. Recent measurements by ATLAS [66,67] and CMS [65,/68]
excluded the so called high tan 5 region [21], leaving still room for the search
of this process in the low tan § region, not yet excluded. Furthermore, in this
region the dominant production process is the gluon fusion, gg — H, (red line of

Fig. [1.8D).

An important aspect for the prediction of the H branching fractions, is that the
couplings to fermions and bosons are all described in terms of the mixing angles
a and ( [21},22].

O following 2HDM, if not otherwise specified, will indicate 2HDM Type II.
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Figure 1.8: (a) MSSM production cross-sections of the neutral heavy Higgs boson
H in the [MA,tan ﬁ] MSSM plane with the constraint M), = 125 GeV . (b)
MSSM production cross-sections of the neutral Higgs bosons as a function of My

with M, = 126 GeV and tan 8 = 2.5 [22]. The simulation assumes a centre of
mass energy of 8 TeV for LHC.
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In particular, the trilinear Hhh coupling can be written:

Grnn X 2sin 2acsin(f + ) — cos 2a cos(f + ) (1.40)

For a SM-like h, « tends to 8 — 7/2 (the so called decoupling limit [22]), as a
consequence, the H — hh decay is highly suppressed at high tan 3, but dominant

at low tan 3, thanks to the coupling gy, (eq. [1.40)).

In figure |1.9af the B (H — hh) in the {MA, tan 6} plane is reported, showing that
the highest value of this branching fraction is predicted by the model in the low
tan 3 region. In addition, fixing tan 8 equal to 2.5, the H — hh is the favored
process when the H mass is in the range 2M), < My < 2M,, as shown in Fig. [T.9b]

In this thesis the results of the search of H — hh process (section will be
interpreted in terms of the so called “low—tan —high” scenario [70], which provides

the production cross-sections and branching fractions for a grid of values of My
and tan 8, with 1 < tan g < 4.

2HDM Type 1I scenario

The 2HDM Type II also assumes that the lightest Higgs h is the SM-like Higgs
boson with My ~ My ~ M+ [23]. Under these constraints, the couplings of the
h are SM-like, realizing the so called alignment limit, where cos (8 — a) = 0. Also
in this case, the couplings of the Higgses of this model to fermions and bosons are
parameterized in terms of the mixing angles « and /5 [19)].

In particular, the Hhh coupling is given by:

cos(f —
9Hhh X cos(f ~a) ” )MEI (1.41)

As a consequence, in the alignment limit this decay is suppressed, while in the
approximation cos(f — «) & 0, near the alignment limit, the dominant decay is
H — hh, being for this process the decay width, I'(H — hh), proportional to
M3, /v* in the region 2M, < My < 2M,.

The inclusive production cross-section of H boson times its branching fractions,
o-B(H — X), is reported in Fig. At low tan (3, near the alignment limit,
the dominant contribution is the H — hh and the leading production process
from [19] is the gluon fusion. On the other hand, for high values of tan/ the
H — hh process is suppressed, as shown in Fig. [1.10b]

In this thesis the results of the search of H — hh will be interpreted in terms of the
so called “2HDM Type II” scenario which provides the production cross-sections
and branching fractions for a grid of values in the [cos (8 — «) , tan 3] plane, with
fixed masses for Higgses, M}, = 125 GeV (near the alignment limit), My = M, =
M+ and m2, = M3 tan B/(1+ tan® B).
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Figure 1.9: (a) MSSM branching fractions of the neutral heavy Higgs boson into
two h bosons in the [M A, tan B} plane with the constraint M, = 125 GeV |\ (b)
Possible branching fractions of the neutral heavy MSSM Higgs boson as a function

of My with M, = 126 GeV and tan = 2.5 . The simulation assumes a centre
of mass energy of 8 TeV for LHC.
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TYPE 2: Inclusive 0-B (H—X), tanS=1, cos(f—a)=-0.11,A5=0
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Figure 1.10: Cross-section times branching fraction o - B(H — X) to available
final states in units of pb for 8 TeV proton—proton collisions for the non-SM-
like scalar Higgs boson as a function of My for 2HDM Type II with tan§ = 1,
cos(f — a) = —0.11 (a) and with tan 5 = 10, cos(f — o) = —0.02 in (b), with
Ase7 = 0and M, = My for both scenarios [23)].
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1.4 Physics motivations and challenges for the
search of H —+ hh — bbT, 7, channel
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Figure 1.11: Feynman diagram of the process gg —+ H — hh — bbr7.

The process studied in this thesis is the production of a heavy Higgs boson decaying
in two 125 GeV Higgs bosons in bb7 7 final state (Fig.[L.11)), in the context of MSSM
and 2HDM.

Main motivation of this search is that these models predict, for a well defined
parameter region (previous sections), an enhanced production rate for the process
gg — H and meanwhile the favoured decay mode is H — hh with h being the
SM-like Higgs boson. All these characteristics make the search for double Higgs
production very appealing at LHC with the data collected in 2012, in order to
probe for new physics beyond the SM. On the other hand, several decay modes
of the h pair produced in the process gg — H — hh can be investigated. In the
context of looking for two 125 GeV Higgs bosons, the final state in which one
h decays into a pair of 7 leptons and the other h decays into b quarks is very
appealing, thanks to the high branching fraction of the h — bb (B = 57.5 + 1.9%
[24]) and the quite clean and efficient signature of the h decaying into a 7 pair (B
= 6.3 £+ 0.36% [24]). Moreover, the most recent results of the evidence greater
than 30 for the 125 GeV Higgs boson decaying into 7 leptons [71,[72] and its
combination with h — bb searches [73,74] gave stronger evidence of the 125 Higgs
boson coupling to the fermions [75]. The choice of this final state is a compromise
between the decay modes, H — hh — bbbb, which has the highest branching
fraction but an overwhelming QCD background, and H — hh — bby~, which has
a very clean signature but a very low branching fraction (B(h — vvy) = 0.228 +
0.011%). Given the potential of discovery or exclusion of new physics beyond SM,
searches for the decays H — hh have been performed by the ATLAS [25-27] and
CMS Collaborations [28-33] in di-photon, multilepton and bb final states. The
H — hh — bbbb and H — hh — ~~bb final states were already studied in other
CMS analyses [29-33].

In this thesis the 7,7, final state, where 7, indicates a 7 which decays into hadrons
plus a tau neutrino, was investigated. The decay h — 7,7, called fully-hadronic
channel, was chosen thanks to the very good performance of the 7, reconstruction
and identification provided by CMS experiment. In CMS the 7,, is reconstructed
as a jet with well defined properties (section . Last but not least the fully—
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hadronic channel constitutes the 42% of the di-tau decay modes. This decay
channel is complementary to the 7;7,, the semileptonic channel (~ 46%), where
7; stays for a 7 lepton which decays into muon or electron, and to the 77, the
fully-leptonic channel (=~ 12%), where both taus decay into muons or electrons.

The expected signature for H — hh — bbr, 1, is then characterized by the pres-
ence of two b jets and 2 7 jets (Chapter . Unfortunately this final state can be
reproduced by different processes in which jets from quark or gluon are present.
These are the multiple interactions in the proton—proton collisions and SM pro-
cesses which mimic the searched signal process. In Fig. the cross-sections
of the SM processes investigated so far by CMS are shown. This figure reveals
that the SM double Higgs production is quite prohibitive (with a cross-section of
the order of 10 fb), while the process g¢g — H — hh — bbr7 in the context of
the MSSM and 2HDM, despite the low cross—section (order of 1.5 pb), can be
still achievable. The dominant background of this search is the multijets process
that with the SM background processes, are the main challenge for this search,
having cross-section orders of magnitude greater than the studied process. These
backgrounds and their modelling will be described in Chapter [4
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Figure 1.12: The most recent CMS cross-section measurements (and upper limits)
of the SM processes compared to their theoretical prediction. The horizontal blu (7
TeV) and green (8 TeV) lines indicate the predicted cross-sections while the points
mark the measured values. The production cross-sections of processes measured
at CMS span several orders of magnitude [76].



Chapter 2

The CMS experiment at LHC

The data analysed in this thesis were collected by the Compact Muon Solenoid
(CMS) detector (5] at the Large Hadron Collider (LHC) [5] at CERN. This chap-
ter provides a general description of the experimental framework, the accelerator
system, the detector, the trigger and the infrastructure, involved in producing and
recording the data.

2.1 The LHC machine

The LHC is a circular proton-proton collider situated at CERN near Geneva in
Switzerland. It is the last stage of the CERN accelerator complex shown in Fig. [2.1]
Main purpose of this collider is to reach collision energies never achieved before at
other hadron colliders, in order to probe the Standard Model theory, to explore
the TeV scale and looking for New Physics.

It has been installed in the 27-km long tunnel built for the Large Electron Positron
collider (LEP) [51], dismissed in 2000. The design of the machine provides a beam
acceleration up to 7 TeV, reaching a centre of mass energy of 14 TeV and an instan-
taneous luminosity £(t) of 10**¢m™2s~". Moreover heavy ions Pb-Pb collisions are
possible, in which the beam energy is 2.7 TeV, achieving an instantaneous lumi-

nosity of £ = 10*cm 2.

2.1.1 LHC complex and acceleration scheme

In Fig. 2.1, a schematic overview of the complex acceleration system of the LHC
machine is reported. The protons are produced from hydrogen ionization and
are pre-accelerated before entering in the LHC machine. The first acceleration
is provided by the linear accelerator LINAC2 up to 50 MeV. Then the beam
is injected in the Proton Synchrotron Booster (PBS) in which the protons are

39
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accelerated up to 1.4 GeV. Subsequently the beam energy arrives to 26 GeV in
the Proton Synchrotron (PS) where the protons are separated in bunches with
25 ns time-separation. Finally the bunches are transferred to the Super Proton
Synchrotron (SPS), accelerated up to 450 GeV and then injected to LHC. The
LHC is the last stage of a complex system of accelerators. It is composed of two
rings in which injected protons circulate in opposite directions, with separated
magnetic fields and vacuum chambers in the main arcs and with common parts at
the interaction points. The original design provides that protons are collected in
2808 bunches composed of 10" protons each and with a time separation of 25 ns.
The tunnel is not a perfect ring but it is composed of eight arcs and eight straight
sections. In the arcs are present dipole magnets and focusing quadrupoles. The
dipole magnets (in total 1232) for bending the protons operate at 1.9 K reaching
a maximum of 8.33 T, thanks to their superconductive characteristics. In each
straight section there are superconductive radio-frequency cavities which are tuned
to oscillate at 400 MHz.

Inside LHC the protons are accelerated up to 7 TeV where, thanks to the radio-
frequency cavities, they keep their energy.

CERN's Accelerator Complex

CMS

LHC North Area
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HiRadMat
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Figure 2.1: A schematic representation of the CERN accelerator complex ||

In the LHC tunnel, four different experiments are located in the interaction points:
ALICE (A Large Ion Colider Experiment) [78], aiming to study the quark-gluon
plasma characteristics generated in the heavy-ion collisions; ATLAS (A Toroidal
LHC ApparatuS) [4] and CMS (Compact Muon Solenoid) [5], general-purpose
detectors, located in the points of highest luminosity and diametrically opposite
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in the straight sections, designed to study the nature of electroweak symmetry
breaking and discover new physics up to the TeV scale; LHCb (Large Hadron
Collider beauty) [79], dedicated to study the rare decays of b hadrons and to
perform precision measurements of CP violation.

Luminosity One of the key parameters that characterizes a collider performance
is the machine instantaneous luminosity (£), since the production rate for events
of a given physical process is proportional to it. In particular at LHC:

VLHC process — OLHC process * L (21)

where Vi pc process ad 0L process are respectively the rate and the production
cross-section of a process at the LHC. £ is a function of the beams parameters
and for beams composed by Gaussian distributed bunches with equal amount of
protons per bunch, it can be written as:

2

= TNy g (2.2)
dme, B

In eq. ~ is the Lorentz factor of the protons in the beam, fis the bunch

frequency, kg is the number of bunches per beam, N, is the number of proton per

bunch, ¢, is the normalized transverse emittance, 5* is the beta function at the

interaction point and F is a reduction factor due to a non-7 intersecting angle of

the beams.

2.1.2 LHC milestones

The LHC adventure started in 2010 after some technical problems which delayed
the data-taking of almost one year, operating at a centre of mass energy /s =
7 TeV and delivering at the end of 2010 a total integrated luminosity of 44 pb™!
and 6 fb™" at the end of 2011. In the 2012 the beam energy was increased to 4 TeV
and with a bunch spacing of 50 ns per each. At the end of the data-taking period,
called Run I, the total integrated luminosity delivered to CMS was 23.3fb™! out
of which 21.79fb™" was recorded. During this period the maximal instantaneous
luminosity registered at the CMS collision point was 7.67 x 10** cm™? s, while
the LHC design peak luminosity is 10** cm™2 s 1.

The analysis presented in this thesis uses the data collected during the Run I:
instantaneous luminosity and cumulative luminosity at CMS collision point for
this period are shown in Fig. 2.2

The total inelastic cross-section measured for p—p collisions during Run I, as re-
ported in [80], is about 75 mb. Despite the high luminosity reached by the LHC
during the Run I, the high rate of collisions caused the overlap of several inter-
actions in the same bunch crossing, the pile—up effect, degrading the performance
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of the CMS detector. For Run I an average of 21 proton-proton interactions was
reconstructed per bunch crossing, as shown in Fig. [2.3] where the multiple in-
teractions arise from the same bunch crossing and from different bunch crossings
(out-of-time pile—up). At the analysis level, in order to discriminate the primary
hard collision corresponding to an interesting event from the pile-up events, the
most energetic proton-proton collision per event is selected and is referred as the
primary hard interaction, while the other collisions in the event are called pile—up
interactions.
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Figure 2.2: LHC performance at /s = 8 TeV in terms of (a) instantaneous lumi-
nosity delivered and (b) integrated luminosity in 2012. The blue curve corresponds
to the delivered integrated luminosity while yellow curve corresponds to the data
recorded under stable beam conditions .

2.2 The CMS detector

The CMS experiment [5] has been designed to study the p-p collisions at the LHC
with the purpose of testing the Standard Model (SM) theory, which is culminated
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Figure 2.3: Mean number of interactions per bunch crossing collected in 2012 .

with the discovery of a scalar boson compatible with the SM Higgs boson [1,[2]
and in order to explore the TeV scale.

The CMS detector has a cylindrical symmetry around the beam axis, composed of
a central part, called barrel, and enclosed by two disks, called endcaps. It is quite
compact, as the structure reveal: it has a diameter of 14.6 m, a length of 21.6 m
and a weigth of 12500 tons, and its coverage is hermetic up to n = 5. In Fig. [2.4]
a schematic view of the CMS detector is shown. Looking at Fig. and starting
from the collision region, the following subdetectors can be found:

« an inner tracking system, composed of silicon sensors equipped with pix-
els and strips, which gives a very good vertex reconstruction and a good
resolution for the particle momenta

« an electromagnetic calorimeter (ECAL), which gives an accurate mea-
surement of the electrons and photons energies, thanks to its granularity and
wide coverage

« a hadron calorimeter (HCAL), which covers hermetically the collision
zone and, thanks to its sampling structure, provides a very good reconstruc-
tion of jets and of the missing transverse energy

 asolenoidal superconducting magnet, long 13 m and with a radius of 3 m,
quite big to host the inner tracking and the calorimeter systems. It provides
an almost uniform magnetic field of 3.8 T along z, allowing the measurement
of the charged particles momenta in the inner tracking system.

« a muonic system interspersed between the iron plates of the return yoke.
The complete coverage and a redundant system of four muon chambers pro-
vide a good identification of the muons and a good momentum resolution
also at very high energies
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The search presented in this thesis uses all the CMS subdetectors. In the next
sections a short description of the CMS subdetectors and of the trigger system is
given. More details can be found in [5].

Superconducting Solenoid
Silicon Tracker

Very-forward 7 ) SWY S Pixel Detector
Calorimeter / )=

Electromagnetic
Calorimeter

Compact Muon Solenoid

Figure 2.4: Schematic view of CMS detector and its subdetectors ||
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Figure 2.5: Transverse view of CMS detector in the barrel region, where detectable
particles signatures are also highlighted.
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2.2.1 Coordinate System and Useful Variables

The CMS coordinate system has its origin in the nominal interaction point, located
in the center of the detector. The z axis is along the beam line and points toward
the Jura mountains from LHC P5, where CMS is located. The x axis is horizontal
and points toward the center of the LHC. The y axis is vertical and points upward.
Thanks to its geometric symmetry, it is natural to define a cylindrical coordinate
set (r, ¢, 0). Using the cartesian coordinate set (x,y, z), r is the distance from the

beam axis in the transverse plane r = /2 +¢% ¢ = tanflg is the azimuthal

2 2
angle measured in the = — y plane in the range [—7, +7]; § = tan 'Y x;y , is the
polar angle measured from z axis in the range [0, +7].
Instead of the polar angle 6, the pseudorapidity is used in high energy physics

(HEP) and in this thesis. The pseudorapidity (7) is defined as follows:

n=—In <tang> (2.3)

in the range [—00, +00]. The pseudorapidity is an approximation at high energies
of the rapidity defined as:

1 E+pL
= -1 2.4
y 2n(E_pL) (2.4

where p; is the longitudinal momentum along the beam line. The rapidity is
important because the difference of rapidities of two particles is a relativistic in-
variant for a Lorentz boost along the z axis and at the same time it is strongly
dependent on kinematic variables. The same is true for the pseudorapidity.
Another important quantity, the number of particles produced during a collision
in a dn interval (dN/dn) is invariant along the z axis. Other useful variables used
in HEP and in this thesis are

e the transverse momentum py = p - sinf = /p> +p§ + p? - sin 6, where p,,

p, and p, are the projections of the momentum of a particle p respectively
along the z, y and z axis

o Another useful variable is the Lorentz invariant separation, AR, between
two particles, defined in terms of their difference in pseudorapidity, An, and
in azimuthal angle, A¢, as:

AR =\ AP + Ag? (2.5)

AR is used in this thesis to define a z—boost invariant cone opened around
a single particle direction or detector position, in order to study nearby
detector activity.

Another important element is the beam spot. The beam spot is the luminous
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region near to the coordinates origin, where two proton beams collide. It is wide
16 pum along x axis, 100 um along y, and it is long around 15 cm along z direction.
The beam spot is the origin for all proton-proton interaction products and its

location plays an important role during the event reconstruction, as described in
Chapter

2.2.2 Tracking System

The CMS tracking system [82] is the innermost CMS subdetector. It is designed
to provide precise measurements of charged particle trajectories and momentum
up to n ~ 5, as well as the positions of the primary and secondary vertices,
which are crucial for the subsequent physical objects reconstruction. At the design
operation conditions, the average amount of particles produced by proton-proton
interactions in one bunch crossing is approximately 1000. To achieve a good
precision in such high flux environment, the tracking system is composed by high
granularity silicon detectors. The almost uniform magnetic field of 3.8 T, produced
by the superconducting solenoid, described in section [2.2.5] allows to measure the
transverse momentum of charged particles by bending their trajectories. The
chosen tracker design allows to detect with a good efficiency and accuracy the
trajectories of all charged particles with 1 < ppr < 100 GeV produced in the
collisions with || < 2.5. The layout of the inner tracking system is shown in
figure 2.6] It is composed by the pixel detector and the strip detector described
in the following.
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Figure 2.6: Schematic cross-section through the CMS tracker in the » — z plane,
where the interaction point is highlighted with a star and the main components
are written: Pixel Detector (PIXEL), Tracker Inner barrel (TIB), Tracker Outer
barrel (TOB), Tracker Inner Disk (TID) and Tracker endcap (TEC) [83].
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Pixel Detector

The innermost part of the tracker is composed by the silicon pixel detectors
(PIXEL), while the outer parts are using silicon strip detectors. Each of these
parts is divided in barrel and endcap regions. The PIXEL (Fig. includes
three cylindrical barrel layers and two endcap disks on each side [82]. The barrel
layers are 53 cm long with the average radii of 4.4, 7.3 and 10.2 cm. The endcap
disks are located at |z| equal to 34.5 and 46.5 cm extending in radius from 6 to
15 cm, covering a region up to |n| < 2.5. Both barrel and endcap are using 285
pm thick silicon modules with pixel size 100 x 150 wm?. The pixel modules are
arranged into half-ladders in the barrel part and into blades in the endcap. The
total number of modules in the pixel barrel and in the endcaps is 768 and 672,
respectively, which represents the overall area of approximately 1 m? with about
6.6 - 10" readout channels, organized in about 16000 modules of 52 columns and
80 rows. The endcap disks are assembled in a turbine-like geometry, where the
blades are each rotated by 20° around their radial symmetry axis. This specific
geometry has been chosen to profit of the Lorentz force in order to achieve a good
spatial resolution in the 7 region, covered by the endcaps. A charged particle
that traverses a module of PIXEL, produces a signal on different nearby pixels,
which are combined in a hit. The high pixel granularity allows to obtain a three—
dimensional measurement of the hit position, which is a key component for the
precise vertex reconstruction. By calculating weighted average through the charge
collected within a hit and by taking into account corrections due to the Lorentz
drift of the collected electrons, the resulting hit position resolution of PIXEL is
approximately 10um in the transverse direction and 20—40 pm in the longitudinal
direction, depending on 7.

Strip Detector

In the outer region (20 < r < 110 cm), where the flux of particles is reduced, a
strip silicon detector is used. The strip tracker is divided in four parts (Fig. :
Tracker Inner Barrel (TIB), Tracker Outer Barrel (TOB), Tracker Inner Disk
(TID) and Tracker End Cap (TEC). The inner parts of the strip tracker, TIB
and TID, are located in the radial region 20—55 cm with |z| < 124 cm and are
composed of 4 layers and 3 x 2 disks, respectively. The TIB and TID use 320
pm thick micro-strip silicon sensors with the pitch size varying for different layers
in the range [80,120] wm for TIB and [100,141] pm for TID. The resulting TIB
spatial resolution is 23—35 um in the transverse direction. The outer strip tracker
comprises 6 TOB layers, which occupy 55 < r < 116 ¢cm with |z| < 110 c¢m, and
9 x 2 TEC disks, which occupy the region 124 < |z| < 282 cm, extending the 7
region covered to n = 5. In the TOB and 3 outer TEC disks 500 um thick strip
silicon sensors are used to improve signal-over-noise ratio, while in the 4 inner TEC
disks 320 um sensors are used, same as TIB and TID. The pitch size varies from
122 to 183 pum for the TOB and from 97 to 184 um for the TEC. The resulting
TOB spacial resolution is 35-53 pum in the transverse direction. In the first two
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layers of TIB and TOB, and in the transition region between different parts of the
tracker, as shown in figure [2.6] double sided modules are used. These are back-
to-back modules with 0.1 rad “stereo” rotated strips. Such configuration allows
to simultaneously measure transverse and longitudinal hit position. Longitudinal
resolution for the “stereo” modules is 230 pm for the TIB and 530 pm for the TOB.
The inner tracker covers the region |n| < 5, providing up to 10 high resolution
measurements for charged particles with |n| < 2.4.

While the tracker provides key information for trigger (being a fast detector) and
to reconstruct physical objects, it also adds significant amount of material budget.
The total material budget added by the tracker is shown in Fig. and, depending
on 7, it is equivalent to ~ 0.4 - 2 radiation length, X, , or ~ (.14 - 0.56 nuclear
interaction length, A; [35].
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Figure 2.7: Total thickness of the tracker material traversed by a particle produced
at the nominal interaction point, as a function of pseudorapidity 7, expressed in
units of radiation length X, (a) and in units of interaction length \; (b),
showing the total material budget of each of the tracker subdetectors, together
with contributions from the beam pipe and from the support tube that surrounds
the tracker [83].

2.2.3 Electromagnetic calorimeter

The CMS electromagnetic calorimeter (ECAL) has been designed to measure
at best the energy and the direction of the electrons and of the photons. The design
was optimized for the detection of the process h — v, which was considered as
one of the “golden” channels for the Higgs boson discovery. Therefore, in order
to obtain a good resolution for invariant mass of the ~ pair, both energy and
angular resolutions of the calorimeter are important. The high angular resolution
it is also important to separate two closely located photons to suppress 7° — vy
background.
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ECAL, located after the inner tracker, is a homogeneous and hermetic calorimeter
composed by lead tungstate (PbWQO,) crystals with an array of photodetectors
placed after a preshower detector. The choice of the PbWOQO, is appropriate for
the LHC requirements. The high density, p = 8.28 g/cm3, the short radiation
length, X; = 0.89 cm and the small Moliere radius EL Ry = 2.2 cm made possible
to construct a compact calorimeter with high granularity. The crystal has also a
fast time-response (emitting the 80% of light in 25 ns) and it is radiation hard
(up to 10 Mrad). Due to low light yield (30 v/MeV) it is important to use fast
photodetectors with a high gain and suitable for operating in a strong magnetic
field, like avalanche photodiodes (APDs) in the barrel and vacuum phototriodes
(VPTs) in the endcaps.

It is separated in the barrel (EB) and endcap (EE) sections, as in Fig. [2.8 The
barrel part (EB), with an internal radius of 129 cm, covers a region up to |n| <
1.479. The 61200 crystals of EB have a truncated pyramid shape which varies with
1 and create a n — ¢ grid. Each crystal is long 230 mm with a section towards the
interaction point wide 22 x 22 mm?, with a granularity equal to 0.0174 x 0.0174
in An x A¢, corresponding to an average of 25.8 X,.

The endcap part (EE) covers a region 1.479 < || < 3.0 and it is distant 314
cm from the nominal interaction point. Each endcap is divided in two parts with
a D shape, named “Dees”. The crystals are all identical and have a front area
wide 28.62 x 28.62 mm?®, the back area wide 30 x 30 mm?® and they are long
220 mm (24.7 X,). A preshower sampling calorimeter, located in front of the
EB calorimeter, provides a good separation between n° and ~. It is made by
two alternate layers of lead and silicon strip detectors. The preshower has a total
thickness of 20 c¢m, corresponding to about 3 X, and covers the region between
1.653 < |n| < 2.6.

The energy resolution for ECAL up to energies of 500 GeV has been parameterized
as follows:

() = () +(%) e i mm G, 20

where a is a stochastic term that includes the statistical fluctuations of the shower
containment as well as a contribution from the photostatistics; o, is the noise
term due to electronic noise and pile—up energy; the non uniformity of the light
collected by the calorimeter, the intercalibration errors and the loss of energy from
the back side of the crystal contribute to the constant term ¢, which has to be
kept lower than 0.55% to profit of the excellent stocastic term provided by PbWO,
crystal, relevant for the Higgs searches.

Different contributions to the energy resolution are shown in Fig.[2.9] The param-
eterization of the energy resolution used to obtain Fig. has been obtained in a
test-beam [84], and the parameters values are reported in Table [2.1]

'The Moli¢re radius R s 1s the radius of a cylinder containing the 90% of the electromagnetic
showers in the lateral direction. It sets the transverse shower size and gives the lateral deflection
of critical energy electrons after traversing one radiation length [85].
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Region | a [GeV'Y?] | oy [GeV] | ¢ [%]
Barrel 0.027 0.155 0.55
Endcap 0.057 0.770 0.55

Table 2.1: ECAL energy resolution contributions in barrel and endcap. The unit
of measurement for the energy F is GeV [84].

2.2.4 Hadron calorimeter

Surrounding the ECAL there is the hadron calorimeter (HCAL) [86], designed to
detect and measure the energy of strongly interacting particles. It is a sampling
calorimeter with alternating layers of absorber and scintillator material.

The longitudinal scheme of HCAL is shown in Fig. 2.10[ It is composed of
four parts: Hadron Barrel (HB), Hadron Endcap (HE), Hadron Outer (HO) and
Hadron Forward (HF). HB and HE are inside the solenoid magnet, HO is outside
the magnet and completes the structure of the calorimeter in the barrel, HF covers
the forward region up to n ~ 5.2.
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Figure 2.10: Layout of one quadrant of the hadron calorimeter in the r — z plane.
The HB, HE, HO and HF components of the detector are highlighted. The tracker
and ECAL sub-detectors are visible in the inner part of the detector and the muon
chambers are visible in the outer part [5].

Hadron Barrel HB is a sampling calorimeter which covers the region |n| <
1.3 from r = 1.77 m up to r = 2.95 m. The barrel is divided in two parts
made of 18 identical wedges, each of which is segmented in four azimuthal angle
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(¢) sectors. The plastic scintillator is segmented and readout in n — ¢ towers
granularity 0.087 x 0.087, thus equivalent to the area of a 5 x 5 array of the
ECAL crystals. The active medium in the scintillator is composed of 70000 tiles,
connected to wavelength shifter fibres that collect the emitted light. The tiles
placed in the same ¢ region are grouped in scintillating units, called tray. The
absorber consists of a front steel plate, 40 mm thick, 8 brass plates 50.5 mm thick
plus other 6 brass plates 56.5 mm thick and finally a 75 mm thick back steel plate.
The brass has been chosen because it maximises the radiation length, it is easy
to model and it is not a ferromagnetic material. The effective thickness in units
of nuclear absorption length, A\;, seen by a hadron entering in the barrel grows as
1/sind, reaching 10.6 A\; at |n| = 1.3.

Hadron Endcap HE is a sampling calorimeter as well and covers a region
1.3 < |n] < 3. Tt is divided in two sections: eight internal towers with a n — ¢
granularity 0.175 x 0.175, and five external towers with a granularity 0.087 x 0.087.
Its hermetic structure consists of 79 mm thick brass plates with 9 mm gaps to
accommodate the scintillators.

Hadron Outer HB does not provide sufficient hadron shower containment for
high energy hadrons, then a HO calorimeter has been built. It covers the same 7
region as the HB, is placed outside the solenoid coil and it is used to detect the tails
of high energy hadron showers. It contains 10 mm thick scintillators and is divided
in five n regions, called ring, each covering 2.5 m along z. The central ring has
two layers of scintillators (at radial distances of 3.82 m and 4.07 m, respectively)
divided by a 19.5 cm thick piece of iron (the tail catcher iron). All other rings have
a single scintillator layer at a radial distance of 4.07 m. The additional absorber
material of the HO corresponds to an interaction length of about 1.4\;/sinf. HO
allows to increase the minimal interaction length of the HCAL at n = 0 of the
HCAL to 11.8 ;.

Hadron Forward HF has a cylindrical structure with an external radius of 130
cm. It covers a region 3 < |n| < 5.2 and it is placed outside the muon chambers.
It is a sampling calorimeter, whose absorber is made of steel cylindrical plates
for a total of 1.65 m thickness along z and the active part uses radiation hard
quartz fibers. The fibers run in a longitudinal direction and are organized to form
towers with 0.175 x 0.175 n— ¢ granularity. This configuration has been chosen in
order to obtain a detector which resists to the high flux of particles in this region,
resulting in a radiation dose that approaches the 100 Mrad/year for the LHC
operation luminosity design. Because the HF provides good precision for energy
measurements in the forward region, it has been used for the CMS luminosity
measurements, as described in appendix [A]

Energy Resolution HCAL has been designed to provide a good energy resolu-
tion for hadronic jets (section [3.2.5). In addition its hermetic design and shower
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containment are driven by the need for a precise measurement of the missing trans-
verse energy (section per event and to minimize the muon misidentification
strongly reducing the punch-through hadrons in the muon chambers. Based on a
test beam results, the energy resolution of the central HCAL parts can be fit with
a parameterization similar to the one used for ECAL and shown in equation [2.6]
In the case of HCAL, the contribution from the noise oy is negligible. The resolu-
tion is measured using a test beam with charged pions in the energy range 5-300
GeV and is found to be approximately [87]:

o 84.7%[GeV'?
5= VE +7.4% (2.7)

2.2.5 The magnet

The superconductive magnet [88] is the central device of CMS around which the
entire experiment has been built with the aim of bending particles coming from
LHC collisions. This allows to measure with high precision the transverse momen-
tum of charged particles. Thanks to its high magnetic field, 3.8 T, a momentum
resolution better than 10% can be reached at 1 TeV and high performances of the
muonic system can be kept. The CMS magnetic field is a solenoid made of 4 lay-
ers of NbTi superconductor, long 12.9 m, with an inner diameter of 5.9 m. Inside
the magnet the calorimeters and the tracker system are located. The magnet is
composed of 2168 turns cooled at the temperature of -268.5°C; a nominal current
of 19 kA circulates in the cables and a total energy of 2.6 GJ is stored in the
magnetic system. The lines of the field are closed in the iron—yoke, thick 1.55 m
in the barrel and 1.45 m in the endcap, where the muon system (section
is housed. The magnetic field in the iron yoke is 2 T and points in a direction
opposite to the direction of the field inside the coil. Then high momentum muons
are bended in two opposite directions in the tracking and in the muon systems
(see muon track example of Fig . This improves their momentum resolution.

2.2.6 Muon System

The particles produced by the interaction and subsequent decays are absorbed
by the system described above with a very high probability. The most common
particle that escapes the calorimetric system is the muon. For that reason, the
muon system is the most outer part of the CMS detector. The CMS muon sys-
tem [89,90] is designed to efficiently identify muons, to precisely measure their
momentum and to be used for triggering on events with muons. It utilizes gaseous
detectors, exploiting different technologies, positioned outside of the solenoid and
covering the range |n| < 2.4.

It has a cylindrical section along the barrel and two endcap planar regions.It is
composed of three kinds of gaseous particle detectors, as shown in Fig. [2.11]
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Figure 2.11: Layout of one quadrant of the muon system in the r — z plane. The
positions of the DT, CSC and RPC chambers are highlighted [90].

Drift Tubes Chambers (DT) are used in the barrel region |n| < 1.2 because of
the low rate for background and the almost uniform magnetic field. The chambers
(Fig are divided into 12 ¢—segments per wheel, forming 4 stations (MBI, .. .,
MB4, with MB standing for Muon Barrel) at different radii interspersed between
plates of the magnet flux-return yoke. Each station consists of 8 layers of tubes
measuring the position in the bending plane and 4 layers in the longitudinal plane
(except for MB4). In the fourth station the radial separation among chambers is
increased to achieve the best angular resolution. The basic element of a DT, the
drift cell, has a transverse size of 42 x 13 mm?. The gas in each cell is a mixture
of argon (85%) and carbon dioxide (15%), providing a saturated drift velocity of
about 55 pum/ns. The maximum drift time is almost 400 ns. Drift cells in a layer
are staggered of a half-cell with respect to their neighbor layer to avoid any dead
hit and allowing to solve the left-right ambiguity.

Cathode Strip Chambers (CSC) have been installed in both endcaps (0.9 <
In| < 2.4 region) since they are suitable to resist to the high particle flux and to
ensure best performance in the non uniform magnetic field thanks to their fine
segmentation, their radiation hardness and fast—time response. The chambers are
divided in four stations (named MEL,...,ME4), placed perpendicular to the beam
and interspersed with iron layers for the flux-return yoke. There are 468 CSC
all arranged in a way that they overlap along ¢, avoiding dead zones. The CSC
are wedge-shaped multi-wire proportional chambers containing six gas layers with
cathode strips running radially outward to measure hits in the » — ¢ plane, and
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anode wires running perpendicular to measure 1. The anodes also provide good
time resolution, which is used to correctly identify the bunch-crossing from which
a muon originates.

Resistive Plate Chambers (RPCs) augment the CSC cover in the region || <
1.6. RPCs are constructed from parallel anode and cathode plates with a gas gap
in between operating in avalanche regime with a high intrinsic time resolution of ~
2 ns. Muon ionisation is detected by arrays of metallic strips that run parallel to
the beam axis. The 4 RPC stations in the barrel region and the 3 RPC stations in
the endcaps region provide additional capabilities for triggering on high pr tracks,
due to the fast RPC response time, and extra information for tracks ambiguity
resolution.

The spatial and time resolutions of the muon system were measured using proton—
proton collisions data collected by the CMS in 2010 at /s = 7 TeV . The aver-
age DT chamber resolution are around 80-120 pm and 130-390 pm, respectively
in r — ¢ and r — z directions. The spatial resolution of CSC varies from 58 to 136
um in the strips local coordinates, corresponding to r — ¢ global coordinates. For
the RPC chambers the spatial resolution varies from 0.8 to 1.3 cm, similarly in
the strip local coordinates. The time resolution achievable was 3 ns or better per
chamber for all 3 systems. This technology allows then fast access to hit infor-
mation from the entire muon detector for use in a hardware muon trigger and to
correctly identify the bunch crossing from which a muon originates.

Figure 2.12: Schematic representation of the CMS barrel muon drift chambers
(light blue) showing the different layers of the CMS detector in the r — ¢ plane ||
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2.2.7 'Trigger system

At the design luminosity (£(t) = 10**¢m™?s™"), the LHC bunch crossing frequency
is 40 MHz and for 25 ns spaced beams this corresponds to a rate of 10° events per
second from proton proton collisions. The interaction rate is orders of magnitude
higher than the maximum rate (100 Hz) that the data acquisition system can
handle. Furthermore, the majority of collisions are not of interest. This leads
to implement a trigger system that preselects events online and decides if the
corresponding event information has to be kept or discarded. The trigger system
has to be very efficient for the interesting events (the signal events), tipically
several orders of magnitudes less frequent than the background events.

The CMS trigger provides this rate reduction in two steps: the Level-1 Trig-
ger (L1) [91], that reduces the rate up to 100 KHz, and the High Level Trigger
(HLT) [92] designed to reduce the rate up to O(10*) Hz. The L1 trigger is hardware
based and uses custom electronics to implement in hardware the events selection
using information from the calorimeters and muon systems only [91]. The HLT one
is a processors farm several thousand CPU cores. Events accepted by the L1 trig-
ger are read out to the high-level trigger using the complete detector information,
including input from the tracker.

L1 Trigger The design latency for L1 trigger decision of 3.2 s makes impossible
to use the entire detector output at the L1 and imposes serious restrictions on the
complexity of the trigger algorithms. At this stage, only information from the
calorimeters and the muon system is available and can be used to implement the
L1 selections. Due to a such short latency, the event processing is pipelined at
each sub-detector in front-end electronics.

L1 is composed by local, regional and global components (Fig. 2.13). During the
local step, trigger primitives for each sub-detector are generated. The calorimeter
trigger primitive combines energies deposited in ECAL - HCAL towers (5 crystals
in ECAL correspond to the granularity of HCAL) to obtain the trigger tower.
The muon trigger primitives are composed by track segments, for the CSC and
¢—projection in the DT, or hit patterns, for the RPC and n—projection in the
DT. The local information is then combined by the Regional Triggers, where
calorimeter electron/photon candidates are defined and combined DT /CSC tracks
are assigned with physical parameters (like for instance pr). In the next step,
Global Calorimeter Trigger (GCT) and Global Muon Trigger (GMT) determines
L1 trigger objects based on the combined sub-detectors information. The GCT
trigger objects include jets and 7—jets, the missing transverse energies, isolated
and non-isolated e/~ candidates. Then, at the final step, the L1 Global Trigger
(GT) decides to accept or to reject an event based on GCT and GMT trigger
objects. The decision to accept is taken if the event satisfies all the requirements
of at least one of the GT algorithms. The GT may execute in parallel up to ~130
algorithms, including both basic algorithms, which consist on some simple py or
E+ thresholds to a single object, and complex algorithms based on topological
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selections. The result of each algorithm is represented by one bit, which indicates
if an event passed the algorithm requirements or not. If L1 accept decision is
made, the entire detector information is readout and is passed to the event builder
network (EB), to generate a global event and then it is transferred to the HLT.
The sustainable rate of the EB is 1 Th/s.

L1 Accept

Global Trigger '__.| Trigger Control System I

4p with MIPISO bits/ Befy, BJ, 41, LEq, Hy, 12 Ny, Ef™*

I Global Muon Trigger |Global Calorimeter Triggerl
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2xdp
DT j— CSC_: Regional Calorimeter Triggerl
Track Finder Track Finder =
T T RF’C
Local Local | LIfigger
DT Trigger CSC Trigger ]‘ | Trigger Primitive Generators |
DT CsC RPC ECAL HCAL HF
| Muon Trigger | | Calorimeter Trigger |

Figure 2.13: Functional block diagram of the CMS L1 trigger [5].

High Level Trigger The HLT is implemented in software. The CMS software
(CMSSW) used for HLT and offline reconstruction is open-source and its source
code is available online [93]. This software is executed in the Event Filter Farm
(EVF) composed by a farm of several thousand CPU cores processing the complete
detector information. The HLT event selection algorithms are similar to the ones
of the offline reconstruction. Its architecture is designed to reduce the average
CPU time needed to process an event, by rejecting events that will not pass the
acceptance criteria in the earliest possible stages. For that reason, the sequence
of HLT algorithms runs starting from the less CPU consuming steps.

The HLT uses “virtual levels”, where the information from each subdetector is
used and faster off-line algorithms are applied using at each level a more refined
and complete information. The virtual levels are: Level 1, where the event has
fired a particular L1 path or a combination of L1 paths; Level 2, where only the
information of calorimeters and muon detectors are considered in order to identify
the objects; Level 2.5, here the information from the pixel sensor detector is added
in order to reconstruct the tracks and the primary vertex; Level 3, where the full
track reconstruction is available and the rate is reduced requiring the presence of
physical objects (jets, electrons, muons, taus, ...), reconstructed using the Particle
Flow algorithm, described in the next chapter.

The HLT is completely summarized in a trigger path, corresponding to a set of
requirements that an event has to fulfill at .1 and at HLT to be kept. The CMS
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trigger system implements a big amount of HLT trigger paths, as described in [92].
Since information from all sub-detectors is available at the HLT level, by combining
all the measurements of the various subsystems it is possible to efficiently record,
at the same time, events characterized by different signatures. Indeed, the data
collected by CMS triggers can be used to study the properties of the Higgs boson,
top quark, weak bosons, as well as the decays of b and ¢ hadrons, 7 leptons, and
more generally SM processes, or to search evidence of physics beyond the SM. In
addition to various physics requirements forming a trigger path, the CMS trigger
system is able to randomly discard events. This feature of the trigger is called
prescaling: to not saturate the memory, when a trigger path has a lower threshold
than the expected, in order to face the event rate, a prescale factor is applied to
the trigger; this is done in order to collect data samples of these trigger paths.

The data analized in this thesis were collected during Run I, with a bunch spacing
of 50 ns corresponding to a bunch crossing frequency of 20 MHz. The trigger paths
used in this analysis require two isolated central high pr hadronic 7 candidates,
are not prescaled and will be briefly described in section 4.3

2.2.8 Computing system

Events accepted by the HLT have to be stored and reprocessed to be easily used.
Real data and simulated samples are stored in a structure called World LHC
Computing Grid, made of different computing centres spread all over the world
and linked with a high-speed network (Fig. [94].

The fundamental concept is the event, that refers both to the signals produced
by p—p collisions and detected in CMS and to the simulated events. In CMS
there are three formats: RAW, RECO and AOD. The RAW format is referred
to data collected by the CMS detector and that have fired the trigger (average
size of 1.5 MB/event). The RECO data are instead data on which reconstruction
and identification algorithms are applied in order to promote them to high—level
physical objects (average size of 0.5 MB/event). The last step are the AOD data,
which are filtered RECO data in order to obtain more accesible objects (average
size of 100 KB/event). CMS uses also a format called PAT (Physics Analysis
Toolkit), in which it can be chosen what to store from AOD or RECO data in the
PAT [95].

For MC simulations the corresponding data are called GEN-SIM-DIGI (average
size of 2 MB/event). GEN stays for generation of physical proccesses, using com-
plex simulation tools, like PYTHIA [96], POWHEG [97] and MADGRAPH [9§] .
SIM stays for Simulation, where the interaction radiation-matter after the passage
of a particle in all CMS subdetectors and their responses are simulated using the
software GEANT-4 [99]. Finally DIGI stays for Digitization, that is the simula-
tion of the electronic answer. Further details of a simulation process will be given
in the section [Bl

The world—wide dissemination of data has shown the necessity to have a common
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infrastructure of data storage. The data coming from HLT and from on-line CMS
acquisition (RAW), are stored in Tier-0 (T0), placed at CERN, that organizes the
collected data in different groups, called Primary Dataset, according to the trigger
path fired during the acquisition. The Primary Dataset used in this work requires
7 leptons candidates and will be described in section 4.2l The TO converts the
RAW data in RECO and AOD (Analysis Object Data). These are then transferred
to the seven computing centers Tier—1 (T1). The T1 reconstructs, calibrates and
skims the RAW DATA and stores the MC samples produced in the Tier-2 (T2)
and diffuses them. The T2 are user accessible computing centres. They are 160
in total and are used for the MC production and for data analyses.

Besides the common infrastructure in CMS, it is also used a common software
framework, called CMSSW, an object—oriented framework written in C+4 and
Python, fully customizable for any computer architecture and it is constantly
developed in order to keep high—performances and flexibility .

~6 Tier-1
Centres (off-site) ~25 Tier-2

Centres

4 4

~8 Datasets
per Tier 1
(RAW+RECO)

)
ongs|

CMS-CAF
(CERN Analysis Facility)

Figure 2.14: CMS Data Flow Scheme ||
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Chapter 3

Event reconstruction

In order to analyze the signals collected by the CMS subdetectors in the pro-
ton—proton collisions, a suitable reconstruction must be performed. This chapter
describes the algorithms used to reconstruct the high level detector objects (such
as tracks, calorimeter clusters and vertices) and then how from these the physical
objects (muons, electrons, taus, jets, missing enerqy. .. ) used by the analysis are
reconstructed.

3.1 Reconstruction at detector level

The detector signals are used to reconstruct in the event the high level objects,
which include the tracks, the trajectories of the charged particles identified as
sequences of hits in the tracking detectors, and the collections of towers in which
energy is deposited from particles, the calorimeter clusters. The reconstruction of
tracks allows to identify and reconstruct the vertices of the proton—proton multiple
interactions and to identify the hard collision vertex among them, the primary
vertez.

In the following sections a short description of the algorithms used to reconstruct
the high level objects is given.

3.1.1 Track reconstruction

Track reconstruction is a complex algorithm to estimate the trajectory and the
momentum of the charged particles passing through the inner tracking system
(section [2.2.2)). Inside the tracker region, thanks the almost uniform magnetic
field, the trajectory of a charged particle can be parameterized by a helix. The
five parameters used by CMS to determine track trajectory are: d, 2, ¢, coté
and the transverse momentum (py) of the track. py is defined at the point of
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coordinates (zg, Yo, 29), the closest to the nominal beam axis (z = 0) point of the
track trajectory; 6 and ¢ are, respectively, the polar and the azimuthal angles of
the track momentum vector at the impact point; d, is the impact parameter of the
track in the transverse plane and is defined through the coordinates of the impact
point, dy = —yg cos ¢ + xq sin ¢.

As explained in the previous chapter, charged particles leave small charge depo-
sitions as they pass through the inner tracking system in the pixel and in the
strip detectors. The first step of the reconstruction is a local reconstruction, where
the signals collected by the pixels and strips of the silicon detectors above spec-
ified thresholds are grouped together realizing clusters. The spacial positions of
the charge deposits called hits are reconstructed from clusters using specific al-
gorithms for each subdetector [83], with a hit reconstruction efficiency of around
99%.

Using these hits, pattern recognition algorithms can reconstruct the original tra-
jectories of the particle, associating a group of hits to a track and measuring the
five parameters of the helix that best match to the observed hits. CMS uses
the Combinatorial Track Finder (CTF) [100], an extension of the Kalman Filter
(KF) [101] algorithm, to perform the pattern recognition and the track fitting.
It is an iterative tracking procedure where the first iterations search for tracks
with high pt coming from the primary vertex. Once found, these tracks are re-
moved from the following iterations to reduce the combinatorics and simplify the
subsequent iterations with a complex topology (like lower pr or with displaced
vertex).

Each iteration is decomposed in four steps [100]:

o Track Seed Generation: in this step track seeds candidates, consisting of
two or three hits in the pixel detector, are used to give estimates of the
track parameters. The seeds are constructed from the inner part of the
tracker (pixel detector) and the tracks are built outwards, in order to keep
high reconstruction efficiency and to facilitate the reconstruction of low-
momentum tracks.

o Track finding: the track finding is based on the Kalman filter method. It

starts from the trajectory seed and adds the hits of the outer layers updating
the track parameters and their uncertainties in each layer, as well as the
material crossed. This procedure is repeated until the final tracker layer is
reached. Only a limited number of track candidates are accepted on the
basis of number of hits and minimum x? criteria. For these tracks a search
in the inward direction is then performed to find new hits, and using them
to update the trajectory parameters.
To avoid duplicates of the real tracks, an algorithm, the trajectory cleaner,
is applied: it keeps, among the tracks sharing more than the 19% of hits, the
track with the highest number of hits. If both tracks have the same number
of hits, the track with the lowest x? value is retained.
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o Final Track Fitting and Smoothing: the collection of hits provided during
the track—finding step is refitted to remove any bias and complete the in-
formation about the trajectory. The fit is perfomed using a Kalman filter
(filtering) and a Runge-Kutta propagator [102] (smoothing) to obtain op-
timal track parameters by taking into account material effects and accom-
modating possible inhomogeneities in the magnetic field. Starting from the
innermost hits of the track outwards and iteratively, the track trajectory is
sequentially updated with new valid hits, as well as its position uncertainty.
To extrapolate the trajectory from one hit to the next and to improve the
precision, the Runge—Kutta [102] method is used. Then hits incorrectly as-
sociated to the track, outliers, are removed by applying requirements on the
distance between track candidate and hit or the probability that a pixel hit
is consistent with the track. This procedure is repeated many times until no
more outliers are found, filtering and smoothing the track every time.

o Track selection: The first three steps create a significant amount of fake
tracks, which are not associated with a charged particle. To remove fake
tracks, tracks are selected by applying requirements based on the number
of layers with hits associated to the track, the track quality (x* of the final
fit) and on the compatibility that the track is originating by one of the
reconstructed vertices, primary plus pile-up (section .

Performances The track reconstruction performance can be expressed in term
of tracking efficiency (the fraction of simulated charged particles that can be associ-
ated with corresponding reconstructed tracks), fake rate (fraction of reconstructed
tracks that are not associated with any simulated particle) and track parameters
resolution. The performances have been evaluated using ¢t simulated events and
real data corresponding to 2011 LHC data-taking period.

The average track reconstruction efficiency for promptly-produced charged parti-
cles with transverse momenta of pr > 0.9 GeV is 94% for |n| < 0.9 and 85% for 0.9
< |n| < 2.5. The inefficiency is caused mainly by nuclear interactions produced
by the hadrons in the tracker material. For isolated muons with 1 < pp < 100
GeV, the tracking efficiency is > 99% over the full tracker acceptance, and does
not depend on pr (Fig. [3.1a)), resulting in a negligible fake rate.

In Fig. it is reported the measured tracking efficiency both in real data and
simulation, showing an efficiency > 99%. The particular behaviour is caused by
inactive modules and the misalignment of the tracker, and it is well reproduced
by simulation.

The resolution of the track parameters is estimated calculating the track residuals
defined as the difference between the reconstructed and the true (from MC simula-
tion) track parameters. In Fig. the resolutions of transverse impact parameter
(Fig.[3.2a]), of the longitudinal impact parameter (Fig. and of the transverse
momentum (Fig. are reported. In every bin, the resolution is defined as the
half-width of the interval in the distribution of track residuals. For an isolated
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muons of pr = 100 GeV produced with |n| < 1.4, the resolutions are approxi-
mately 2.8% in pp, and respectively, 10 um and 30 pm in the transverse (d,) and
longitudinal impact (z) parameters.
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Figure 3.1: Track reconstruction efficiencies for single, isolated muons satisfying
the high-purity quality requirements. Results are shown as a function of n (a) for
pr =1, 10, and 100 GeV. They are also shown as a function of py (b), for 7 intervals
of 0-0.9 (barrel), 0.9-1.4 (transition) and 1.4-2.5 (endcap), respectively. In (c) the
tracking efficiency is reported measured with a tag-and-probe technique [103], for
muons from 7 decays, as a function of the muon 7 for data (black dots) and
simulation (blue bands) [83].

3.1.2 Primary vertex

For the data recorded by CMS in 2012 the number of proton-proton interactions
(number of reconstructed vertices) per bunch crossing were reported in figure
and its average value is 21. The probability that more than one proton-proton



3.1. Reconstruction at detector level 65

CMS simulation CMS simulation
E T T T T T TTTIT ——-1044 S —
= ol i £ £ Py
= H . R ]
- ,I‘ | L] ”i’ Barrel region =g Iyt e @ “-i! Barrel I'Egiﬂl'l .
518 ] © .
10 =5 [ N . - N Lo |
£ i % e A& p® Transition region k= . e & u#, Transition region
c 1 p . o]
2 ut, Endcap region " il ISEL "o ® u* Endcap region
= 510300 ma By ’ -
8 o] R ha &
[6] 8 eat) i )
o o B 2”0 . =
n
: by o..A“ iAA =
On [ ® s i
tj‘ 6@2‘ e i . P .gggo iy li CH
B - zl -ééoAB oo 102 Froon ey ""9"?' et raf
0,.'-..35@889 o AADOG AN
“"Il-.“ ., AL Oe000BsA8AY
10k ! 229,° L. ALid

THLHY sie
P il i bl

1 10

107
P, (GeV)

CMS simulation

* %, Barrel region

4 u* Transition region 5

= u* Endcap region H

—
o
i
3
-

(Resol%ion in pT)[pT (%)
o

A
(= epumr o s s s 154 5 L Y
bl T 1000L0og EEZ ok el
3AAAAAAA!A3aA%e“. A e

' 100aaaaasdRad

102
P, (GeV)

1 10

()

Figure 3.2: Resolutions as a function of pr for single, isolated muons for n intervals
of 0-0.9 (barrel), 0.9-1.4 (transition) and 1.4-2.5 (endcap), respectively. From left
to right: transverse (a) and longitudinal (b) impact parameters , and pr (c). For
each bin in py, the solid (open) symbols correspond to the half~width for 68%
(90%) intervals centered on the mode of the distribution in residuals [83].
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interaction could produce an interesting process is usually considered to be neg-
ligible. On the other hand, the precise reconstruction of the positions of all p—p
interactions in an event allows to separate the primary hard (high py) interac-
tion products and the objects originated by pile—up collisions. Furthermore, the
accurate location of the primary vertex, in combination with other information,
e.g. the secondary vertex position, plays an important role in the determination
of physical objects properties, like for instance b jets. The location and the un-
certainty of the vertices in a p—p interaction are obtained using the reconstructed
tracks [83]. This process is realized in three steps:

1. Tracks are preselected to be consistent with the primary interaction region,
the so called beam spot, which is the centre of a three-dimensional profile of
the luminous region where the collisions occur.

2. The selected tracks are split into several clusters based on a possible common
vertex of origin, using the Deterministic Annealing (DA) algorithm [104],
which uses as input the z coordinate of the tracks at the point of the closest
approach to the beam spot.

3. For each cluster, which contains at least two tracks, the Adaptive Vertex
Fitter [105] is used to determine the best fit of the three-dimensional ver-
tex position as well as the fit quality. In the fit to each track is assigned a
probability (p;) for originating at this vertex. These probabilities are used

to determine a quantity related to the quality of the fit, the number of de-
#tracks

grees of freedom for the fit (ng), defined as: ngp = =3+2 > p;. At
i=1
the analysis level further requirements will be applied in order to improve

the selection of the primary hard interaction vertex: ng; > 4; the distance
in the z direction from the vertex to the nominal interaction point must
be smaller than 24 c¢m; the corresponding distance in the transverse plane

(d =\/2* + y2> must be smaller than 2 cm.

Due to the presence of events of pile—up, it is considered as primary hard in-
teraction vertex, the collision vertex which miximizes the sum of the squared
pr of all tracks associated with each vertex, 3 p%. While the other vertices
are considered pile—up vertices.

The resolution of a reconstructed primary vertex strongly depends on the number
of tracks considered in the fit and on their pp. The primary vertex resolution in x
and z are represented in Fig. [3.3] respectively Fig. and [3.3b] for minimum-
biaﬂ and jets (defined in section enriched events. The resolution in y
is almost identical to that in x, and is therefore omitted. The resolution on
the vertex position is better in jet enriched events, reaching in both x and z
dimensions a resolution between 10-20 pum for 15 tracks. In Fig. the primary
vertex reconstruction efficiency for data and MC samples is shown: the primary

"Minimum-bias events are the most frequent QCD events produced in the inelastic p-p col-
lisions. They are characterized by the presence of low pr jets (soft jets).
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vertex reconstruction efficiency also depends on the number of tracks, showing an
efficiency greater than 99% with more than three tracks [83].
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Figure 3.3: Primary-vertex resolution in x (a) and in z (b) as a function of the
number of tracks at the fitted vertex, for two kinds of events. Primary vertex
reconstruction efficiency (c) as a function of the number of tracks in a cluster,
measured in minimum-bias data and in MC simulation [83].

3.1.3 Energy Reconstruction in the Calorimeter

The energy of a particle is collected by ECAL and HCAL systems as described in
sections [2.2.3] and 2.2.4] respectively. In ECAL the energy of electron and photon
showers is collected in several crystals. The 97% of energy of a single electron
is collected by 5 x 5 crystals [95]. This configuration results to give very good
performances. The not complete containment is caused by the presence of mate-
rial in front of the CMS calorimeter resulting in electron bremsstrahlung, photon
conversions, and spread of the energy along ¢ because of the high magnetic field.
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In order to collect the entire deposited energy by showers, clustering algorithms
are used, where the energy of nearby ECAL cells above a threshold, around a
cell with a maximum energy deposit, are summed together, creating a cluster.
To recover the spread of energy along ¢ the algorithms build cluster of clusters,
called supercluster (SC). A detailed description of superclustering methods will be
given in the description of electron reconstruction (section [3.2.2). The SC ECAL
is summed to the energy deposited in individual HCAL cells, that are arranged
in a tower pattern in 1 — ¢ space, projected to the nominal interaction point and
with the same layout of the crystals. The energy associated with a tower is calcu-
lated as the sum of all contributing readout cells which pass specific requirements.
There are in total 4176 towers and they are used as input to several jet cluster-
ing algorithms, where the input towers are treated as massless particles, with the
energy given by the tower energy, and the direction is defined by the unit vector
pointing from the nominal interaction point to the center of the tower itself.

3.2 Physical Objects

The basic objects described in the previous sections are the necessary elements
to built more complex objects, with the goal of representing a particle, like an
electron, a muon, a jet etc. In the following sections the algorithms used to link
the tracks and the calorimetric information and to reconstruct high—level objects
will be described.

3.2.1 Particle-Flow Algorithm

The CMS Particle-Flow (PF) algorithm [106/108] uses information from all the
CMS subdetectors to reconstruct individual stable particles, like muons, electrons,
photons, charged hadrons and neutral hadrons, in a crowded particles environ-
ment. The particles reconstructed by the PF are then used to reconstruct jets, b
jets, hadronic 7 decays, the missing transverse energy and to calculate the isola-
tion of the physical objects (described respectively in sections [3.2.5] [3.2.6] [3.2.8]
13.2.7] and [3.2.4]).

A stable particle traversing the detector usually produces a charged track in the
tracker if it is charged, a muon track in the muon system if it is a muon, and
calorimeter clusters in ECAL and in HCAL, respectively in the case of an elec-
tron or photon and a neutral or charged hadron. The PF algorithm combines
together the so called building elements, charged particle tracks reconstructed by
the inner tracker, calorimeter clusters and muon tracks using a linking algorithm
to reconstruct and identify all the stable particles produced in the event.

Building elements Tracks in the tracker are reconstructed with the iterative
sequence described in section[3.1.1] The standalone muon track reconstruction [95]
in the muon system starts by building track segments in the DTs and CSCs using
pattern recognition and linear fit techniques. After that, track segments and
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RPC clusters are combined and refitted by a Kalman filter forming standalone
muon tracks. A more detailed description of the reconstruction of a standalone
muon track is reported in section [3.2.3] PF improves the clustering algorithm
to reconstruct clusters. In order to have a high detection efficiency for low pr
particles and to split close energy deposits in the calorimeters, a specific clustering
algorithm has been designed for the PF algorithm. This cluster algorithm starts
from the calorimetric reconstructed clusters, the cluster seeds, considering the
clusters with a maximum local energy. Then topological clusters are built, grouping
the neighbours cells with energy above a specific threshold. After collecting all
adjacent cells, one topological cluster may contain more than one seed. Therefore,
in the last algorithm step, topological clusters are split by sharing the energy
deposit of each cell between the PF clusters, whose amount is equal to the number
of seeds. The fine calorimeters granularity is the key component that allows to
efficiently split topological clusters into PF' clusters.

Linking Algorithm and PF Blocks Charged particle tracks, calorimeter clus-
ters and muon tracks are linked together into PF blocks. Each block links group
of elements from two sub—detectors using a criterion to link these elements and,
depending on the composition, the block is then interpreted as a particle of a
particular type. In linking between tracks and calorimeter clusters, the track
trajectory is extrapolated from the outermost tracker layer to points within PS,
ECAL and HCAL volumes. If these fall within the boundaries of a cluster then
the track and cluster are linked. To incorporate reconstruction uncertainties, gaps
between calorimeter cells and cracks between calorimeter modules, cluster enve-
lope of the track can be enlarged by up to the size of one cell. Additional links
between charged particle tracks and calorimeter clusters are established to take
into account Bremsstrahlung by electrons. In this case, tangents to the tracks are
extrapolated to the ECAL from the intersection points between the track and each
of the tracker layers, if the extrapolated tangent position is within the boundaries
of a cluster, as defined above, then the cluster is linked to the track as a potential
Bremsstrahlung photon. A link between the ECAL and HCAL clusters is created
if the position of the ECAL cluster, which has higher granularity, is within the
HCAL cluster envelope. Similar logic is followed to link the PS and ECAL clus-
ters. A link between inner tracker tracks and muon system tracks is referred as
a global muon. It is established if the y? of the global fit of the two tracks is less
than Y24 If more than one combination of tracks satisfies this criterion, then
the combination with the smallest y* is chosen.

Reconstruction and Identification In the final step the PF algorithm recon-
structs and identifies a set of particles using the block of elements. PF particles
are created in several iterations. Blocks assigned to a PF particle are excluded in
the subsequent iterations.

A schematic view of the PF algo principle is reported in Fig. [3.4]

The reconstruction and identification of a particle or an ensamble of particles
(hadrons) from each block proceed as follows:
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Figure 3.4: Schematic view of the PF algo principle.

o Each global muon is promoted to PF muon, if its transverse momentum is
compatible with the muon momentum reconstructed using only the inner
tracker information within three standard deviations. The corresponding
track is then removed from the block. The expected energy loss in the
calorimeters is also subtracted from the associated clusters. More details
about the CMS muon reconstruction and identification at analysis level will
be given in the section |3.2.3]

o PF electrons are identified in two steps. In the first step, each track is

submitted to a pre—identification step considering the tracker as a pre—
shower, since real electrons can produce short tracks when loosing energy
by Bremsstrahlung in the tracker layers, on their way towards ECAL. The
pre—identified electron tracks are then refitted with a Gaussian—-Sum Filter
(GSF) [109]. In the second step, a multivariate discriminator assesses the
compatibility with the linked ECAL clusters. This provides discrimination
against charged hadrons. If the candidate passes, a PF electron is formed
from the GSF track and linked to ECAL clusters, which are also removed
from the block. More details about the CMS electron reconstruction and
identification will be given in the section [3.2.2]

o Tracks classified neither electrons nor muons result in a charged hadron.

The mass assigned is the pion mass and the momentum is from the track
fit. If the energy of the linked calorimeter clusters is compatible with this
momentum, within uncertainties, the candidate momentum is updated to a
weighted average between the track and cluster measurements. However, if
the cluster energy exceeds the track momentum by more than the expected
resolution, this excess is interpreted as the presence of overlapping neutral
particles. If the excess is larger than the total linked ECAL energy, a PF
photon is created, with any remainder becoming a neutral hadron.

The ECAL and HCAL clusters not linked to any track are identified as PF
photons and PF neutral hadrons respectively.
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3.2.2 Electrons

A distinguishable feature of the electron reconstruction is a significant amount of
energy that an electron can emit via Bremsstrahlung before reaching the ECAL
when interacting with the material of the tracker. This feature requires a special
approach in order to correctly reconstruct the electron inside the tracker. Mean-
while, the photons produced can also convert to ete™ pairs before reaching the
ECAL. This means that the energy deposited in the ECAL can be spread out
in the ¢ direction. Hence, also in this case, dedicated algorithms are required to
combine the energy deposits from both the initial electron and the bremsstrahlung
products. In this section a detailed description of the algorithms is given, which are
used to cluster energy in the electromagnetic calorimeter, to reconstruct electron
trajectories in the tracker and to identify electrons [110].

Reconstruction

In order to achieve optimal performance, the electron reconstruction uses stan-
dalone approach combined with the PF algorithm [111]. The latter has been
described in section [3.2.1} In the standalone approach, to recover all the energy
of the photons emitted through bremsstrahlung, two superclustering algorithms
(mentioned in section are used: the “hybrid” algorithm, used in the ECAL
barrel (Fig. [3.5), and the “multi-5 x 5”7 algorithm, for the ECAL endcaps [111].

Hybrid algorithm collects the energy of the shower in a small window along
n and an extended one in ¢ in the EB. The algorithm starts from crystals with
energy deposit above Eg"w””ﬂ and considers as a seed the cystal with the highest
energy deposit. Then structures of 5 x 1 crystals in n x ¢ are added in both
directions of ¢ around the seed crystal, if they have an energy greater than a
specific array threshold in order to create a final global cluster, called supercluster

(SC).

Multi-5 X 5 algorithm is used in the EE, where crystals are not arranged
in an 7 X ¢ geometry. The seed crystal is chosen as the crystal which exceeds
a minimum energy threshold and having the highest energy deposit among its
neighbours. Other 5 x 5 crystals around it are added into a supercluster by
adding to them 5 x 5 neighboring crystal arrays with possible overlaps and, if the
total energy of the nearby clusters is above the threshold, the clusters are grouped
into the SC. The SC energy is calculated summing the energies of all the clusters
belonging to it, exceeding a minimum pre—defined energy.

The position of the SC resulting from the differents algorithms is the energy—
weighted mean of the cluster positions. This represents the impact point in the
ECAL of a non-radiating electron with energy equal to the supercluster energy.

The radiative losses for electrons in the tracker material forbid the reconstruc-

2ET is the transverse energy, defined as Ep = E - sinfl, where E is the deposit of energy in
the calorimeter cell and 6 is the polar angle position of the cell.
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Figure 3.5: Electron clustering Hybrid algorithm [112].

tion of electron tracks with Kalman filter [101] procedure due to the huge time
consuming. A specific tracking technique is used to reconstruct electron tracks.
The technique starts from a seeding procedure in order to find two or three hits
in the tracker. Two algorithms are used and combined together to improve the
reconstruction efficiency and reduce the misidentification probability: the first
starts from a SC in ECAL and tries to estimate the trajectory in the first layers
of the tracker, the second starts from reconstructed tracks that are extrapolated
towards ECAL and matched to an SC, both combining the information with a
candidate vertex. For ECAL seeding the tracker hits are compared with SC hits
within windows in ¢ and z. For tracker seeding the KF algorithm is used when
the bremsstrahlung effects can be neglected, because it can’t follow the curvature
of the trajectory caused by the bremsstrahlung, and here the KF track is matched
with a PF cluster in ECAL respecting specific requirements [111]. In this case the
GSF [109] is used approximating the energy loss to a mixture of Gaussian distri-
butions and building tracks up to ECAIEI. For each GSF track several PF clusters
can be grouped together, in order to collect the electron arriving at the ECAL sur-
face and the radiated photons (see section [3.2.1). The PF cluster corresponding
to the electron at the ECAL surface is the one matched to the track at the exit of
the tracker. Most of the bremsstrahlung photons are recovered extrapolating for
each tracker layer (where most of the material is concentrated) a straight line to
the ECAL, tangent to the electron track, adding each matching PF cluster to the
electron PF cluster. Converted photons missed by this procedure can be recovered
by a dedicated MVA algorithm which uses displaced KF tracks to kinematically
associate them with the PF clusters. In addition, for ECAL-seeded isolated elec-
trons, any PF clusters matched geometrically with the hybrid or multi-5 x 5 SC
is also added to the PF electron cluster.

The reconstruction efficiency of the combined standalone and PF approaches, is
> 90% for electrons from Z /v data samples and simulated events, for a transverse
energy of the electron (F72°) greater than 10 GeV, as shown in Fig. [111].

*The fraction of energy lost through bremsstrahlung is estimated using the momentum at
the point of closest approach to the beam spot, p;,, and the momentum extrapolated to the
surface of the ECAL from the track at the exit of the tracker, p,,;, and is defined as fy,..,, =

[pin - pout] /pin~
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Figure 3.6: Electron reconstruction efficiency measured in dielectron events in
data (dots) and Drell Yan simulation (triangles), as a function of the electron
E7¢ for |n| < 0.8 (a), and for 1.57 < |n| < 2 (b). The bottom panels show the

corresponding data-to-simulation scale factors [111].

Identification

In order to separate a good electron from jets and to increase the identification
sensitivity, the identification of the electrons is based on a multivariate Boosted
Decision Tree (BDT) discriminator [113]. The discriminator uses a set of most
discriminating variables exploiting the track—cluster matching, the associated SC
substructure and its shape, the kinematic observables as well as the fraction of
energy loss through bremsstrahlung (fy.em) [111].

It was trained in two bins of pt and three bins of 7, for genuine electrons from
Z/y" — ee, using data and simulated events, and for misidentified electrons re-
constructed in W + jets events in data.

The BDT output is a real value in the interval [-1;1]. True electrons have tendency
to obtain higher output values, while the fake electrons obtain lower output values
with a bigger probability. The comparison of the BDT performance for electrons
from 7 decays and for misidentified electrons allowed to determine two working
points (WP) that have been used in this thesis for the BDT-based electron identi-
fication, summarized in Table [3.1] Each WP defines acceptance threshold for the
BDT output as function of pt and n of an electron.

3.2.3 Muons

Muons with ppr > 5 GeV typically leave hits in the inner tracker then travel
through the CMS calorimeters with minimal energy deposit and leave hits in the
muon chambers. Thus muons can be reconstructed like tracks in two independent
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Working Point | Electron pp

BDT output threshold

[ < 0.8 0.8 < ] < 1.479 | 1.479 < |n]
pr <20 GeV | 0.925 0.915 0.965
Loose 1D 200 Gev | 0.905 0.955 0.975
Tight ID | ppr > 20 GeV | 0.925 0.975 0.985

Table 3.1: Definition of loose and tight working points for the BDT electron identi-
fication as a function of electron pr and 7. To pass the WP identification criterion,
BDT output should be greater than the threshold value.

places - the inner tracker and the muon chambers. This greatly improves the
ability to isolate muons from hadronic activity.

Initially, muon tracks are reconstructed independently in the inner tracker, tracker
muon, and in the muon system, standalone muon [95,/114].

Based on these objects, three reconstruction approaches are used:

o Standalone muon reconstruction uses only muon chambers taking the

track segments from local reconstruction and from the three muon chambers.
Starting from the segments of innermost chambers the muon trajectories are
built using a Kalman-filter technique [101]. The Kalman filter is then applied
backward from the outermost surfaces; the track parameters are defined in
the innernost layers and the track is extrapolated to the nominal interaction
point, setting a constraint to the vertex.

Tracker muon reconstruction starts from the tracks reconstructed in the
inner tracker, considering all the tracks with pt > 0.5 GeV and |p] >2.5 GeV,
and extrapolates them to the muon system. If an extrapolated track position
matches within the uncertainties to at least one muon segment, the corre-
sponding track is considered as a tracker muon track. The muon momentum
resolution can be greatly improved by utilizing hits in both the muon system
and the tracker using the Global Muon reconstruction.

Global Muon reconstruction starts with a standalone muon track and
searches for a compatible tracker track. A global-muon track is fitted
combining hits from the tracker track and standalone—muon track, using a
Kalman filter technique to take into account the expected energy loss within
the magnet and support structure; in the fit, the muon track is constrained
to originate from the beamspot.

The Global Muon reconstruction provides better momentum resolution for the
tracks with pp > 200 GeV, while the Tracker Muon reconstruction is more efficient
for the low momentum tracks with py < 5 GeV.
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Identification

In these thesis two muon identification techniques are used both using the muon
reconstructed as a Global Muon: the PF Muon and the Tight Muon [106,(114].

o Particle-Flow Muon Selection: the Particle-Flow algorithm identifies the
muon as described in section [3.2.1] A specific selection is applied to the
muon reconstructed as Global and Tracker Muons. The selection is op-
timized in order to identify muons within jets with high efficiency, while
maintaining a low rate for the misidentification of charged hadrons as muons.

o Tight Muon Selection: the candidate is required to be reconstructed as a
Global Muon and a PF Muon, with a x*/ndof of the global track fit smaller
than 10, with at least one muon chamber hit; the tracker track must be
matched in at least two muon stations, have at least one hit in the pixel
detector and hits in at least 5 tracking layers, with a transverse impact
parameter |d,,| < 2 mm with respect to the primary vertex (Table .

Working Point Tight Muon
Algorithm Global & PF Muon
Strip hits > 5
Pixel hits >1
Muon chambers with segments > 2
Global fit X(Qiof < 10
Hits in muon system >1
Transverse impact parameter |dzy| <2 mm

Table 3.2: Tight Muon selection.

In Fig. the muon reconstruction and identification efficiencies are reported
respectively for the PF muon, (a) and (b), and for the Tight Muon selections, (c)
and (d), showing a very good agreement between data and MC simulation; further
details can be found in [114].

3.2.4 Electron and Muon Isolation

In this thesis we are interested in electrons and muons #solated, which means that
there is a small activity of particles around the lepton direction in the tracker

and in the calorimeter. The variable used to define the lepton isolation, I, is

a function of sums of pr of PF charged candidates, pCTh‘"ge‘i7 PF neutral hadrons,

prevtral=had "PR photons, p}, and pile-up corrections, AS [111}/114]:

p%harged + max (Z p%eut'ral—had + Zp’% . Aﬁ, 0)
La = pl ’ (31)
T
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Figure 3.7: Muon reconstruction and identification efficiency measured by tag-

and-probe method in J/v — pupu”

events for pr < 20 GeV and in Z — ptp”

events for pp > 20 GeV. The plots show the efficiency as a function of p in the
barrel and endcap regions for the PF muon selection (a,b) and the tight muon
selection (c,d) [114].
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Particle type \ veto—cone \ Pr
Electrons
Charged particles | 0.01 (EB) / 0.015 (EE) —
Photons 0.08 (EB, EE) -
Neutral hadrons — -
Ap — —
Muons
Charged particles 0.0001 —
Photons 0.01 > 0.5 GeV
Neutral hadrons 0.01 > 0.5 GeV
Ap 0.01 > 0.5 GeV

Table 3.3: Size of “veto cones” and pr thresholds used to evaluate the isolation of
electrons and muons. For each term in eq. [3.1]size cones are different. The symbol
“-” indicates that the requirement on veto cone or pr is not applied.

This quantity is calculated considering all PF particles, excluding the lepton candi-
date, within a cone of size AR = 0.4 around the direction of the lepton, excluding
an innermost region, the “veto cone” In the case of electrons large veto cones
are used, to avoid that tracks coming from photon conversion or photons from
bremsstrahlung spoil the isolation. In case of muons, in order to reduce pile—up
effects, the veto cone region depends on the transverse momenta of the neutral
hadrons and photons considered in the isolation, which are required to exceed
a threshold of 0.5 GeV . The size of the veto cones and transverse momentum
thresholds (only for muons) used to evaluate I, are summarized in Tab. .

In order to remove the pile—up effects, all charged PF particles are required to be

track vertex
I | <

originated from the primary hard interaction vertex, requiring |z
2 mm.

z

To further reduce the effects of pile—up the AfS corrections are applied. These
corrections are calculated as in equation [3.2] summing the transverse momenta of
the charged particles within the isolation cone and with |25 — 2" > 2 mm,
not originating from the primary vertex.

AB =05 P Az > 2 mm) (3.2)

To consider the amount of neutral energy with respect to the amount of charged
energy in the isolation cone the sum is scaled by a factor 0.5.

In the analysis presented in this thesis requirements to veto electrons or muons
will be described in section [£.5.1] Among these I, is required to be less than 0.3.

3.2.5 Jets

Quarks and gluons, abundantly produced in p-p collisions at LHC, instantaneously
fragment and produce a collimated spray of hadrons [115]. The non-stable hadrons
created decay to stable particles which, together with the stable particles created
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during hadronisation, reach the detector material. The resulting shower of parti-
cles appears as a cluster of energy deposited in a localized areas of the calorimeter,
called jet. This is pictorially represented in Fig. [3.8

The main challenge of an analysis using jets is to recover the initial energy, momen-
tum and, possibly, the nature of the parton produced in the original interaction
conceiving an algorithm that reconstructs jets, allowing a fairly accurate extrap-
olation of the parton properties.

Parton level

\ Particle Jet Energy depositions

P in calorimeters

Figure 3.8: A simple representation of a jet and its component.

The algorithm used in CMS analyses is the anti—k; algorithm |116], as implemented
in the FASTJET package [117].

The Jet Reconstruction starts from the PF particles (section , which are
clustered using the anti—k, algorithm to form jets. The anti—k, is an ideal cone
algorithm and uses as input the list of the PF particles. In each iteration, it
recombines the current set of particles and jet-candidates, which both are referred
as entries. To form jets two quantities, the distances between pairs of entries (d;;)

and a parameter used to represent distance between an entry and the beam line
(d;p), are updated in each step and are defined as [116]:

s o\ AR}
dij = min (p:rn?,PT?) : (33)

where pp; is the transverse momentum of entry i, AR;; is the distance in the
n¢-plane between entry ¢ and 7, and R is a radius parameter fixed to 0.5 for CMS.

If d;p is smaller than min; d;;, entry ¢ is promoted to reconstructed jets and
excluded from the further iterations. Otherwise, entry ¢ and j' = arg min; d;; are
merged into new entry i’ and the algorithm proceeds to the next iteration. The
algorithm stops when all jet-candidates are promoted to the reconstructed jets or
when min(d;;,d;p) is below the threshold d,;.

The interesting jets are the ones related to the hard collision, to rejects fake jets
and identify jets from pile—up collisions, reconstructed jets are required to pass
two levels of identification criteria.

The first requires that reconstructed jets pass a set of loose identification criteria,
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to remove jets coming from calorimeter noise. The loose requirements are: the
presence of at least one PF particle, whose energy comes from both ECAL and
HCAL; a fraction of the total jet energy coming from photons or neutral hadrons
less than 0.99 of the total jet energy; at least one charged PF object, for jets
inside the tracker acceptance; a charged energy fraction greater than zero; finally
an electron energy fraction less than 0.99.

The second set of requirements is to identify jets coming from pile-up vertices.
The pile—up jets come from low pp multijets production resulting from pile—up col-
lisions. This contribution is removed by the effective jet area algorithm described
in [118] and also using a multivariate approach [119).

The first algorithm relies on the fact that jets coming from pile—up are generally
wider.

The multivariate approach, a BDT, uses as discriminating variables: the pre-
cise tracking information and the knowledge of the primary vertex, to define the
proximity of the charged PF particles in a jet to the primary vertex; other discrim-
inating variables associated to the jet shape, since jets from pile—up are generally
wider.

The most discriminating shape variable used by BDT is a pr—weigthed average
n¢ distance of PF candidates within the jet with respect to the jet direction:

ARZpZ.
i PTi

In this thesis jets are required to pass the loose working point (WP) of the dis-
criminator. This WP corresponds to the 95% efficiency for 20 GeV jets within the
tracker volume and 85% efficiency for 20 GeV jets, outside the tracker volume.

Jet Energy Corrections Due to the non-linearities in the detector responses,
imperfect detector modelling, noise and pile—up effects, the raw jet 4-momentum
obtained by the anti—k; algorithm (pf,,,) does not represent an optimal estimation
of the true jet 4-momentum (p},,.) at the hadron level. A correction is determined
using simulated samples, and applied to a reconstructed jet 4-momentum for all
the jets, such that the four-momentum is equal, on average, to that at the hadron
level. This correction is applied on samples used in this analysis.

The correction can be factorised into a set of sequential corrections [120]:

pgorr = C101:fse‘c (pTTaw7 T]) ’ C’MC (p/Ta T/) ' C’aubs <p%7 77) : C1rel (p%lu 77) : pﬁaw (36)

The first term applied C\g..;, subtracts the contribution from pile—up and detector
noise. The second term is the MC correction (Cyjc) that aims to remove non—
linearity on pr and non—uniformity on 7 of the detector response, is applied to the
offset corrected transverse momentum p’p. The third term, the absolute correction,
Clbss is applied to the MC corrected transverse pp and is designed to give a uniform
response in pr. The last term C, is applied to the corrected transverse momentum
/1 .
pr and corrects the response to be flat as a function of 7.
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The correction factors were estimated using the methods and the samples (data
and MC) of [120]. For the PF jets with pr > 20 GeV the combined correction is
below 20% depending on 7 as shown in figure [3.9 Further details can be found
in [121].
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Figure 3.9: The combined jet energy correction factor C as a function of jet n for
jets with pp = 50 GeV (a) and pp = 200 GeV (b). The correction factor is shown
for three different jet reconstruction algorithms: PF jets, JPT jets and CALO jets.
Only PF jets are used in the analysis presented in this thesis. For PF jets the total
uncertainty on jet energy correction factor varies between 3 and 5%, depending
on pr [120].

3.2.6 b jets

The identification of jets resulting from the hadronization of b quarks, is the key
for many physics analyses at HEP collider experiments. The identification of b
jets, known as b tagging, is used in the SM Higgs or in top quark analyses since
t — Whb. Searches for new physics also tipically involve b tagging, especially in
theories where the third generation has a special role. Last but not least, b tagging
is an important tool used in the search presented in this thesis, where one of the
two SM-like Higgs bosons, originated by the resonance, decays into a pair of b
jets.

b jets reconstruction is quite challenging because they can be easily faked by
jets originated by gluons and light—flavour quarks. The discrimination of b jets
against jets originated from light quarks or gluons, mainly exploits the properties
b-hadrons arising from the hadronization of the b quark: their long lifetime (~1.5
ps) and their relatively large mass (~5GeV). A simplified representation of a b jet
can be found in Fig. 3.10]

The long lifetime means that tracks from the b-hadron decay typically (at the
LHC) have a large impact parameter and are originated from a secondary vertex
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Secondary

Displaced ot
tracks

Figure 3.10: A simplified representation of a b jet (credits to [122]).

separated several millimiters from the primary vertex. The relatively large mass
disfavors their creation during fragmentation and hence b-hadrons are more likely
from the higher momentum hard process than a typical light hadron. Furthermore,
the number of particles produced during the fragmentation depends on the mass
of the parton and hence a b-hadron will carry a larger fraction of the momentum
of the parton than a light hadron. This implies that decay products within a
b jet are more collimated within the jet cone and form a larger invariant mass.
Additionally, the larger mass of the b-hadron means it will typically decay into
more particles than light hadrons. All these properties can be exploited by a
tagging algorithm for b jets.

Various b tagging algorithms have been developed at CMS. The one used in thesis
is the Combined Secondary Vertex (CSV) which uses a combination of secondary
vertices information and tracker-based variables in order to separate b jets from
other jets |[123]. The use of the tracker-based variables allows to recover b tagging
efficiency, when the secondary vertex (SV) cannot be properly reconstructed.

To reconstruct SV, the same algorithm (the Adaptive Vertex Fitter [105], sec-
tion used for the primary vertex (PV) reconstruction, is applied to the
tracks within a given jet. The AR between the track direction and the jet axis is
required to be less then 0.3 for the tracks used for the SV reconstruction. Once
reconstructed the SV candidates, additional requirements are applied in order to
improve b tagging discriminating power: the fraction of common tracks used in
the reconstruction of both, the primary and secondary vertexes, should be less
than 65%; the significance of the distance between the PV and SV in the trans-
verse plane should be greater than 3o; the reconstructed flight direction of each
candidate, defined as the unit vector pointing from the PV to SV, has to be within
a cone of AR < 0.5 around the jet direction. Furthermore, to reduce the contam-
ination due to interactions with the detector and decays of long-living mesons,
secondary vertices with a distance in the transverse plane from the PV greater
than 2.5 cm and with an invariant mass greater then 6.5 GeV or compatible with
K, mass are rejected [123].
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The information described above and the transverse impact parameter measured
of the charged particlesﬂ in each jet are used to build two likelihood—based discrim-
inators, in order to distinguish between b jets against charm jets (D,), and b jets
against light quarks or gluons (Dj;gn:—,). The D, and Dy;gp,—, are then combined
into a single CSV discriminator.

In Fig. is reported the distribution of the CSV discriminator in simulated
samples and in real data of QCD multijets events collected during 2011 [123]. The
stacked, coloured histograms are the contributions of the different components
from simulated multijets samples, showing a good agreement between the CSV
variable evaluated in the simulated and real data samples. The performance of
the CSV discriminator has been evaluated in term of b tagging efficiency as a
function of mistag probability. The latter is the probability of selecting a non-b
jet using the discriminator. Depending on the expected probability of b tagging
misidentification, CMS uses three Working Point (WPs). Each point corresponds
to a value of the CVS discriminator above a threshold. The three WPs correspond
to a misidentification probability of 10% (Loose b jet) , 1% (Medium b jet) , and
0.1% (Tight b jet) for pp > 80 GeV and allow a flexible b jets selection depending
on the achievable compromise between purity and efficiency required to tag a b
jet at the analysis level. The related threshold values of the CSV discriminator
are 0.244 (CSVL), 0.679 (CSVM), 0.898 (CSVT). The three WPs, their threshold
values and their misidentification probabilities are summarized in Table[3.4] This
study considers b-jets, the jets tagged using the medium WP.

Working Point | CSV threshold | Misidentification probability
Loose 0.244 0.1
Medium 0.679 0.01
Tight 0.898 0.001

Table 3.4: Definition of b tag working points with the corresponding CSV value
thresholds and the expected misidentification probabilities. To pass the WP iden-
tification criterion, jet should have CSV tag value greater than the threshold value.

In Fig. the b tagging efficiency as a function of CSV discriminator measured
in data and predicted from simulation, using the same samples mentioned above,
is shown in the upper panel. The three arrows on the bottom panel of Fig
indicate the three WPs. In the same panel the Scaling Factors are reported,
defined as the ratio of b tagging efficiency in MC and data sample, that will be
used to correct the simulation predictions in the analyses |[123]. Based on these
scale factors, in this work the b tag efficiency and misidentification probability
were independently scaled within uncertainties to take into account corresponding

systematics (section [5.1.1)).

CMS has achieved a b jet tagging efficiency of 85% for a light-parton misidentifica-
tion probability of 10% in multijets events. For analyses requiring higher purity,

“The IP is given the same sign as the scalar product of the jet axis direction with the vector
pointing from the primary vertex to this point of closest approach.
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a misidentification probability of only 1.5% has been achieved, for a 70% b jet

tagging efficiency [123].
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Figure 3.11: (a) Distribution of the CSV discriminator, where the filled circles

correspond to data. The stacked, coloured histograms indicate the contributions
of the different components in simulated multijets (“QCD”) samples [123]. (b)
Efficiency of b tagging as a function of the CSV discriminator thresholds. The
efficiency measured in data and predicted from simulation are shown in the upper
panel. The scale factor is shown in the lower panel, where the blue dashed lines
represent the combined statistical and systematic uncertainty. The arrows indicate

the standard operating points.
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3.2.7 Missing Transverse Energy

Neutrinos or neutral weakly interacting particles not yet discovered don’t leave any
signature in the detector. The presence of these particles can be inferred by the
momentum imbalance in the transverse detector plane. The transverse momentum
of the colliding proton pair is negligible, and therefore, from the conservation of
4-momentum, the sum of the transverse momenta of all the particles produced in
a p-p interaction must be null. As a consequence of the imbalance, the missing
transverse energy (E&niss), is measured by the sum of all the observed particles and
is defined as

EY™ =~ 3 (3.7)

visible

The missing transverse energy plays an important role at LHC in several analyses,
among these the ones aiming to the discovery of new physics or to the precision
measurements in the SM processes in particular in the Higgs sector.

The source of real Fpin this analysis is from neutrinos created in electroweak
interactions. There are also several sources of false fr which are often difficult to
control. These sources include the mismeasurement of jets energy, the detector
inefficiencies, the reconstruction inefficiency and the pile-up.

Several methods were developed by CMS for a precise reconstruction of the missing
transverse energy. The best performance in presence of a high number of pile-
up interactions is obtained using the Multivariate Particle-Flow Missing Energy
(MVA PF E2) algorithm [124].

The MVA PF EX® is computed as a correction to the hadronic recoil iy re-
constructed from PF particles. To estimate the E&™ the algorithm assumes the
presence of a boson (a vector boson Z or the SM Higgs boson) decaying into a
pair of leptons and that the main uncertainties of ER* coming from the other
hard scattering products, excluding the boson, can be neglected. This is compat-
ible with our process H —+ hh — bbr, 7, because the invisible momentum comes

mostly from h — 7, 7,. Therefore assuming

e ¢r, the boson momentum in the transverse plane, obtained as the pp sum
over all visible decay products of the boson

e Up, the hadronic recoil, the vectorial sum of the transverse momenta of all
particles, except those coming from the boson

Momentum conservation in the transverse plane gives
— = miss
Ur = —qr — ET (38)

In order to avoid the dependency from the global coordinate system, the hadronic
recoil can be projected parallel (u) and perpendicular (u,) to the ¢r direction,
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considered as the event axis.

Five discriminating uncorrelated variables are exploited by the algorithm to es-
timate the E™. These variables are constructed using linear combinations of
ER caleulated from different types of PF particles, to take into account the dif-
ferent components of an event. The PF types used are the charged PF particles
from (or not) the hard interaction, the neutral PF particles in jets passing or
failing the MVA pile-up identification (section and the unclustered neutral
PF particles [124]. For each EX™(i) variable, the vector @p(i) is computed. A
BDT regression then takes as input: the magnitude and the azimuthal angle ¢
of all type of @y, the scalar pp sum of all PF particles for each EX variable,
the momentum vectors of the two leading pr jets and the number of the primary
vertices. The BDT computes a correction to both the angle and magnitude of the
recoil to match the true recoil. The corrected i, is then added to ¢r to obtain
the negative MVA PF ER.
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Figure 3.12: Parallel (a) and perpendicular (b) recoil component (with respect to
the event axis, ¢ direction) resolution as a function of the number of reconstructed

Number of vertices

vertices. The obtained resolution is also shown for other algorithms: PF Eimiss
(black triangles), No-PU EX™ (red squares) MVA PF E¥ (blue open circles),
used in this thesis, and MVA Unity EF* (violet full circles) in Z — sy The
upper frame of each figure shows the resolution in data; the lower frame shows the
ratio of data to simulation [124].

The BDT has been trained on the Z — puu process for data and MC samples,
because of the absence of neutrinos in the hard scattering process. The perfomance
in the EX™ reconstruction of several algorithms [124] studied by CMS is shown
in Fig. [3.12] where the resolutions of uj and u, are reported as a function of the
number of vertices using data collected at 8 TeV. The best perfomance is obtained
using MVA PF Emiss,

The MVA PF EF® shows a smaller dependence on pile—up interactions increasing
the sensitivity and so the role of the missing transverse energy in the new physics
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searches. Indeed the sensitivity of the search of the Higgs boson into a tau pair
using the MVA PF ET™ was improved of 20% with respect to the E1"* estimated
using the only the PF particles [71].

A parametric data—to—simulation correction is derived and used to rescale the
response and smear the resolution of the recoil in simulated events. The corrections
are parameterized as a function of the pp of the boson at generator level and
affect only the MC samples that contain h, Z or W. The parameterization was
obtained from the discrepancies in the BDT output between Z — pu data and MC
samples. For each generated boson momentum range, the MVA i distribution
from simulations is then corrected to match the distribution in data.

3.2.8 T leptons

The 7 is the heaviest among the leptons with its mass of (1.77686 4+ 0.00012)
CeV [35]. It has a short lifetime of (2.903 4 0.005) x 107" s | so it decays by
weak interactions before being detected and is reconstructed through its decay
products. The main 7 decay modes are resumed in Table [3.5]

7 lepton decays through the so called leptonic decay into electron or muon, a tau
neutrino and a neutrino associated to electron or muon (which doesn’t enter in
the reconstruction because it is undetected). The total branching fraction of the
leptonic decays is around 35%. The remaining 65% of the times the tau decays
into hadrons plus a tau neutrino. This decay mode, indicated with 7, is the so
called hadronic tau decay.

Decay mode Branching Fraction (%)
T = U, 17.41 £ 0.04
T —e U, 17.83 4+ 0.04
T =1y, 35.24 4+ 0.08
T = hv, 11.53 4+ 0.06
T = h 'y, 25.95 & 0.09
77— b0, 9.53 £ 0.11
T~ = h hth v, 9.80 + 0.06
Other hadronic decays ~ 7.95
All hadronic modes ~ 64.76

Table 3.5: All possible 7 decay modes with the corresponding branching fractions;
h* indicates a 7 or a K; [T stays for e~ or p~ [35].

Since it is impossible to separate the 7 signature from the electron and muon, in
CMS the 7 decay in electron and neutrinos, indicated with 7, is reconstructed as
an electron (sections [3.2.2] and [3.2.4)), while the 7 decay in muon and neutrinos,
indicated with 7, is reconstructed as a muon (sections and [3.2.4).

Like in the case of the b jet, the reconstruction and identification of the 7, decays
play a very important role in this thesis, since the final state investigated has two
hadronic taus, coming from the decay of one of the two SM-like h bosons.
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The Hadron plus strips algorithm is used to identify 7y, as a 7, exploiting the
properties of such decays, characterized by particles produced in a narrow cone
(like a jet) but with a low particle multiplicity content with respect to a jet coming
from quark or gluon. This algorithm and the variable used to discriminate 7 .,
from real jets, the 7 isolation, will be described in the following. A simplified
representation of a 7 jet is reported in Fig. [3.134]

TI'O
Isolation annulus (AR < 0.5) ¢ Y
track 170 A ao=2
| O |
! Signal cone An=.05
' 0.2cm ! n
(a) (b)

Figure 3.13: (a) A simplified representation of a 7 jet (credits to Yuta Taka-
hashi). (b) A schematic representation of the reconstruction of a strip in the HPS
algorithm.

Hadron plus strips algorithm

CMS has developed two algorithms to reconstruct the 7,: the hadron plus strips [125]
126] (HPS) and tau neural classiﬁerﬂ (TNC). The HPS algorithm is used in this
work and usually in CMS 7 analyses. The algorithm uses the PF particles in-
formation from each subdetector (section and exploits the topology of 7,
decays, searching for the hadronic decay modes reported in Table. [3.5] in one or
three charged pions and up to two neutral pions.

The 74, reconstruction starts using a PF jet candidate with pp > 14 GeV and |n| <
2.5 as seed (section . The first step is the identification of the 7° in the 7 jet
candidate, which requires to recover photons from the 7° decay converted in elec-
tron pairs in the tracker material. The bending of electron/positron tracks in the
magnetic field brings a broad signature of 7° in the calorimeter along azimuthal
direction. The neutral pions are indeed reconstructed as n — ¢ “strips” of electro-
magnetic particles, photons and electrons, reconstructed by the PF algorithm. A
strip is open in a n¢-window of size 0.05 x 0.20 around the most energetic elec-
tromagnetic PF particle (Fig. . A clustering of all electrons and photons
in this window is done, adding the PF momenta to obtain the strip momentum.

®The TNC algorithm is not described in this work because it is not exploited for the 7
reconstruction. Further details can be found in |125]
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All reconstructed strips with a pp > 2.5 GeV are considered as 7° candidates if
the reconstructed invariant mass is in the range of [50,200] MeV. After clustering,
strips are combined with charged PF particles (excluding electromagnetic parti-
cles) within the jet, requiring a pp of the selected particles greater than 0.5 GeV.
In order to reduce the pile—up contribution, only PF charged particles compatible
with the estimated 7, production vertex, are considered, requiring a longitudi-
nal, |[Az|, and a transverse distances, |d,,|, between the particle track and the
production vertex position less than 0.4 and 0.03 cm, respectively.

A 7 jet candidate is reconstructed depending on the number of charged particles
(pions) and strips in the 7, candidate. Each candidate must be compatible with a
combination of charged hadrons and 7° candidates of a hadronic tau decay, listed
in Table. 3.5k

» Single hadron: A single charged hadron reconstructed by the PF algorithm
without any strips. This decay mode corresponds to 75 — 7= v,, with some
contribution from 7 — 757y, , where the 7° is not energetic enough to be
detected.

o« Hadron plus one Strip: this selects the decays to the intermediate res-

+ + 0

onance p (770), 75 — inT — 71 v,. In this case the combined system

must have the invariant mass compatible with the p (770).

0

« Hadron plus two Strips: corresponds to decays of 7= — 7=7°7’v,. Here

the consistency of the reconstructed with a,(1260) resonance is required.

o Three Hadrons: this corresponds to the decay mode % = hERTREL, and
5 — hERTRT 2%, . In addition the tracks are required to come from the
same vertex, with a maximum impact parameter of 2 mm in the z direction
and sum to unit charge.

All charged hadrons and strips considered above are required to be within a narrow
cone around the jet axis, of size:

0.05 prt > 56 GeV
AR =1 28/pf[GeV] 28 < pi* < 56 GeV,
0.10 prt < 28 GeV

where pi" is the transverse momentum of the reconstructed 7,. The AR between
the directions of the PF Jet and of the reconstructed 7 jet is required to be less
0.1. In case a 7, decay is compatible with more hypotheses, the hypothesis that
gives the highest pi" is chosen.

T4, Isolation

After the HPS reconstruction the 7, is required to be isolated to reduce the pres-
ence of jets originated from quarks and gluons as well as the charged and neutral
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particles coming from pile-up interactions. The variable used to define the 7, iso-
lation, I, is calculated using PF charged particles and photons within a cone of
AR < 0.5 around the 7, candidate direction, with pp > 0.5 GeV and not used to
form the h candidate. To reduce the pile-up contamination which spoils the isola-
tion, charged particles tracks used in the evaluation are required to be compatible
with the 7, production vertex (|Az| < 0.2 cm and |d,,| < 0.03 cm) assumed to be
the vertex with the highest probability associated to the “leading” (highest Pr)
track of the 713,,4.

The Isolation can be expressed as:

I, =" P9 4 max (P — AB,0), (3.9)

The AS term takes into account the contribution of pile—up to the 7, isolation; it
is defined as a scaled (0.4576) sum of the charged particles py within a AR < 0.8
cone around the 7, direction. The sum extends to the charged particles which
are compatible to originate from the 7y, production vertex [125,126]. The scale
factor (0.4576) makes the 7,4 identification efficiency insensitive to pile-up. The
Ap term is then expressed as

AB = 0.4576 - Y Proee

Changing the threshold of the isolation variable it is possible to define three work-
ing points: “loose”, “medium” and “tight” of the HPS combined isolation 3-hit
discriminator E], defined by requiring the isolation pr sum not to exceed 2.0, 1.0
and 0.8 GeV respectively. The working points are determined using a MC sam-
ple of QCD dijet events, obtaining that the “loose” working point corresponds to
a probability of approximately 1% for jets to be misidentified as 7). Successive
working points reduce the misidentification rate by a factor of two with respect to
the previous one. The identification efficiency has been measured in Z — 77 data
and simulations and is above 40% for all working points, as shown in figure [3.14

Discriminating 7, against Electron and Muon

In order to reject muons or electrons misidentified as 7, different vetoes are ap-
plied. Muons or electrons misidentified as 7, are suppressed by requiring loose,
medium and tight working points (WP) for their identification, depending on the
compromise between the efficiency and purity required for the 7 identification.
The probability of a muon to produce a fake hadronic tau is much lower than in
the case of electrons.

To suppress a muon faking a 7, the track of the leading charged hadron of the 7,
candidate it is required to be not reconstructed as a tracker muon.

SThis name refers to the fact that charged particles associated to tracks with > 3 hits in pixel
plus silicon strip detectors are considered in the isolation Pp sum.
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Figure 3.14: 7, identification efficiency measured in Z — 7,7}, events as a function
of (a) pr and (b) n for different isolation working points [126].

The three WPs are:

« muon-loose: 7, candidates are vetoed in case a track segment in the muon
system is found within a cone of size AR = (0.5 centered on the 7, direction.

« muon-medium: 7, candidates are vetoed in case of a muon-loose or in case
hits within a cone of size AR = 0.5 around the 7, direction are present in
CSC, DT or RPC modules located in the two outermost muon stations.

« muon-tight: 7, candidates are vetoed in case of a muon-medium or the
total deposited energy by the leading track of 7, in the calorimeters is less
than the 20% of track momentum

To reject electrons faking hadronic taus, a BDT discriminator, utilizing the set of
variables defined for electron identification of section [3.2.2] is used. The discrim-
inator has been trained on simulated samples with electrons or hadronic taus in
the final state. Different working points were defined (Loose, Medium, Tight and
Very-tight) by applying requirements on the BDT output and are chosen in order
to obtain the lowest e — 73,4 fake-rate for a given 7, identification efficiency.



Chapter 4

Event Selection and modelling

This chapter presents the strategy followed to reconstruct and select the heavy Higgs
H candidate in the decay mode H — hlbblh|T,1y,]. To increase the sensitivity of
this search, the signal must be selected in the most efficient way by reducing the
presence of the backgrounds with a similar signature. Therefore an accurate model-
ing of both signal and backgrounds is needed. The analysis uses several techniques
employed by previous searches of the SM and MSSM Higgs boson decaying into a
tau pair [08,71], fully exploiting the advantage of solid techniques to extract the
signal and to model the data. The physical objects described in the previous chap-
ter are used to reconstruct H — hh — bbr, 1y, through several steps. The resulting
distributions of the reconstructed H candidate masses (for simulated signal plus
backgrounds hypothesis and for data) are used as input to a fit in order to extract
the signal, as described in the next chapter.

4.1 Signal and Background Definition

The process studied in this thesis is pp — H — hh — bbry 7y, (the fully—hadronic
channel). The expected signal events are characterized by the presence in the final
state of two b jets and two 7 jets, which represent the b quarks and the 7 leptons
signatures. An example of a simulated signal event is reported in Fig. 4.1, where
the two b jets and the two 7, from the hh decay are highlighted.

Unfortunately the signal events can be reproduced by several SM processes when
the same particles are in the final state or when quark and gluon jets can reproduce
the same characteristics of the b jets or 7j,. The fully hadronic channel is rather
challenging in hadron colliders due to the large background produced in association
with jets.

The main contributing backgrounds, in order of relevance are:

91
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bjet

bjet

Th

Figure 4.1: Event display of a signal event pp — H — hh — bbry 7}, with My =
300 GeV, where the two b jets and the two 7, are highlighted. The red and blue
towers are respectively the energy deposits collected by the ECAL and HCAL
detectors. The yellow “cones” represent the reconstructed jets. The green lines
represent the tracks, while the red arrow the missing transverse energy of the
event. The red external segments are the muon chambers.
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QCD multijets: this background (Fig. [4.2a] is contributing because of
the possible misidentification of quark and gluon jets as 7, and the presence
of b jets from pile—up or underlying events. The cross—section ( O(200)
nb [127]) makes this background one of the most important.

Z/v* — £Y0" + jets, where £ = e, p, 7: in this process (Fig. , the
decay Z — 77 behaves like h — 77 and the major contribution to the back-
ground arises from Z — 7,7, plus two jets, when the latter are misidentified
as b jets. The invariant mass reconstruction of the 7,7, candidate can be
exploited in discriminating 7 from h decays. Like QCD plus multijets, the
relative high cross-section (O(1) nb, Fig. and the high probability of
misidentification make this background one of the dominating after QCD
multijets.

tt + jets: can perfectly reproduce the signal when the two 7, come from W
decay (Fig. [4.2d). It becomes a dominant and irreducible background when
the two b jets are identified and reconstructed. Other contributions arise
from misidentification of jets from the hard interaction or from pile—up as
7y,. The production cross-section of this process is O(250) pb (Fig. [1.12)).

W — flv, + jets, where { = e, u,7: despite its high production cross-
section (O(30) nb, Fig. [I.12)), this process (Fig. is negligible since, at
the most, only one real 7, comes from W decay and in this case, other three
jets in the event must be misidentified as a 7|, plus two b jets, and this
happens with a low probability.

WW /WZ/ZZ + jets: the searched final state can be mimicked by real or
fake objects, coming from the bosons decays or from multiple interactions.
A low contribution is expected (the production cross-sections are oy & 70

pb; oz ~ 20 pb; 04, ~ 7 pb - Fig. [1.12)).

Single top, tW channel: this process has one top, decaying in bW, and
one W boson in the final state. Then, one signal b jet is reproduced by
the b quark coming from the top decay, the other signal objects can arise

from the possible W decays or from pile-up or underlying events jets. A low
contribution is expected (o =~ 20 pb - Fig. [1.12)).

4.2 Data samples

This analysis uses 19.7 fb™" of the data collected by CMS during 2012 at a centre
of mass energy of /s =8 TeV. Collected data are separated into Primary Dataset,
according to the specific fired triggers (section . This analysis utilizes the
Tau dataset. Since during the data taking period the trigger configuration changed
and the Tau dataset has been divided in four secondary datasets depending on the
run range (Table , corresponding to different data periods during which the
detector was operated under a stable configuration (since trigger settings, average
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Figure 4.2: Examples of Feynman diagrams of some contributing backgrounds in
this analysis, final states containing taus are shown, except for QCD multijets:

(a,b) QCD multijets events, (c¢) Z — 77 plus jets process, (d) ¢t production and
(e) W plus jets.
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instantaneous luminosity, system calibrations, etc. can change over time). The
dataset uses only runs certified as good, where all components of the detector and
accelerator are reliably working. The good runs are collected in a text file, called
JSON file (Cert_190456-208686_8TeV_22Jan2013ReReco_Collisions12_ JSON.txt)
reducing the total delivered luminosity from 21.79 fb™* to 19.7 fb™* analised in
this thesis.

Dataset Name Run-range Luminosity
/Tau/Run2012A-22Jan2013-v1/A0D 190456-193621 0.887
/TauParked/Run2012B-22Jan2013-v1/A0D | 193833-196531 4.446
/TauParked/Run2012C-22Jan2013-v1/A0D | 198022-203742 7.153
/TauParked/Run2012D-22Jan2013-v1/A0D | 203777208686 7.318

Table 4.1: Tau data samples collected by CMS detector and used for this search.
They are divided according to the data taking period.

The Tau dataset has been selected by two different triggers designed to select events
with two taus (Double Tau Trigger) and a single tau (Single Tau Trigger) (see
following section and Table . The Double Tau Trigger requires two Medium
isolated 7, candidates (section [3.2.8)), the presence of a track within || < 2.1 and
with pr above a treshold, plus eventually an additional jet.

The Single Tau Trigger requires the presence of one loose isolated 7, candidate,
a track with pr above a threshold and eventually missing transverse energy.

This analysis is focused on Double Tau Trigger, because there are two hadronic 7
decays in the signal events. The specific trigger paths used for this thesis will be
described in the next section.

4.3 Trigger selection

To be collected data are required to pass the L1 and the HLT paths listed in
Table . These paths have the following requirements at L1 and at HLT (sec-
tion [2.2.7)), depending on the data taking period:

Trigger paths

HLT path L1 seeds
Di-tau DoubleMediumIsoPFTau35_Trk5_eta2pl
L1_DoubleTau44 OR L1_DoubleJetC64
triggers DoubleMediumIsoPFTau35_Trkl_eta2pl
Di-tau DoubleMediumIsoPFTau25_Trk5_eta2pl_Jet30
plus DoubleMediumIsoPFTau30_Trk5_eta2pl_Jet30 L1_DoubleTau44 OR L1_DoubleJetC64

jet triggers | DoubleMediumIsoPFTau30_Trkl_eta2pl_Jet30

Table 4.2: All the di—tau trigger paths used in 7},,474,¢ channel during the data—
taking of 2012.

The L1 trigger (section [2.2.7)) [71] requires two L1 7 objects in the region |n| <
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2.17 or, in order to increase the acceptance and the efficiency, two L1 jets in the
region |n| < 3 [12§].

o FEach 7 object is reconstructed as a L1 jet, with a transverse energy Ep >
44 GeV, with an energy deposit not spread over more then 2 x 2 calorimeter
trigger towers in a calorimeter trigger region An x A¢ =~ 0.35 x 0.35 wide,
corresponding to 4 x 4 trigger towers.

« Each of the two L1 jets must have a transverse energy Et > 64 GeV.

After a L1 accept, at the HLT a regional PF algorithm is run around the L1
seeds and search in a cone of AR < 0.5 for isolated high py PF hadronic taus or
jets. Then the event has to fire the di-tau trigger selection at HLT requiring: two
isolated high-pp (pr > 35 GeV) PF 7, (di-tau trigger) and in case of failure, two
isolated high-py (both with pp > 25 GeV or pp > 30GeV) PF 7, plus a L1 seed
jet with pp > 30 GeV (di-tau plus jet trigger). Data and simulated samples used
by this analysis were selected by these trigger paths. No prescaling was applied.

4.4 Sample composition modelling

The signature of the signal process, can be reproduced by a large variety of back-
ground processes (section [4.1)). The sensitivity of the search of H — hh — bbr 7,
and its significance, rely on an accurate modelling of each process contributing to
the data collected by the trigger mentioned above.

The data modelling used Monte Carlo simulations (appendix [B|) and data-driven
techniques.

The simulation-based techniques are used in the modelling of some particular
processes when the level of theoretical (cross-section) and experimental (detector
response) precision is sufficient and a huge number of events is not required to
precisely model the process (prohibitive time machine). The Monte Carlo (MC)
simulations provide an interpretation of the data in HEP and allow to extract
measurements on fundamental physical parameters relying on the modelling of the
physical processes. The MC simulations play a fundamental role in the physics
data analysis because they provide a complete picture of the large multiplicity of
particles as the outcome of a hard interaction. When simulated events can be
used to model a specific process, MC simulations allow to opmize criteria in order
to separate the signal from the other processes or to apply a specific selection to
reduce the contribution of a background process. Unfortunately MC simulations
techniques are significantly affected by the systematic uncertainties due to a not
precise modelling of the detector response, by the limited accuracy in the pile—up
and QCD generator-level description, by uncertainties in the luminosity measure-
ments and by uncertainties in the theoretical cross-sections. Moreover in some
cases huge samples are required to accurately model some physical processes.
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For some processes (Z — 77 + jets and QCD multijets events), where the mod-
elling uncertainties are big, and/or the statistics necessary is prohibitive, data-
driven techniques were used. In the data-driven techniques the processes are esti-
mated in a region where this process is dominant, after some specific requirements,
and where the signal is expected to be negligible. This region is called sideband
region. After that the background contribution is extrapolated in a region en-
riched of signal processes, called signal region, where all results are estimated.
The parameter space in the sideband region should be as close as possible to the
one of the signal region in order to avoid bias and big systematic uncertainties.

In the next section the modelling based on MC samples will be described. While
the data-driven methods will be described in section [4.6]

4.4.1 Monte Carlo samples

The MC samples used in this analysis, the generator used and their cross—sections
are reported in Table[4.3] After the generation of the events and the simulation of
the detector response (for more details see appendix , events are selected by the
triggers (section , and the high level objects are reconstructed with the same
algorithms used for real data (chapter [3)).

The Parton distribution functions (PDFs) for the proton used in this analysis
are CT10 [129] or CTEQ6L1 [130], together with MSTW2008 [131] following the
PDF4LHC prescriptions [132].

The H — hh — bbr 7 signal samples have been modelled with PYTHIA 6.4.26 |96,
in a range of the heavy Higgs boson mass, My, between 260 and 350 GeV, in step
of 10 GeV, using the cross-sections from “low-tanf-high” scenario (section .

The background processes, like Z/v* — ee, Z/v" — uu, W — v + jets, tt and
dibosons (WW, WZ, ZZ) plus jets, have been modelled with the MADGRAPH
5.1 [98]. POWHEG 1.0 [97,/133}{135] has been used for single top quark production.
In addition to the inclusive Z/~4* — ¢ plus jets and W plus jets backgrounds,
samples with different jets multiplicity (up to four) have been simulated, in order
to increase the statistics for these backgrounds. These are combined with the
inclusive samples using the correct cross-sections ratio, taking into account the jets
multiplicity at parton level. To model Z — 77 + jets process, which represents
one of the main backgrounds, a mixed modelling based on simulation and on
data-driven techniques is used (see section [4.6.1).

The tt background can be accurately modelled using MC thanks to the precise
measurement of the differential ¢¢ production cross-section [136]. In this analysis
tt shap{] and normalization are taken from MC. The most recent and precise CMS
and ATLAS cross-section measurements are used [137].

W + jets is a minor background. Both yield and shape of the W + jets back-
ground are evaluated from MC samples. The most recent CMS cross-section mea-

A shape is defined as the template normalized to the unit area.
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surements at 8 TeV are used [138].

In the Z — £¢€ plus jets sample, when Z decays in two electrons or muons, MC
Z — Ul events are normalised to the NNLO cross—section [139]. Also the shape is
taken from MC.

In the Diboson plus jets events are normalized to NLO cross—sections [140}/141]
and the shape is taken from MC.

The Single Top process is in the tWW channel. The events are normalized to NLO
cross—sections [142] and shape is taken from MC.

For Z — (¢, Diboson, Single Top the low event statistics is faced relaxing the
requirements on b tagging (section [4.5.2)) only for the shape, without introducing
any bias.

Monte Carlo samples

Signal
Process MC generator | o [pb]
gg — H — hh — bbrT PYTHIA —
Boson plus jets
Z — Ul + jets MADGRAPH | 3503.7
Z — Ul + ljet MADGRAPH | 666.3
Z — Ul + 2jets MADGRAPH | 215.0
Z = 1l + 3jets MADGRAPH 60.7
Z — Ul + 4jets MADGRAPH 27.3
W — Lv+jets MADGRAPH | 36257.2
W — tv + ljet MADGRAPH | 6381.2
W — lv + 2jets MADGRAPH | 2039.8
W — lv + 3jets MADGRAPH | 612.5
W — lv + 4jets MADGRAPH | 251.0
tt plus jets
tt + jets \ MADGRAPH \ 245.3
Single top
tW channel | POWHEG | 222

Diboson plus jets

WW — (fv)(fv) + jets | MADGRAPH | 5.8
WZ — (qq')(¢f) + jets | MADGRAPH | 2.2
WZ — (tv)(¢0) + jets | MADGRAPH | 1.1
Z7Z — (00)(qq) + jets | MADGRAPH | 25
ZZ — (e0)(vv) + jets | MADGRAPH 0.7
Z7 — (00)(€0) + jets | MADGRAPH | 0.2

Table 4.3: List of the processes simulated using MC samples, specifying the used
MC generator and the corresponding production cross-sections for 8 TeV p-p col-
lisions. ¢ stands for e, p or 7. Inclusive W decays are considered in ¢ and single
top.

MC weights For MC simulation the estimate of the predicted events starts
from the determination of the fraction of events passing all the event selection
requirements. This number needs to be corrected, in order to take into account
the differences between the MC simulation and the real data. A weight, w, is



4.5. FEvent Selection 99

given to each MC sample and is applied on each event:

w= [ Lat- T2 Py w™ (4.1)
evt

« [ Ldt is the total integrated luminosity ~ 19.7fb™*

Opred 15 the cross—section used as an input in the MC generation (Table [4.3))

N, is the total number of the generated MC events

o SFpata/mc resumes the corrections applied to MC to improve the agreement
with the real data. This scale factor is a product of trigger efficiencies and
7 identification scale factors. A brief description of how these are calculated
is given in the Appendix [C| The scale factors used in this analysis were
calculated for the search of SM and MSSM Higgs boson in 77 final state [68,
71].

« w'Y is the pile—up weight. This weight is used in order to better match the
MC distribution of the average number of pile-up interactions with data.
To model pile-up in simulated samples, for each event of the MC samples
a random number of minimum bias events are generated by PYTHIA and
injected to the original event. The number of pile-up events follows a Pois-
sonian distribution defined by CMS in [143]. The weight, w"", is calculated
as the ratio between the number of pile-up events simulated in [143] coming
from the same bunch—crossing of the hard scattering event and the distribu-
tion of pile—up events in data. The dependence of w’Y on number of pile—up
interactions is represented in Fig. [4.3]

4.5 Event Selection

The reconstruction of H — hh — bb77 signal events is one of the main purpose
of this analysis and is realised in different steps.

Data and simulated samples collected by the triggers (section , are processed
offline. After the reconstruction of the primary vertex (section of the hard
interaction, an offline selection, called baseline selection, is applied to reconstruct
the h — 7,7, candidate. The selection of the di-tau candidate pair follows the in-
clusive selection already published for the search of the SM h — 77 candidate [71]
and of the MSSM ¢ — 77 analyses [68]. Then, additional requirements are applied
to the jets for the reconstruction of the h — bb candidate in the same event.

As final step, the H — hh candidate is reconstructed taking into account the
presence of two SM—like h bosons.
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Figure 4.3: Event pile-up weight as a function of the number of pile—up interactions
per bunch crossing in MC.

4.5.1 h — 7,7, selection

After the events have passed the trigger selection, to form a h — 7,7, candidate
a pair of opposite charge of medium isolated hadronic taus (1. < 1, section ,
compatible with the primary hard interaction vertex ( |Az,| < 0.2 ¢cm) and with a
separation AR > 0.5, has to be reconstructed in the event satisfying the following
requirements:

« both 7, must have a pp > 45 GeV and |n| < 2.1. The high pp requirement is
due to the trigger efficiency turn on curve and has been chosen to keep the
highest signal efficiency (appendix . The n region and the pr thresh-
old chosen ensure good reconstruction performance and stable HLT trigger
operation.

e each 7, must be matched to one of the two HLT tau objects; the match
requires that the direction of the HLT tau object is in a cone of radius
|AR| = 0.5 around the reconstructed 7.

This selection was optimized for the SM h — 7,7, analysis [71].

To discard events in which a muon or an electron can be misidentified as a 7y,
it has been required that the both 7, have passed the loose anti-muon and loose
anti—electron discriminators (section [3.2.8)).

Extra leptons veto Events with additional leptons, muons or electrons, are
rejected by vetoes to further reduce specific backgrounds, like for istance Diboson.
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« Events are vetoed if they contain any muon with pp > 10 GeV, |n| < 2.4,
compatible with the primary vertex (|Azy| < 0.2 cm, |d,,| < 0.045 cm),
which passes the Tight muon identification (section m - Table and
with the isolation I < 0.3 (eq.

« Events are also vetoed if they contain any electron with pr > 10 GeV, |n| <
2.5, compatible with the primary vertex (|Azy| < 0.2 cm, |d,,| < 0.045 cm),
which passes the loose BDT-based identification (section - Table
and with the isolation I, < 0.3 (eq.

In case of multiple candidates in an event, the pair with the most isolated 7, is
chosen. If there is still more than one couple, the h — 7,7, with the highest
scalar sum of py is taken.

In Fig. and the pr and n distributions of the leading (highest pp) and
subleading (second leading pr) 7, candidates are reported, resulting after the
baseline selection. These distributions show a good agreement between data and
MC.

The “Electroweak” in the legends (red) includes W + jets, diboson and single top
processes; the Z — ¢¢ (blue) includes Z — ee and Z — pupu plus jets processes.
This convention for the legend (if not differently specified) will be used in all the
plots of this thesis.
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Figure 4.4: Distributions of the leading 7,: pr (a) and 7 (b).

4.5.2 h — bb selection

After the reconstuction of the h — 7,7, almost two additional jets must be
present in the event to reconstruct a h — bb candidate. h — bb candidates are
reconstructed using pairs of PF jets satisfying the following requirements:

« jets must have a pr > 20GeV, |n| < 2.4 to ensure a good performance of the
CSV discriminator used for b tagging (section |3.2.6))
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Figure 4.5: Distributions of the subleading 7,: pr (a) and 7 (b).

» jets must pass the loose working point of the discriminator against pile—up

jets (section [3.2.5)

 jets must be separated from the two 7, of the h candidate decay, requiring
that the direction of the jet is out of a cone of radius |R| = 0.5 around each
of the reconstructed 7,. This requirement allows to avoid any overlap with
the signal objects.

In order to select the correct b jets coming from h boson, a study at generator
level on a signal MC sample has been performed, comparing different methods to
select b jets. The study (see following subsection) has revealed that the majority
of signal events will have at least one jet passing the medium WP of the CSV
discriminator (CSVM). Moreover it revealed that the best criterion to reconstruct
the candidate h — bb is to order jets according to their CSV discriminator value.
Thus the leading and subleading b jets correspond to the jets with the highest and
second highest CSV values respectively. These jets are used to reconstruct the
invariant mass of the h — bb candidate, M.

In figures [4.6] and [4.7] the distributions of the pp and CSV discriminator of the
leading and subleading b jets respectively are reported, satisfying all the require-
ments mentioned above except the b tag requirement (CSVM). Also for these
distributions a good agreement between data and MC has been achieved.

b jets event categorization Fvents selected are separated into categories
whether zero, one or two of the selected jets pass the medium CSV b tagging
WP. Since medium CSV b tagging WP has an expected misidentification prob-
ability rate of the 1% (section , these categories have different background
composition, are orthogonal among them and have a very different signal sensi-
tivity. They can be defined in this way:
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Figure 4.6: Distributions of the leading b jet: pr (a) and CSV discriminator (b).
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» 2jets—0tag Events belong to this category if neither the leading nor the
subleading jet passes the medium CSV working point. This category is
dominated by backgrounds and is not very sensitive to the signal events.

o 2jets—1tag Events are in this category if the leading but not the subleading
jet passes the medium CSV working point. This category contains half of
the signal and it is still dominated by the background.

o 2jets—2tags Events belong to this category, if both the leading and sub-
leading jets pass the medium CSV working point. This is the most signal-
sensitive category.

In addition in this work other three categories are used and defined as follows:

 inclusive In this kind of events only the baseline selection for h — 7,7, is
applied without any requirement on jets.

o 2jets—inclusive Events are collected in this category if there are at least
two jets, without any b tagging requirement; then it combines the three
categories previously defined.

o 2jets-1tag loose, 2jets-2tags loose These two categories are added be-
cause are useful for background estimation with data—driven methods; the
same definition of 2jets—1tag/2tags is used, but a loose WP for the CSV
discriminator (CSVL - Table is required (section [3.2.6).

In Fig. the distribution of the number of b jets passing the CSV medium
working point for the inclusive category is reported, showing a good agreement
between data and MC.
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Figure 4.8: Distribution of the number of b jets passing the CSV medium working
point for the inclusive category.
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Study at generator level on bjets

This study has been performed using the H — hh — bbr7 MC sample with
My = 300 GeV to determine the criterion to identify the best b jet pair on signal
events. As first step, the match between real and reco b jets has been studied,
evaluating how many events have two “preselected” jets matched with MC truth
b jets. The “preselected” jets are defined as jets to which the selection described
in has been applied, in order to select a pair of jets forming a h candidate
and a AR < 0.3 has been required between objects. The resulting percentage of
events with matched jets relative to the total number of events is around 68% in
2jets—inclusive category.

For this study only events with 2 “preselected” jets matched with b jets at gener-
ator level are used. Three methods have been investigated to determine the best
criterion to order jets, in a way that the choice of the leading and subleading jets
give the best performance:

o 2 jets with highest CSV discriminator values
e 2 jets with the highest pt values

« The jet pair which provides the minimum y? of the kinematic fit used to
reconstruct the four body invariant mass, My, for the H candidate (sec-

tion

Performance of the three methods is evaluated in terms of purity, defined as the
ratio between the number of events with both selected b jets matched with real
b jets and the number of events with two “preselected” jets that match two MC
truth b jets.

The results of this study are reported in Table .4, The best performance is
obtained in all categories using the CSV method.

Selection “purity” (%)
Event category CSV-based | pr-based | y*-based
2jets—inclusive 84.3 53.1 70.2
2jets—Otag 64.9 28.9 45.5
2jets—1tag 76.5 43.6 62.5
2jets—2tags 98 96.5 99.5

Table 4.4: Purity of b jets selected for each category for different methods.

4.5.3 H — hh — bbTT selection

The presence of two SM-like Higgs bosons h in the signal events makes consistent
the requirement that the invariant mass of the tau pair and the b jet pair are both
around 125 GeV.
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In the case of the h — 7,7, due to the presence of two neutrinos from the tau
decays in the final state, the invariant visible mass, M, calculated using the
visible tau products, does not peak in the right position and does not allow to
discriminate the h — 7,7, signal from the background, in particular in the case
of Z — 1,7,. In order to improve the resolution on mass, the CMS algorithm
SVFit [144], exploiting the information of EX™ and of visible products of the
7 decays, is used. SVFit is a likelihood-based algorithm, that reconstructs the
invariant mass of the h tau pair candidate, MF*, recovering the information of
the missing transverse energy on a event by event basis. In figure are reported
the candidate pair 7,7, distributions of the invariant visible mass, M** (a) and of
the invariant mass reconstructed by SVFit, M2 (b), for signal H — hh — bbrr
(in blue) and Z — 77 plus jets (in red) events. The SVFit improvement on
discrimination power is clearly visible. Further details can be found in appendix D]
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Figure 4.9: Distributions of (a) visible invariant mass of the 7 pair candidates and
of (b) SVFit invariant mass of the tau pair candidate, for signal h — 77 from
H — hh (in blue) and Z — 77 (in red). Distributions are renormalized to the
unit area.

In the case of the h — bb, the M,,, is the invariant mass of the two b jets candidates.

In order to keep most of the signal events and reject most of the backgrounds,
especially the SM Higgs processes (section , in all categories it is also required
that signal events have to be within the mass windows:

90 GeV < M < 150 GeV (4.2)
70 GeV < Mbb < 150 GeV (43)

In Fig. m the distributions of M2F" (left) and M, (right), before applying the
cut and for each category are reported, for modelled contributions and data events.
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Figure 4.10: Distributions of M (left) and M,, (right) in the 7,7, channel.
The plots are shown for events in the 2jets-Otag (top), 2jets—I1tag (centre) and
2jets—2tags (bottom) categories before applying the mass window requirement.
The expected signal multiplied by a factor 10 is shown superimposed as an open
dashed histogram for tan = 2 and Mgz = 300 GeV in the “low-tanS-high” scenario
of the MSSM. These distributions are divided by the bin width.
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4.5.4 H — hh reconstruction

The final step of the signal selection is the reconstruction of the heavy Higgs boson
H. The presence of two SM-like Higgs bosons h, consistent with a mass around
125 GeV can be exploited not only applying the “rectangular” cut on the masses
of the tau and b jet pairs.

Two approaches are considered to reconstruct the mass of the H candidate (My)
based on a different estimate of the H 4-momentum.

The first approach reconstructs the H 4-momentum as the sum of the 4 visible
objects (two 7, and two b jets) 4-momenta plus the missing transverse energy
(E%‘iss = (EX, .0, O)) 4-momentum. This approach delivers a robust estimator
of the signal, the H candidate invariant mass, M, ;;, calculated using the H 4-
momentum defined above. However, mostly due to the E&®, the mass resolution
is relatively low, as is shown on the left of Fig. , where M, ;, is reported.

In the second approach, a kinematic fit procedure [145], which exploits the known
event topology, is used. The kinematic fit tool puts the constraint that in signal
events My, = M., = 125GeV in order to shift the energy of each final object
within its measurement uncertainties to bring the mass of each individual pair as
close as possible to 125 GeV. Thanks to the fact that the h boson natural width
is of the order of few MeV, the difference in mass are due only to the detector
resolution effects.

In the fit procedure, the varied observables are the energies of the taus and of the b
jets. The deviations between the measured and the varied observables are normal-
ized to their uncertainties, giving the possibility to construct a y? function. The
x? is then minimised in the fitting procedure, giving the possibility to understand
how compatible the analysed event is compared to the hypothesis made.

For the b jets it is varied only the energy because their directions, n and ¢, can
be considered very well reconstructed. While the energy of the second b jet can
be obtained from the mass constraint and varying the energy of the first b jet:

2,new
2, new new b new 2 3
Mg = pi, +pos ™ + 2py, poe” = mi, + 7#2 + 2By, Eg | 1= By B, |- (44)
b,y N———

C

¢ is assumed to be constant (at first approximation 3 = p/E is considered con-
stant), and it can be derived from the kinematics before applying the fit:

2 2 2
. Mh —mbl —mb2

_ 45
¢ 2B, By, (4.5)

From the eq. under these assumptions the energy of the second b jet is equal



4.5. FEvent Selection 109

to:

By =Ey oy, | -1+ |1+ (4.6)

During the fit procedure the mass of the i bjet can be scaled according to its
energy:

new

My, = My,

(4.7)

For each b jet a x? term can be built to quantify how much the measured energy
of the b jet @ (with ¢ = 1 or 2) is modified by the fit:

2
Eﬁ‘F . E@eas
Xb, = ( 5 ) (4.8)

Ubi
By is the measured b jet energy and oy, its energy resolution. The uncertainties
oy, and oy, are evaluated from a MC sample as a function of n and pr as reported
in the following analysis [146].

miss

Due to the presence of a big contribution of ET coming from the neutrinos
present in the 7 decays, the energy of the h — 7,7, is underestimated. For this
reason the treatment of the 7 pair follows a slightly different procedure. The com-
patibility of ditau mass with 125 GeV SM-like Higgs boson allows the possibility
to use the collinear approximation and consider the directions of the visible decay
products to be the same of the original 7 leptons, thanks to the high boosted en-
ergy of the taus. Moreover the measured direction is very accurate and reliable, so
it is considered constant as for b jets. Using the mass constraint only the energy
of one tau is varied in the fit procedure and also m, is considered constant.

Due to the presence of initial state radiation and underlying events, the heavy

Higgs boson H may have a non-zero transverse momentum, pry . The recon-

—1neas

structed recoil (P recon) defined as a momentum in the transverse plane that is
opposite to the H candidate momentum, satisfies the following equation:

— meas — meas — meas — meas — meas —meas — meas
PTrecoil = ~PT,miss — PT)b;, — PTb, — pT,T‘{iS - pTﬂ_‘Q’iS = —P1H (49)

where the prmis is the missing transverse energy, reconstructed as described in
section [3.2.7 the subscript vis indicates that for the 7 only the visible decay

products are used. In order to obtain the correct 7 energies, the fitted, ﬁTf{tI{, and

—1neas

the reconstructed heavy Higgs transverse momenta, pry, are required to be quite
close.
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The recoil is calculated by the fit as:

> fit - fit = fit > fit - fit - fit (410)

Pryrecoit = —PT,b, — PTb, — PTyr, — PTyr, = —PTH

Any nonzero residual vector pryecon = ﬁr}tH + DT yeconl CONtributes to a Y term as
follows

2 _ -vres,T -1 —res
Xrecoil = pT,recoil ' Vrecoil * PT recoil (411)

V.ecoil denotes the 2 x 2 covariance matrix of the reconstructed recoil vector:

Vrecoil =V;

P, miss

—Vy, = Vs, (4.12)

The total x* function of the kinematic fit is the sum all the individual x* contri-
butions:

X?ot = Xl%l + XI%Q + X?ecoil (413)

X2, is a function of the variables E, and E_ .

After the iterative minimisation of the x5, (HHKinFit package [145]), the kine-
matic fit provides the corrected 4-momentum of the taus and b jets which can
be summed to determine a more precise measurement of the heavy Higgs boson
mass. The resulting heavy Higgs boson mass is called ME™M - This notation will
be used throughout this thesis. Sometime the fit may not converge, which means
that the signal object combination does not provide a mass My, around 125 GeV.

This happens rarely (less than 1%) after the mass window requirement for the tau
pair and the b jet pair (section |4.5.3]).

The distributions of the reconstructed 4 body mass My without (left, M, ;)
and with (right, Mlﬁmﬁt) the kinematic fit applied for each category are reported
in Fig. f.11] This figure shows, as expected, that the mass resolution for signal
events is quite improved using the kinematic fit, while for the background the My
distribution is still wide and quite unchanged. The sharp cut at My = 250 GeV
is due to the threshold imposed by the kinematic fit M., = My, = 125 GeV and
corresponding to 2 x M,; = 250 GeV.

Thanks to these properties the kinematic fit mass is chosen as the final discriminant
for the signal extraction (section , since it provides a sharp and narrow peak
of the My distribution for the signal events and a broader My distribution for the
backgrounds events.

A summary of the complete event selection is reported in Table
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Figure 4.11: Distributions of the reconstructed 4 body mass without (left, M, ;)
and with (right, M{"™) the kinematic fit applied in the 7,7, channel. The plots
are shown for events in the 2jets—Otag (top), 2jets-—1tag (centre) and 2jets—
2tags (bottom) categories. The expected signal multiplied by a factor 10 is shown
superimposed as an open dashed histogram for tan § = 2 and My = 300 GeV in
the “low-tan/-high” scenario of the MSSM. These distributions are divided by the
bin width.
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pr > 45 GeV, |n| < 2.1
I, <1GeV
Th Loose anti-e
Loose anti-p
No extra electrons or muons
Opposite charge

b= TuTh G O METT < 150 Gev
Jets PF jet, Pr > 20 geV, In| < 2.4
pile—up jet ID
b jets CSV Medium WP
h — bb 70 < My, < 150 GeV
\ H — hh \ Kinematic Fit convergence \

Table 4.5: H — hh — bbry 7y, fully hadronic channel, requirements.

4.6 Data driven Background modelling

In this section the data—driven methods used to model the Z — 77 plus jetsﬂ and
the QCD multijetsﬂ will be described.

Due to the presence of at least two jets in the event, the composition of these
backgrounds, is expected to change in each category. In the 2jets—Otag the major
contribution is expected from QCD and Z — 77. Meanwhile, the contribution
is expected to be drastically reduced in the 2jets—2tags category, where ¢ (mod-
elled by MC, section background becomes dominant for the presence of two
genuine b jets.

These data-driven techniques are applied in all the steps of the selection, starting
from the baseline selection (section . Depending on the step, a specific “ref-
erence” distribution is used to estimate the shape and the normalization of each
data-driven background in the signal region.

In particular, after the baseline selection (section , the MF* distribution is
used for modelling the data-driven backgrounds. While at the end of the selec-
tion, the distribution used for the estimation is M since this distribution is

the most sensitive for the signal extraction.

In the following sections the procedures to model these backgrounds, their shapes
and normalization, and their reliability are presented.

*This background will be indicated as Z — 77 omitting “plus jets”.
3This background will be indicated as QCD omitting “multijets”.
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4.6.1 Z — 1T

The technique utilized to model this background has been optimized for the
SM |71] and MSSM [68] h — 77 searches. The modelling relies on the use of
an embedded sample, constructed using a data sample of Z — pp and MC sample
of Z — 77. The two opposite charge loose PF isolated muons (section |3.2.3))
from the Z decay, are replaced by two MC generator level taus. The signals left
in the detector by muons are removed and the muons 4-momenta are assigned
to the taus. Tau decays are then simulated by TAUOLA [147]. The advantage to
use the embedded sample comes from the fact that the majority of the objects
are taken from data, as a consequence the behaviour of the underlying events is
better described and the systematic uncertainties on jets and Fpare reduced.

In order to avoid any possible bias or contamination from Z — uu selection, an
additional weight is applied to each embedded event, called embedded weight. It
is defined using Z — pp MC sample as the ratio of events that pass the selection
applied for Z — pp to the total number of events in the sample depending on pp
and 7 of each muon.

The total yield of the Z — 77 background is estimated in the inclusive category
counting the total number of events of the MC Z — 77 sample entering in the
distribution of ME™™ (Npeusive (Z — TT)MC). To determine the yield in each cat-
egory, the extrapolation factor, €.4segory, t0 pass the requirements of the category
(respectively 2jets-Otag, 2jets-1tag, 2jets-2tags) is evaluated:

embedded
Ncategory (Z — TT)

€ = 4.14
cateaery Ninclusive (Z — TT)embEddEd ( )

embedded embedded

where N, usive (Z — TT) and Negtegory (Z — 7T7T) are obtained count-
ing the respective number of events of the embedded sample entering in the dis-
tribution of Mt

Then the yield in each category is obtained using the following equation:

Ncategory (Z - 7—7—) = Ninclusive (Z - TT)MC " €category (415)
For the shape of this background, the distribution of M in the embedded
sample is taken for each category. The presence of at least 2 jets in the event
and the b tagging requirements reduce a lot the Z — 77 contribution. Due to
the low event statistics, the shape of the 2jets—1tag and 2jets—2tags categories
are evaluated using the 2jets—1tag/2tags—loose categories (section , where b
tagging requires a looser WP (Table . The shape, obtained using the loose
b tagging for the distributions of M{™*' and shown in Fig. m is compatible
with the one obtained with the medium b tagging WP, providing a Kolmogorov—
Smirnov test [148] greater than 95%. This ensures that no bias is introduced by
relaxing the b tag requirements.

Since the embedded samples of Z — 77 was originated from di-muon data, a
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Figure 4.12: Comparison of Z — 77 embedded shapes of the Ma™® distribution,
requiring CSV loose working point (red) and CSV medium (blue) in the 2jets—1tag
(a) and 2jets—2tags (b) categories.

considerable contamination of t¢ — pu + X events is present. This contribution
cannot be neglected because the tt background is one of the most relevant back-
ground, especially when the presence of two b jets is required. In order to estimate
the contamination in the Z — 77 embedded sample, a tt — pu + X MC sample
is produced with the embedding procedure applied this time on a tt MC sample.
The ¢ embedded contamination, like for instance in the case of M2 distribu-
tion, amounts to ~ 36% in 2jets—1tag and to ~ 97% in 2jets—2tags categories,
after the baseline selection, where the h — 7,7 is reconstructed. In Fig. [4.13
the tt contamination in the Z — 77 embedded sample is shown in the 2jets—1tag

4.13a)) and 2jets—2tags (4.13h) categories using the M*2F* distribution.
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Figure 4.13: ¢t contamination (red) in Z — 77 embedded sample (blue) by the t¢
process (red) is shown in the 2jets—1tag (a) and 2jets—2tags (b) categories for the
MY distribution.
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The tt embedded sample uses as normalization the cross-section of the tt pro-
cess (the same used for the normalization of the t# MC sample of section [4.4.1)).
Summarizing, in the modelling of the Z — 77, the #¢ embedded background is
subtracted from the Z — 77 embedded sample.

4.6.2 QCD

This background requires a very huge sample and as a consequence, a prohibitive
time machine to be properly modelled by MC simulation. In this case the use of
a data modelling technique is mandatory.

The technique assumes a similar behaviour for QCD processes when di-tau candi-
dates are reconstructed with opposite—charge (opposit—sign, OS) or same—charge
(same-sign, SS) or when one of the tau candidates is not isolated. Under this hy-
pothesis, in order to properly estimate the shape and yield of the QCD background
in the signal region, three QCD enriched control regions are defined, applying some
changes in the requirements of the baseline selection.

The regions are then defined:

o OS isolated: this is the signal region, where the two 7, candidates are
required to have opposite charge and to be isolated. The shape and yield of
the QCD model must be estimated in this region.

« SS isolated: the opposite charge requirement for the 7, pair is inverted to
require the same charge.

« SS anti-isolated: the 7, are required to have same sign (SS). One tau
passes the isolation cut (I, < 1, Medium WP), the other is not isolated
with I. between 1 and 4 GeV, to avoid any overlap with SS isolated control
region.

« OS anti-isolated: Opposite charge di-7;, events are required (OS). One tau
passes the isolation cut (I, < 1, Medium WP), the other is not isolated
with I, between 1 and 4 GeV, to avoid the overlap with OS isolated,
corresponding to the signal region.

A schematic picture of these regions is reported in Fig.

The choice of the isolation range for the anti-isolated regions is determined by
the fact that biases affecting the shape, when isolation is too far from the signal
distribution, or a too low statistics sample, affecting the uncertainties on the
background (yield and shape), when the range is too narrow, must be avoided.

The figure shows that in the inclusive category the QCD yield does not
depend on the 7 isolation, for both OS and SS regions, confirming the hypothesis
assumed to grant the absence of any bias due to a dependence of the QCD yield
on the 7 isolation.
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Figure 4.14: A schematic representation of the QCD signal and control regions.

However, due to the significant amount of the fake di-7, candidates, originated
from di-jets in QCD processes, the number of events in the OS and in the SS
regions are not equal. This difference may increase with b tag requirement due to
the fact that in the bb events there is a bias towards opposite sign combination.

Another assumption made, is that the ratios of the yields between isolated and
anti-isolated regions for SS (N;zf /an‘ii_iso> and OS (Ng[,g /Nglfi_iso) regions are
the same. This assumption is verified in the inclusive category, where the contri-
bution of the signal is expected to be negligible, after having applied mass win-
dow cuts (section and kinematic fit convergence (section [4.5.4). The ratio
NES INDS, s is equal on average to 0.25 4 0.02 (stat.); the ratio Nis /NS5 _ico
is equal on average to 0.23 + 0.02 (stat.). To exclude possible b tag dependency
effect, these ratios have been evaluated for each b tag category and compatible
values with the previous have been found.

The shape and yield used to model the QCD background in the signal region,
are determined utilizing the QCD contribution measured in the OS anti-isolated
control region (Nggi_iso), because the main background contribution in this region
is given by the QCD. This can be observed in Fig. where the distribution
of MF ig shown with all contributing backgrounds but QCD.

The QCD model yield in the signal region (N2) is obtained using the extrap-
olation factor, calculated in each b tag category, to properly model the QCD
background in the different category, N&4_;s0/NS¥ anti—1s0 » through the relation:

gt

cat cat —150

NOS—iso = IVNOS—anti—iso ° Ncat ; (4 16)
SS—anti—iso

The QCD contribution in each control region, is evaluated subtracting from the
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data the contribution of all non-QCD backgrounds, estimated using MC samples
(including MC Z — 77) in the 2jets—Otag category, while in the 2jets—1tag and
2jets—2tags categories, due to its low contribution the W + jets is not subtracted.
This can be applied because at the most only one real 7, may come from W decay
and the other three jets are misidentified as a 7, plus two b jets.

Furthermore, due to the low event statistics in the 2jets—1tag and 2jets—2tags
categories, the shapes in OS anti-isolated region and the NS4 ;. /NSY_ onii rso
extrapolation factor are calculated in 2jets—1tag—loose and 2jets—2tags—loose. The
looser b tagging requirement does not introduce any bias neither in the shape nor
in the SS extrapolation factor but it allows to increase the statistics, a smooother
shape and more precise QCD background modelling, as shown in Fig. and

Fig. £.15d] where the comparison of loose and tighter QCD shapes is reported.
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Figure 4.15: (a) Distribution of isolation variable of the subleading 7, for QCD
multijets events in OS (blue) and SS (red) regions in the inclusive category. The
mass window cut and kinematic fit are also applied. (b) Distribution of M in
the OS anti-isolated control region for the 2jets—inclusive category. The missing
background contribution is considered coming from the QCD multijets process.

Comparison of QCD multijets shapes of the M{™* distribution, requiring CSV
loose working point (red) and CSV medium (blue) in the 2jets—1tag (c) and 2jets—

2tags (d) categories.
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Results

The reconstructed H candidate masses for the modelled signal, backgrounds and
data are used as input to a fit to extract the signal contribution. The statistical
procedure employed was developed by the LHC Higgs Combination Group [149]
and adopted by both ATLAS and CMS experiments. The systematic uncertainties
considered for this analysis are discussed. The fit takes into account the statistical
and the systematic uncertainties. The model independent 95% CL exclusion limits
on the production cross-section of a heavy scalar neutral H boson times the branch-
ing fraction, o (99 — H —) X B (hh — bbTT) are set as a function of My. These
exclusion limits are also interpreted in the two benchmark scenarios, respectively

the “low-tan S—high” MSSM and the 2HDM Type I1.

5.1 Systematic uncertainties

The modelling of signal and backgrounds in the distribution of M presented

in the previuos chapter, is affected by the systematic uncertainties. These can be
divided in two different types:

« Normalisation uncertainties, affecting the yield of a particular back-
ground or signal

« Shape uncertainties, affecting also the shape of Mj ™ distributions for
signal and background, used as input in the fit procedure (section .
In this case the number of events in a particular bin (the shape) is also
influenced.

A detailed description of all the systematic uncertainties considered in the analysis
is described in the following. The summary of all the systematic sources and
the corresponding uncertainties, considered for this analysis, is reported in the

Table (.11

119
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Affected Source Systematic Uncertainties (%)
Quantity 2jets—0tag | 2jets—1tag | 2jets—2tags
Luminosity 2.6 2.6 2.6
Th %dentlﬁcat.lon' 19 19 19
and trigger efficiencies
b tagging efficiency 4-5 2 4-5
b mistag rate - 2.5 -
Yield 7 cr(?ss—section ' 3.3 3.3 3.3
Z — 717 signal extraction 5.7 25.2 175
Z — 77 - tt contamination - 5 49
tt cross-section 10 10 10
7 —
30 52 67
jet and [ misidentification
. Diboson plus ' 15 15 15
single top cross-sections

W plus jets cross-section 20 — —
QCD Multijets 10 20 40

Tau energy scale M distribution

Shape KinFit q: 4 1 .
Jet energy scale My distribution

Table 5.1: Summary of the systematic uncertainties affecting the yields and the
shape for signal and backgrounds of the Mg ™" distribution in the different cate-
gories as described in sections [5.1.1] and [5.1.2l Some uncertainties may vary with
the samples, so in this case ranges are given. W plus jets uncertainties are eval-
uated only in the 2jets-Otag category, the other two categories being included in
the QCD multijets systematic (section . The uncertainties less than 1% are

not reported and are replaced by a “-”.
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5.1.1 Normalization uncertainties

The sources of systematic which affect the yields for background or signal processes
are the following:

e Luminosity
The relative uncertainty on the luminosity amounts to 2.6% for 2012 data
( [150], Appendix [A). This uncertainty is applied to the signal and to all
the backgrounds modelled by MC. The relative normalization uncertainty is
equal to the relative uncertainty on the luminosity measurements.

o T, identification and trigger efficiencies

The scale factors for identification and trigger efficiencies (described in [68]
and resumed in Appendix [C]) were used in order to obtain a good agreement
between data and MC. The relative uncertainties of these scale factors are 8%
for the 7, identification and 4.5% for each 7, candidate. These independent
relative uncertainties have been summed in quadrature. They have been
applied to signal samples and to all the MC backgrounds, when a genuine
tau is present. The final relative uncertainty amount is 19% for all MC
samples, except for the W + jets background in which only one real 7 is
present and it amounts to 9.5%.

e { - 1, and jet — T, fake-rates
The relative uncertainties on the £ — 7, and jet — 7, fake rates are respec-
tively ~ 30% and ~ 20% [71]. These affect mostly Z/v* — ¢¢ background,
as it will be described in the following paragraph.

« b tagging efficiency and mistag rate

The uncertainties on the b tagging efficiencies and mistag rates scale fac-
tors as function of the jet pp and n for the CSVM discriminator (Table
are evaluated in [123]/151]. These scale factors have been estimated to cor-
rect disagreements in b tagging performance between data and MC. In this
analysis the effect of their uncertainties on the yields has been evaluated
by varying the scale factors applied within their recommended uncertainties
(+10 values). The corresponding overall change in the yields of signal and
each MC background, for each category, has been evaluated after applying
the promotion and demotion procedure. This procedure (described in Ap-
pendix [C)) is used to reclassify a fraction of b tagged jets as non b tagged
jets, or vice versa, in order to obtain a better agreement data-MC. For the
backgrounds with a variation greater than 1%, the yield change is used as the
normalisation uncertainty. Since the b tagging and mistagging uncertainties
are treated as independent sources of systematic in the signal extraction, the
procedure is repeated four times.

« Background Normalisation
The simulated processes are affected by uncertainties on the cross-sections
arising from their measurements or their theoretical predictions. Data driven
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modelled background processes are in addition affected by statistical uncer-
tainties in the extrapolation factor from the sideband region to the signal
region (section [£.6)). In this case this uncertainty is combined with the sta-
tistical uncertainty on the yield in the sideband region. The sources of sys-
tematic affecting the backgrounds normalization considered in this analysis
are:

1. The modelling of the Z/~* — 77 background uses a combination of
embedded and MC samples (section . The relative uncertainty of
3% (Z cross-section in Table [5.1)), arising from the measured cross-
section of this process [139], is combined with the relative uncertainty
on the cross-section of the simulated ¢t process, which contaminates
the embedded sample (Z — 77 - tt contamination in Table ,
of the order of 10% (tf cross-section in Table p.1), and (Z — 77
signal extraction in Table with the relative uncertainty on the
extrapolation factor (section [4.6.1)).

2. The modelling of the Z/v* — £€ ({ = e, u) plus jets background
fully relies on the correct simulation of the jet and lepton faking 7, in
this process. In this case the uncertainties in the 7, misidentification
probabilities are considered as source of systematic. There are three
different contributions due to the probability that the selected 7y, is
a misidentified electron, or muon, or jet. The information of the way
how the fake 7, was misidentified is accessible through the MC truth
ofaZ — 0 (¢ =e, pu, 7) plus jets sample. Three classes of events are
determined depending on such information: ZTT, ZL and ZJ. The ZL
class includes the Z — ee and Z — upu events, where the 7, are faked
by real electrons or muons. The ZJ class includes the Z — ¢/ events
where the 7, are faked by quark or gluon jets. The ZTT includes the
remaining Z — 77 events, which are not included in the ZJ. Since the
contributions of ZL and ZJ are strongly reduced by the requirement of
at least two jets in the events, these contributions are added together
in a unique sample called Z — ¢¢ with ¢ = e or pu. For each of these
samples, the uncertainties in the 7, misidentification probabilities are
taken. The dominant contribution to the systematic uncertainty comes
from the statistical uncertainty on the yield estimate of ZJ and ZL.
To these statistical uncertainties, the fake-rate uncertainties, described
above (see £ — T, and jet — T, fake-rates), have been added
in quadrature. The resulting systematic uncertainties (Z — £€: jet
and £ misidentification in Table [5.1)) are 30% in 2jets—Otag, 52% in
2jets—1tag and 67% in 2jets—2tags categories.

3. The uncertainties on the measurements of the production cross-sections
for the di—boson and the single top processes contribute to a relative
systematic uncertainty which amounts to 15% (diboson plus single
top cross-sections in Table [5.1)).

4. The modelling of the W plus jets in 2jet-Otag category. The relative
systematic uncertainty on the yield in this category (W plus jet cross
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section, in Table , arising from the cross-section measurement of
this process, is of 20%. The modelling of this process in the other
categories was accounted by the data driven QCD which includes the
contribution of this process (section [4.6.2)).

. The QCD multijets modelling: in this case the systematic uncertainty
(QCD multijets, in Table arises from the statistical uncertainty
on the extrapolation factor and from the uncertainties on the cross-
sections of the simulated background processes, subtracted in the QCD
modelling procedure (section . In order to investigate if a shape
uncertainty has to be taken into account and if the method used to
estimate the QCD multijets background is biased by the choice of the
control regions, alternative sideband regions enriched of QCD events
are used. The QCD total yield is determined with these new sideband
regions using the following equation (to be compared with the equa-
tion of section used to model the QCD background):

cat
NcathCDfalt _ arcat NOSfantifiso
OS—iso — 4VS8S—iso ” Ncat )
SS—anti—iso

(5.1)

The same procedure adopted in section is then used to obtain the
alternative QCD template (histogram). The shapes for the two meth-
ods, the standard (blue points) and the alternative (red points), are
shown in Fig. 5.1, The shapes of the two methods are quite compati-
ble in each category as provided by the Kolmogorov—Smirnov test [14§]
greater than 95%. This result confirms that a shape uncertainty can be
neglected and also that the yield is not biased by the choice of the con-
trol region. Furthermore the choice of the control regions, is not a source
of additional systematic, since the difference of the yields between the
two methods is compatible with zero, as shown in the table

Category standard QCD alternative QCD Difference
2jets—Otag | 261422 (stat.)+4 (syst.) 261422 (stat.)£4 (syst.) 0429 (stat.)£0 (syst.)
2jetsfltag 29+4 (stat.)41 (syst.) 3748 (stat.)+1 (syst.) -8.71+8.6 (stat.)+4 (syst.)
2jets—2tags | 3.841.5 (stat.)+0.2 (syst.) | 2.242.0 (stat.)+£0.1 (syst.) | 1.642.4 (stat.)£0.1 (syst.)

Table 5.2: QCD yields for the two methods with their statistical and systematic
uncertainties and the difference of the yields for each category.

e Theoretical Uncertainties

The uncertainties for the signal processes, related to the theoretical calcula-
tions, are due to uncertainties in the parton distribution functions (PDF),
variations of the renormalization and factorization scales, and uncertainties
in the modelling of the underlying event and parton showers [68,[71].

The theoretical uncertainties also depend on the choice of signal hypothesis.
For the model independent results (section no choice of cross-section is
made and hence no theoretical uncertainties are considered. For the MSSM
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Figure 5.1: Comparison of the QCD shapes in the 2jets-Otag (a), 2jets-1tag (b)
and 2jets-2tags (c¢) categories, using the standard (blue points) and the alternative
(red points) methods to model the QCD multijets background.
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interpretation the uncertainties depend on M, and tan and amount to
2-3% for PDF uncertainties and 5-9% for scale uncertainties, evaluated as
described in |70] and using the PDFALHC recommendations [132]. No the-
oretical uncertainties are considered in the 2HDM interpretation.

These uncertainties are not reported in the Table but are considered in
the signal extraction fit.

5.1.2 Shape uncertainties

e Theq and jet energy scales
The m.., and the Mnit shapes are sensitive to the hadronic tau energy scale,
which has been evaluated from a fit of the 7, mass distribution [71]. The
recommended value for this uncertainty is £3%. It affects both the shape
and the normalisation of the signal and Z — 77 processes.

In this analysis, the 4 body mass is reconstructed considering the 7, candi-
dates and the chosen leading and subleading b jets. Hence the shape of this
distribution is influenced by the energy scale of both objects. Jets energy
scale uncertainties have been provided by the CMS collaboration as function
of jet Pp and n in [120]. The shapes have been generated by shifting up and
down these uncertainties that affect all MC backgrounds. The jets energy
scale uncertainties are not propagated to the Fr.

The impact of the 7, and of the jets energy scales on Mi;** distribution
is evaluated in each category, independently, varying the 7, and the jets
energy scales within their uncertainties, then all the analysis selection is
repeated. In Fig. two examples of the shape uncertainties effect on
ME ™ distribution are shown: in Fig. the effect of the 7|, energy scale
for the signal H — hh — bbrT events and in Fig. the effect of the jets
energy scale on tt events, both in the 2jets—2tags category.

o Bin-by-bin statistical uncertainties

As described in the section for the background estimation, the shape of
some backgrounds have been relaxed to obtain a smoother distribution, due
to the low statistics in some signal regions. This problem is not completely
solved in this way but it has been taken into account in the fit procedure.
For the bins with lower statistics, the statistical uncertainty in these bins has
been considered as a single uncorrelated source of uncertainty, as explained
in [152].

5.2 Signal extraction procedure

The signal extraction is performed using a binned maximum likelihood fit of
the final four-body mass distribution, My, for the signal and signal-plus—

background hypotheses. The procedure used to statistically interpret the data was
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Figure 5.2: Examples of the shape uncertainties effects on the My """ distribution

in the 2jets—2tags category. (a) 7, energy scale variation (+1o around the central
value) for signal H — hh — bbr7. (b) Jets energy scale variation (£1lo around
the central value) for ¢t process.

developed by the LHC Higgs Combination Group [149] and is adopted by both
ATLAS and CMS experiments.

The distributions of ME™ are obtained for signal and background events, as
well as for data, in each b tag category, providing the corresponding number of
events and shapes. Then the so called shape analysis is performed, where the bins
content of the mass distributions are considered in the fit procedure.

The number of events predicted by the modelling in the j — th bin for the i — th
event category, can be written as:

Vij (1, 6;) = - 5,5 (6;) + by; (6;) (5.2)

where s;; (6;) and b;; (6;) represent the signal and background yields in the j —th
bin of the i—th event category. u is the signal strength modifier: p = 0 corresponds
to the background-only hypothesis, when there is no signal contribution. It repre-
sents the unknown rate of the signal and can be given in reference to a benchmark
cross-section times branching fraction, in this case that of the heavy Higgs into a
pair of SM-like Higgses. 6; represents the values of all the nuisance parameters
in the ¢ — th category. The summary of the nuisance parameters considered in

each event category, together with their best estimates (6;), were presented in the
Table |5.1)).

Then a likelihood £ is built for the observed data distribution, n;;,
predictions for signal and background in each bin, v;;, and taking into account the

function of the
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systematic uncertainties described in the previous section:
L = ][ Poisson (nij|yij (1, 91)) - [ Constraint (Qik, 9:1@) (5.3)
J k

where, a poissonian distribution

Poisson (nij|l/ij) = ﬁj!exp(—yij) (5.4)
is assumed as the probability to observe n;; data events in the bin j of the event
category i. The second product of eq. represents the knowledge about the

nuisance parameters. The term Constraint (0;, Gik) is the probability for the true

value of a nuisance parameter to be equal to 6;;,, given its best estimate 6. 0;;, is
calculated with the external measurements discussed in section 5.1l The form of
this term depends on the type of the systematic uncertainty, affecting the MEinFit
distribution, normalization or shape uncertainty (section .

The normalization uncertainties are multiplicative factors on the signal or back-
ground yield and the constraints are represented by log—normal pdfs.

Also shape uncertainties affect the four-body mass distribution of the signal as
well as of the background processes. These are accounted using a template mor-
phing technique, called vertical morphing [153]. For each nuisance parameter 6,
influencing the shape in the ¢ — th category, multiple templates are produced by
varying the best estimate of the corresponding nuisance parameter by +1 stan-
dard deviation, obtaining three yield estimates. Using these three estimates, each
nij (O, .. .) is smoothly interpolated in the region 0, &+ 1o and the new uniformly
distributed nuisance parameter 9;6 is introduced to parameterize this yield varia-
tion within the 6, uncertainty.

In order to compare the compatibility of data with the background—only or signal
plus background hypothesis, a test statistic is used, which is a single value and
which can be used to set upper limits on the rate of signal production. The
definition of this test statistics is

i — —21n L (data]u, éf)
L (data],a, 0)

, with the constraint 0 < i < p. (5.5)

Where p is the signal strength modifier for the signal hypothesis being tested. GAH
are the values of the nuisance parameters which maximise the likelihood for that u
and f and 6 are the values which give the global maximum of the likelihood. The
constraint 0 < [ guarantees that p has a physical interpretation because the signal
rate is positive, while the second constraint on /i defines a one—sided confidence
interval. Small values of g, indicate good compatibility between the data and the
1 hypothesis. The term “data” refers to the distribution obtained from real data
or from pseudo—data (pseudo-experiments, toys MC).
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The following steps are aimed to find the observed value of the test statistic cjzbs, for
a given signal strength, and the values of the nuisance parameters that maximise
the likelihood function (eq. for the background-only (63°) and signal plus
background (éﬁbs) hypotheses.

First of all, in order to decide which is the hypothesis to support, it is impor-
tant to define the probability density function (pdfs) f(g,) for each hypothesis.
In general the pdfs are computed using toy MC pseudo-datasets, generated for
each hypothesis and each representing the outcome of an experiment. Unfortu-
nately this procedure is CPU time consuming, therefore in the case of a large data
sample, the pdfs follow a calculable formula known as asymptotic limit approx-
imation [154], where observations are equal to the predictions and the nuisance
parameters are equal to their nominal values. The searches for the SM and MSSM
Higgs boson in tau pair have demonstrated that also with a limited event statistics
this approximation can be used [68,/71].

The nuisance parameters are fixed to the values determined by fitting the observed
data, 05" and szs, but are allowed to float within their uncertainties in order to
evaluate the test statistic.

After having determined the pdfs for both the background—only and signal plus
background hypotheses, f (‘M 1L, 9;178) and f ((MO, QSbS), two p—values are defined.

~obs

The p—value quantifies the compatibility of the ¢, of the observed test statistics
with both hypotheses. The p—value is defined as the probability of finding a value

of g, greater than or equal to the observed value cjzbs:

inf N
p,=P (Q‘M > C]st\signal plus background) = f (cju|,u, szs) dq, (5.6)

W
inf N

1—p,=P (gﬂ > Q"st|background—only) = /Obs f (q~“|0, egbs) dq, (5.7)

i

Therefore the C'L, (1) for a given p can be defined as the ratio of these two prob-
abilities:

_ _bu
CL(n) = 2 659
If CL, < «, with « called significance, it can be stated that the signal is excluded
with (1 — ) CL, confidence level (CL), which is a quite conservative approach.
As a convention in the ATLAS and CMS collaborations, the 95% confidence level
(CL), with = 0.05, is chosen as default value to quote the 95% CL upper exclu-
sion limits on p, that are used in this analysis and in general in CMS experiment.

Therefore the observed upper limit is obtained with > u,,, where p,, is adjusted
until C'Lg(p,,) = 0.05.

It is very useful to compare the observed limits with the expected median upper
limits under the background—only hypothesis. This can be realized simulating
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a large set of background—only pseudo—datasets. Then the C'L, and the upper
limits are calculated. Finally a cumulative probability distribution of the results
is built. From this distribution the median expected limit, + 1 sigma and 4+ 2
sigma error bands (which correspond to the 68% and 95% confidence intervals)
are built. It is expected that the observed limits have to be within the error bands
of the expected limits.

In the case that an excess of events is observed, the p—value is the right quantity to
quantify the probability that such an excess could be the result of the background—
only hypothesis. Then the p—value to observe an excess as large or larger than the
observed data can be defined as:

inf N
po = [ (0l0.06") di, (5.9)

The maximum likelihood fit is performed for all categories simultaneously. The
values of nuisance parameters, output of the fit, which maximise the likelihood
function, are taken into account. These new values of the nuisance parameters
result in a change in the shape and normalization of the background processes,
providing the so called post—fit distributions.

5.3 Results

The number of expected events and their uncertainties for signal and background
processes, resulting from the fit, are summarized in Table [5.3] and are compared
with the number of observed events for each sensitive category.

Process Yields
2jets-0tag 2jets-1ltag 2jets-2tags
Z — 771 plus jets 83 + 14 8§+3 1£2
QCD 273 + 18 30 £ 4 3+1
W +tjets 17+ 3 - -
Z+jets (lepton or jet faking 7) | 3.0 £ 0.7 0+£0.1 0+0.1
tt 3.0+ 0.5 6+1 3.0 £ 0.6
Dibosons + single top 40+£08 10+£02 1.0x0.1
Total Background 382 + 18 45 + 5 8+ 2
H — hh — bbT, 1), 0+01 10+£02 1.0x0.1
Data 390 45 6

Table 5.3: Fit results for the yields for the data and for the contributing back-
ground processes in the 7,7, channel. The yields are shown for the 2jets-Otag,
2jets—1tag and 2jets—2tag categories. The yields expected in each category in the
hypothesis of a MSSM Higgs signal with My = 300 GeV and tan 3 = 2 are given
for comparison.

The post-fit plots of several quantities that have a direct impact on the H candidate
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reconstruction and on the Mi{™ ™ distribution are reported in the following figures:

« Fig.p.3t pr and 7 distributions of the leading Ty, in the inclusive category
« Fig.[5.4 pr and n distributions of the subleading T, in the inclusive category

« Fig. |Ems| = frand number of b jets reconstructed in the inclusive
category

« Fig. [5.6} the pr and b tag CSV discriminator distributions of the leading b
jet candidate, in the inclusive category

« Fig.[5.7 the pp and b tag CSV discriminator distributions of the subleading
b jet candidate, in the inclusive category

« Fig. distributions of M., and My, in each category, before applying the
mass window requirements (section {4.5.3)

« Fig. [5.9} distributions of the reconstructed 4 body mass in each category
without and with the kinematic fit applied (section [4.5.4))

o Fig. m distributions of the H candidate mass, M (section|d.5.4)), using
the kinematic fit in each category, after applying mass window requirements
on M., and M,

In the post-fit plots stacked contributions from the modelled backgrounds are
superimposed to data (black points). The “Electroweak” in the legends (red) in-
cludes W + jets, diboson and single top processes; the Z — ¢¢ (blue) includes
Z — ee and Z — pp plus jets processes. Expected background contributions are
shown for the values of nuisance parameters (systematic uncertainties) obtained
after fitting the signal plus background hypothesis to the data. The expected
signal, multiplied by a factor 10, is shown superimposed as an open dashed his-
togram in the hypothesis of tan § = 2 and My = 300 GeV, in the “low-tan/-high”
scenario of the MSSM. These conventions (if not differently specified) will be used
in all the post-fit plots of this thesis. In all the plots, the grey bands represent
the uncertainties on the modelled processes provided by the fit. All the post—fit
distributions show a quite good agreement between real data and the modelled
background processes.

5.4 SM Higgs background contribution

The H — hh — bbr7 final state can be reproduced by the direct production of
SM Higgs boson decaying in a 7 pair or a b jet pair. In 2jets—Otag category the
dominant production for the SM Higgs boson is the gluon fusion, while in the
other two categories the associated production (WH and ZH) can contribute, and
in particular the irreducible background, the ZH process. On the other side after
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Figure 5.4: Distributions of the subleading Tv,: pr (a) and n (b), in the inclusive
category.



132 Chapter 5. Results

400
2000

200

H—hh_bbrr 19.7 b (8 TeV) H-hh_ bbtr 19.7 b (8 TeV)

%) FT T T T T T T T T T %) [T T T T T T T T T
+ 1000 —4— Observed | = L —¢— Observed 4
g r CMS X [ Bkg. uncertainty 5 6000? CMS . [ Bkg. uncertainty -
> + Unpublished Czx > r Unpublished CJz-m ]
w SOO;TT inclusive iz L 5000;11' inclusive Bz -
hen - Electroweak Lo - Electroweak b

[Jaqco L [Jqco ]

O« 4000 =% [ 1

600 L ]
3000 -

1000

hl

B i Ll e b
0O 10 20 30 40 50 60 70 80 90 100 3 4 5 6 7 8 9

ET (GeV) numberBJets
(a) (b)

Figure 5.5: Distributions of 1 (a) and of the number of b jets (b) in the inclusive
category.

o
=
N

H—hh_bbrr 19.7 fo™ (8 TeV) H-hh_ bbrt 19.7 fb (8 TeV)
,.(g3000?""""H“H“‘;“‘_‘C‘)b‘”‘d“”“”“‘Ji '.(L) 9001\\\‘\\\\‘\\\\‘HH‘H\_\“:\O\h‘\\\\d‘\\\\‘\\\\‘\\\E
g r CMS . [T] Bkg. uncertainty ] 5 ; CMS ) [ Bkg. uncertainty ;
Lﬁ 2500 Unpublished Cz-u B L|>J 800 Unpublished Clzu E
[ 1.1, inclusive gz ] E t.r. inclusive [z E
oo [ Electroweak Bl 700; hoh? [ Electroweak B
2000; [ qcp ] C [ Jqcp ]
F O« 1 6001~ O« B
¥ 1 500 4
1500~ - F ]
r ] 4001 E
1000 : 300 &
r 1 2000 E
500— — C |
[ ] 100fs] *

L 4 £ =

ol T s = fatiaalo. o] ) SN I I B BN Hwrrm P H
0 20 40 60 80 100 120 140 160 180 200 0 0102 03 04 05 06 07 08 09 1
Leading selected jet P, (GeV) Leading selected jet CSV

(a) (b)
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Figure 5.7: Distributions of the subleading b jet candidate in the inclusive: pp (a)
and b tag CSV discriminator (b).

the mass window requirements, these SM contributions are reduced to less than
10% compared the other processes. The effect on the expected limits (section
has been estimated by injecting the SM processes mentioned above and evaluating
the new exclusion limits. The change of the limits was smaller than 3%, thus, with
the present statistics, these SM backgrounds can be neglected.

5.5 Model independent limits

From Fig. , where the ME™* distribution is reported for the three categories,
it can be clearly observed the absence of an evidence of a new particle. Therefore,
the limits on the production cross—section of the heavy Higgs boson, through the
gluon fusion process o (gg — H), times the branching fraction H — hh — bbr 7 are
set. The 95% CL exclusion limits are evaluated independently from the theoretical
environment. They are calculated for My between 260 and 350 GeV, in step of 10
GeV, using all the simulated signal samples. All categories are combined and in
order to cover the full range of My, a linear interpolation is used. From Fig. [5.114]
the observed o x B exclusion limits are between 0.1 and 0.9 pb and are then
compatible with the expected exclusion limits within their error bands, in the full
range of explored mass under the background—only hypothesis.

The 7,7, channel results were combined with the results of H — hh — bbr;7,
CMS analysis [34], where one 7 decays hadronically and the other in electron or
muon (7,7, or 7,7, channels), using the same signal extraction technique described
in section The 7,7, channel gives a significant gain in sensitivity especially
for My greater than 300 GeV. Therefore the observed o (gg — H) - B(H — hh —
bbr7) exclusion limits, obtained from the combination of these three channels, are
~ 0.13 - 0.3 pb, depending on the My, as shown in Fig. Within their error
bands, the observed limits are in agreement with the expected exclusion limits
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Figure 5.8: Distributions of M., (left) and M,, (right) in the 7,7, channel. The
plots are shown for events in the 2jets—Otag (top), 2jets—1tag (centre) and 2jets—
2tags (bottom) categories, before applying the mass window requirements. The
content of each bin of these distributions is divided by the bin width.
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Figure 5.9: Distributions of the reconstructed 4 body mass without (M, ;, left)
and with (M, right) the kinematic fit applied. The plots are shown for events
in the 2jets-Otag (top), 2jets—1tag (centre) and 2jets—2tags (bottom) categories,
before applying the mass window requirements. The content of each bin of these
distributions is divided by the bin width.
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using the kinematic fit, after applying mass window requirements on M. and M,
in the 7,7, channel. The plots are shown for events in the 2jets—0Otag (top left),
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under the background-only hypothesis.
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Figure 5.11: Upper limits at 95% CL on the H — hh — bb77 cross-section times
branching fraction for the 7,7, channel (a), and combining three channels: 7,7y,

ety and pry, (b) [34].
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5.6 Model dependent limits

The model independent limits on the cross—section times the branching fractions,
determined in the previous section, can be subsequently interpreted in the con-
texts of both: the “low—tan f—high” MSSM scenario and the 2HDM Type II model.
These results provide the so called model “dependent” limits in the planes (sec-
tion , [M 4, tan 3] for the MSSM and [cos(f — «),tan 3] for 2HDM, respectively

the free parameters space of the two models.

To obtain the final limits, a scan is performed in the two dimensional param-
eter space. The CL, is calculated at each point of the two dimensional grid,
using the asymptotic approximation, and comparing the signal hypothesis with
the background—only hypothesis (section . The theoretical values of the cross—
sections and branching fractions are computed by the LHC Higgs Cross Section
Working Group for both models (LHCHXSWG [70,/155]). Grid points with a C'L;
less than 0.05 are excluded at 95% CL. Then, a contour is drawn to connect the
excluded points using the linear interpolation between the neighbouring points in
the grid. This procedure is called the “horizontal morphing” technique [153}|156].
All categories are combined and the shape and the normalization of the ME™Fi
templates are determined for each point of the 2D grid.

The resulting limits for both models are obtained combining the final results of
7,7, channel with the semileptonic ones, the 7.7, and 7,7, channels, described
in [34]. The exclusion limits at 95% of confidence level for the MSSM and the
2HDM are shown respectively in Fig. [5.12] and [5.13] As can be seen from the
plots the absence of an excess of events allows to set upper limits and to exclude
a small region of the phase space parameters, which is marginal for the MSSM
scenario. In both figures the area highlighted in blue below the black curve marks
the observed exclusion, instead the dashed curve and the grey bands show the
expected exclusion limits with their relative uncertainties.
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Figure 5.12: The 95% CL exclusion region in the [M, tan ] plane for the “low-
tan/-high” MSSM scenario, using the results of the H — hh — bb77 analysis and
combining the three channels: 7,7y, 7.7, and 7,7,. The red area indicates the
area already excluded by constraining the SM-like Higgs boson M = (125 + 3)
GeV. The plot also goes up tan 5 = 1 and not lower because the cross—section
values were not validated by the LHCHXSWG at the time of this thesis. The
green dashed lines indicate the region which is outside of the range of the My
values considered in this analysis.
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Figure 5.13: The 95% CL exclusion regions in the [cos(5—«),tan 3] plane of 2HDM
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Conclusion and perspectives

In this work of thesis the first search for a heavy scalar boson H decaying in two
SM-like Higgs bosons h in the final state bbr, 7, is presented. For this search,
proton-proton collisions data, collected by CMS experiment during 2012, were
analysed.

Since no signal excess was observed in the distribution of the reconstructed in-
variant mass of the H candidate, model independent exclusion limits were set at
95% CL on the production cross—section of a scalar neutral boson H, o (g9 — H),
times the branching fraction, B (H — hh — bbr7), as a function of its mass, in
the range 260 < My < 350 GeV.

These results were combined with the ones obtained by CMS for the bbr,7;, and
the bbT, 7, final states [34], giving 95% CL observed exclusion limits in the range
~ 0.1 and 0.3 pb (Fig. [5.11b)), depending on My. The observed and expected

exclusion limits are in agreement within their error bands.

These limits can be also compared with the results obtained by other CMS searches
[28-33] for double Higgs production, using different final states, as shown in
Fig. For the comparison, the SM branching fractions, B (h — 77) ~ 0.063
and B(h — bb) =~ 0.575, are factored out to obtain the exclusion limits for
0 (g9 — H) x B(H — hh). The corresponding values are between 1.4 and 4.1
pb in the My range considered in this thesis.

Fig. shows that the bbr7T channel provides complementary and competitive
results with respect to bbyy and bbbb final states studied by CMS.

The observed exclusion limits for o (99 — H) x B (H — hh), provided by ATLAS
for the bbrT final state, are between 1.7 and 4.2 pb for 260 < My < 350 GeV [25-
27], and are comparable with the results presented in this thesis.

The results were also interpreted in the context of the “low-tang-high” MSSM
and 2HDM Type II scenarios. The model dependent exclusion limits were set
in the parameter space ({MA,tan ﬁ} for the MSSM, and [cos (8 — «) ,tan 5] for
2HDM). The excluded regions, shown in Fig. and Fig. , are marginal for
the MSSM scenario.

With the current data taking (Run II), the searches of the double Higgs production
will cover a significant region of the MSSM and 2HDM parameter spaces. On the
other hand, tools and methods developed for this analysis will be an important
legacy for LHC phase II, when the collected luminosity is expected to achieve &
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cross—section of a heavy neutral scalar boson H times H — hh branching fraction
set by CMS searches. The limits performed in this analysis (dark green lines) are
compared with other CMS analyses in different final states, as reported in the
legend [157] (credits to hh group).

3000 fb~', allowing the first measurement of the Higgs (h) self-coupling, probing
deeply the SM Higgs nature. Due to its high discovery potential, the study of
the double Higgs production is recognized as a key analysis of the LHC physics
program.



Appendix A

Luminosity Measurement

In CMS the measurement of the luminosity delivered by LHC [150] is done using
two subdetectors: the forward hadron calorimeter (HF) (section and the sil-
icon pixel detector (section[2.2.2). The HF is capable of estimating the luminosity
per bunch-crossing thanks to its high rate acquisition system. The pixel detector
is used for its very low occupancy and excellent stability over time.

The estimation of the luminosity relies on the precise measurement of the rate, R,
of events:

L=— (A.1)
Ovis
relates the measured rates to the luminosity using the visible cross—section,
Ovis, Which includes the acceptance.

The HF provides an on-line luminosity measurement and uses the info coming
from the electronics.

Two methods have been implemented to extract an on—line instantaneous lumi-
nosity with the HF. The first method, “zero counting”, uses the average fraction
of the HF empty towers to determine the mean number of interactions per bunch
crossing. The second method exploits the linear relationship between the average
Er per tower and the mean luminosity [158]. HF provides small statistical un-
certainties, but suffers of non-linear dependence with pile—up and of a calibration
drift over a long period of time.

For the pixel detector, the counting of the pixel clusters has been chosen for the
off-line luminosity measurement, because it operates at stable beam conditions,
providing a very small dependence on pile-up and an excellent linear detector
response with the increasing of the luminosity. Luminosity is evaluated considering
the number of pixel clusters in a zero—bias eventEI Since the average number of
pixel cluster per event, (n), is proportional to the number of p-p collisions in the

'Zero-bias event is an event accepted only requiring that two bunches cross at the CMS
interaction point.
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2012 LHC run, the instantaneous luminosity is estimated as

AL (A.2)

Ovis

v = 11246 Hz is the beam revolution frequency. The visible cross-section is cali-
brated using the Van der Meer (VAM) scan technique [150]. Briefly the VAM scan
technique consists in deriving the beam overlap from the shape of the measured
rates as a function of the beam separation, obtained by scanning the beams one
across the other along the horizontal and vertical planes.

The total integrated luminosity, calculated by the off-line method, recorded by
the CMS in 2012 is 21.79 fb!, as shown in Fig. [2.2bl The overall uncertainty
on the integrated luminosity is estimated to be 2.5% (syst.) £ 0.5% (stat.) [150].
The systematic uncertainties are related to o,;, and to luminosity integration. The
details about their estimation are reported in [150].



Appendix B

Monte Carlo simulation

The interpretation of the data from high energy physics particle colliders and their
use to extract measurements on fundamental physical parameters often heavily
rely on the theoretical modelling of the physical processes and on a detailed simu-
lation of the interactions of particles with detectors. These are called Monte Carlo
(MC) simulations. and play a fundamental role in the physics data analysis, pro-
viding a complete picture of the large multiplicity of particles as the outcome of
a hard interaction.

A complete MC simulation is composed of three processes [35]:

o The generation of the hard process produced by a p—p collision. The hard
process is described by the differential cross—section of the partonic process
and is weighted by the Parton Distribution Functions (PDFS)H.

o The simulation of the parton showering and of the hadronisation. The parton
showering is made of partons branched before the hard interaction (Initial
State Radiation (ISR)) or is made of partons produced after the hard in-
teraction (Final State Radiation (FSR)). The hadronisation represents the
process where the partons, after the showering, are transformed into a set
of unstable hadrons, that can subsequently decay to secondary hadrons.

o The simulation of the geometry and of the material present in the detector
structure and the answer of the detector after the passage of an interacting
particle.

The most popular event generator is PYTHIA [96], that has been used in this
analysis to describe the p—p collisions and their hadronic activity. The temporal
sequence of a typical high energy physics event in PYTHIA, is the following:

1. the first process is the collision of the two proton beams; due to the high
energies the interaction happens between the partons inside the protons

'The Parton Distribution Functions (PDFs) represent the momentum distribution of the
constituent partons (a general term which includes quarks and gluons) in a proton
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2. the ISR starts from a parton in each beam that creates a sequence of branch-
ing, like ¢ — qg

3. a parton coming from each of the two showers realizes the hard process,
which represents the main event

4. partons resulting from the hard process produce showers in the final state;

5. another important process is the interaction between the partons coming
from the hadrons and the following creation of other hadrons;

6. finally most of the produced hadrons are unstable and decay.

PYTHIA simulates these steps and the computation element on which the partonic
differential cross—section depends, the matrix element (ME), at first approxima-
tion level, the leading order (LO). Moreover, it generates the so called Underly-
ing event (UE), which denotes any additional activity beyond the basic process,
associated to the ISR and FSR. These different steps can be simulated also at
different approximation levels, like the Next to Leading Order (NLO), with other
Matriz Element Calculator. The widely known generators are MADGRAPH [98]
and POWHEG [97,/133-135]. POWHEG is used for the ME calculation at NLO,
while MADGRAPH performs either LO or NLO calculations. The POWHEG and
MADGRAPH generators are interfaced with PYTHIA for parton showering and frag-
mentation using the Z2* tune |159] and with TAUOLA [147] for the simulation of
the 7 decays.

The next step is to model the interaction of particles going through the detector.
The tool used is GEANT4 [99]. GEANT4 simulates the detector geometry, the
passage of the particles through the detector and their interactions. After that
also the electronic response and the digitization of the signals are simulated. In
the digitization step the Minimum-bias (MB) events are injected, simulating the
elastic and inelastic scattering, and the diffractive processes. The MB events are
used to model the pile—up events in real data.



Appendix C

Data and M C corrections

This section is dedicated to the description of the corrections applied to improve
the modelling of the data when using simulated samples.

C.1 Hadronic 7 efficiency for 7,1, trigger

For the di-7,,, the trigger efficiency for the single 7, candidate in the simulated MC
samples is corrected taking into account the measured differences in the efficiency
of the selection in MC compared with data (section [4.3)).

The trigger efficiency curve for a hadronic tau is calculated selecting Z /vy« — uty,
events, using the tag-and-probe tecnique [103|, and is parameterized as function of
pr for data and simulated samples. The details of how the efficiencies have been
calculated are described in the reference [160)].

In Fig.[C.1] examples of the fitted efficiency curves for both the HLT trigger paths
used in this thesis (section are reported for data and MC simulations.

The trigger efficiency curves, measured in data and MC samples for each hadronic

Tl 8 Tev Ty 8 Tev
09 3 F
£ 40 CMs gosfcms
5 : E Unpublished o] 0_7; Unpublished
= 0.7 = £
woE Woek
bl — Data E —Data
055 — Simulations 05 E — Simulations
04F 04
03f 03
02f 02fF
0.1 01F
oE I P N S R BRI B ok oA R R R RR R R
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
P.(1) [GeV] P(1) [GeV]
(a) (b)

Figure C.1: Examples of fitted trigger efficiency curves for DiTau path (a) and
DiTau plus jet path (b). In each plot the distributions of the Data (red) and of
the MC simulation (blue) are reported.
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tau leg, are then used to calculate the scale factors aiming to improve, on average,
the agreement between the efficiency of the simulated trigger and the trigger effi-
ciency as measured in data. The product of the scale factors of the two legs has
been applied as an event weight to the MC simulated events, for the di-7,, trigger:

w?rigger . Fdam(pTi)

prigger _ L APmi) (€1)
F Mc(pﬂ)

In the Drell—Yan Z/~* — 77 Embedded sample the 7,7, HLT is not simulated

and no trigger matching requirements are applied. Therefore, each event passing

the offline selection is weighted only taking the product of the trigger efficiencies

per tau leg as measured in data.

The same efficiency curves have been already used in the search of the SM H —
77 [71] and in the MSSM ¢ — 77 analyses [68].

C.2 7, energy scale corrections

A further Data/MC correction has been applied to the energy of the 7, for the
different hadronic tau decays. These corrections have been calculated by fitting
the distribution of the 7, mass selecting Z/v+* — 77 — pu7,, events in data
and considering the shape templates for the Z /vy« — 77 plus jets and the other
contributing background processes. The mass distribution is scaled by a shift
parameter, that, together with the normalisation factors are adjusted by a fit,
giving the final distribution reported in Fig. The fits have been performed
separately for each 7, decay mode. The different scale factors and energy scale
calibrations obtained according to the 7y, decay mode are reported in Tab. [C.1]
These corrections have been applied to all MC where a reconstructed 7, candidate
is matched with a MC true hadronic tau and to Z — 77 embedded samples.

Normalization | Energy
Decay Mode Factor Scale
One Hadron (h™) 0.88 -
One Hadron plus n Strips (h*n° plus h*n°x°) 1.0 1.012
Three Hadrons (h=h*h¥) 1.0 1.012

Table C.1: Normalization and Energy scale corrections for the decay modes of
hadronic taus.

C.3 Frresolution and response

Another correction has been applied to signal samples and to Z/y* — (¢ and
W plus jets backgrounds, called Recoil Correction (section [3.2.7). This corrects
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Figure C.2: Observed and predicted distributions for the visible 7, mass in the
uty, channel. The Z — 77 contribution is split according to the decay mode
reconstructed by the HPS [125[|126] algorithm as shown in the legend [71].

MC for residual differences in o response and resolution between data and MC
simulation, as described in [161].

C.4 b tagging efficiency and mistag rate

In this analysis the b tagging requirement is used to identify the b jets in the final
state and to categorize the event section [£.5.2] In order to improve the agreement
between simulated samples and data, the b tagging efficiency and the mistag rate
are corrected in the MC samples through the application of efficiency and mistag
scale factors. A detailed description of their estimate for the 2012 data is in [151].
The simulated samples are corrected using a promote/demote method, where a
subset of b tagged jets is re—classified as un-tagged, or, viceversa, the un-tagged
jets are promoted as b tag jets. The promotion or demotion probabilities for each
jet are estimated using the scale factors (SF), as a function as pp,  and jet-flavour
and the b tagging efficiencies in MC (Eff). These probabilities are defined by:

P(demote) =1— SF when SF <1

SF—1
P(promote) = (SFi) when SF > 1

Eff
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Appendix D

Di-tau mass reconstruction —
SVFit algorithm

The precise reconstruction of the invariant mass of the tau pair candidate, M. .
is important to discriminate the h — 77 process from the irreducible background
Z — 717. Because of the presence of the two neutrinos from 7 decays in the
final state, the invariant mass of the visible 7,7, pair (M) has a resolution,
which does not allow to well separate the h — 7,7, signal from the Z — 7,7y
background, since the mass of the Z boson (M & 91.2 GeV) is close to the h mass.
The accuracy in the mass reconstruction can be restored exploiting also the energy
taken by the neutrinos, the missing transverse energy. To precisely reconstruct
the invariant mass of the h — 77 candidate, the algorithm SVFit [144] is used.
This algorithm was already used by CMS in the SM and MSSM Higgs searches
with a pair of taus in the final state [68,71].

The SVFit is a likelihood based algorithm combining the information of the visible
decay products of the 7 and the measured Fr reconstructed event—by—event, to
determine the invariant mass of the di-tau pair. Depending on the tau decay, the
kinematic of the tau pair decay depends on a different number of parameters. 5
parameters are needed to specify the hadronic tau decays: the momentum, the
polar and the azimuthal angles of the tau lepton in the laboratory frame, plus
the two decay angles in the rest—frame of the tau lepton. In the decays of the
tau leptons into electrons or muons, two neutrinos are produced and the invariant
mass of the di-neutrino system (m,, ) constitutes a 6-th parameter. This param-
eter is zero in the case of the hadronic tau decays. The unknown parameters of
the h 7 pair candidate are then constrained by 3 observables: the momentum, the
polar and the azimuthal angles of the visible tau decay products, measured in the
laboratory frame, leaving 2 (3) unconstrained parameters for hadronic (leptonic)
tau decay. A further constraint is applied on the total momentum of the neutri-
nos, using the Fy and [, the  and y components of the reconstructed missing
transverse momentum. Finally the unconstrained parameters are:

o 1z, the fraction of tau lepton energy (in the laboratory frame) carried by
visible decay products
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e ¢, the angle between the tau lepton momentum vector and the momentum
vector of the visible decay products

e m,,, the mass of the neutrino system present in leptonic tau decays

Given z, ¢ and m,,, the energy and the momentum of the tau lepton in the
laboratory system are fully determined [144].

M., values are then reconstructed by combining the measured observables F, and
K, with a probability model, which includes terms from tau decay kinematics and
from the Frresolution. The model makes a prediction for the probability density
p(Z|y, @) to observe the values ¥ = ([, ) measured in an event, given that the
unknown parameters specifying the kinematics of the tau pair decay have values
a = (x1, 01, M, Ta, o, m>,), where labels 1 and 2 refer to the two taus.

The likelihood model computes the probability P(ML,) for each value of mass
M!_, that the values of Z are observed, given that the momenta of the visible

V1S m'S) .

decay products are equal to the observed § = (p7*, p3
POM) = [ 6(M, = M., (7, ) p(a)7,a)da

The best estimate MTT for the tau pair mass is taken to be the value M’ _ that
maximises the probability.

The global likelihood function is composed of three likelihood functions. Two
describe the decay parameters of the two tau leptons. The last quantifies the
compatibility of a tau decay hypothesis with the Fr measured in an event, as-
suming that the neutrinos produced in tau decays are the only source of F. The
likelihood functions used to model the tau decay kinematics are different for lep-
tonic and hadronic tau decays. The leptonic function is based on the matrix
elements [162]:

dI’ my,,
X
dzdm,,do — 4m?

2 2

v = [(m? +2m,) (m7 —m,)]

within the physically allowed region 0 < x <1 and 0 < m,, < m./1 — .
For the hadronic decay of the tau, a model based on two—body phase—space is
used, assuming all visible decay products of the tau to constitute one “particle”:

rhad _ ar- 1 1

T - - 2
2

within the physically allowed region % <z <l

The Frlikelihood can be expressed by the following formula:

IS U S BN o7 R i S oy
EMET_%\/M p(2<Ey—ZpZ> v (%—ZpZ)) (B-1)
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Figure D.1: Examples of the distributions of M. . candidate reconstructed by the
SVfit algorithm (right) and of the mass of all visible tau decay products (left),
for h — 77 signal events and for the Z — 77 background, in the final state
TT — pry, |144].

V' is the covariance matrix that takes into account the expected resolution of the
Frreconstruction. The resolution of fris determined for each event by the MVA
MET algorithm (section [3.2.7), which is around 10-15 GeV. The |V| denotes the
determinant of V. Differences between the sum of neutrino momenta, Y p., and
By (> p, and J,) may arise due to resolution effects and are accounted for in the
probability model, assuming a Gaussian resolution.

Fig.|D.1{shows an example of the distribution of the visible mass (on the left) and
of the SVFit mass (on the right) for the SM H — 77 and for Z — 77 processes,
in the pry, final state. It can be seen that the SVFit mass improves the shape
separation. In case of the SM H — 77 searches, the sensitivity of the CMS
analyses was improved of a 30% by using SVFit with respect to the performance
obtained by M,;, [71}/144].
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