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PerÐlhyh

H paroÔsa diatrib  perilambˆnei thn proswpik  mou douleiˆ, h opoÐa pragmatopoi jhke
sto Ejnikì Kèntro Fusik¸n Ereun¸n (E.K.E.F.E) 'Dhmìkritoc' kai sto Ejnikì Me-
tsìbio PoluteqneÐo (EMP). Perilambˆnei dÔo anexˆrthtec analÔseic fusik c oi op-
oÐec qrhsimopoioÔn dedomèna apì sugkroÔseic prwtonÐwn enèrgeiac kèntrou mˆzac

p
s =

13 TeV pou sullèqjhkan to 2016 apì ton aniqneut  CMS sto CERNkai antistoiqoÔn
se oloklhrwmènh fwteinìthtˆ 35.9 fb� 1. To pr¸to mèroc perilambˆnei mia èreuna gia
UpersummetrÐa (SUSY) se montèla me telikèc upografèc fwtonÐwn kai uyhl c egkˆrsiac
elleÐpousac orm c (pmiss

T ). Se autˆ ta montèla sun jwc to spˆsimo thc upersummetrÐac
metafèretai se qamhlìterec energeiakèc klÐmakec mèsw diamesolabht¸n bajmÐdac (gauge
mediated Supersymmetry breaking - GMSB). To elafrÔtero upersummetrikì swmatÐdio
eÐnai togravitino ( eG) kai to amèswc epìmeno swmatÐdio eÐnai to netralÐno (ec). H dia-
t rhsh thc R omotimÐac egguˆtai ìti togravitino eÐnai stajerì kai allhlepidrˆ elafr¸c
me ton aniqneut  me apotèlesma na upˆrqei sto gegonìc elleÐpousa egkˆrsia orm  h
opoÐa orÐzetai wc to arnhtikì dianusmatikì ˆjroisma twn orm¸n ìlwn twn swmatidÐwn.
Ta apotelèsmata qrhsimopoi jhkan gia na jèsoun ìria stic energèc diatomèc twngluino
kai twn squark. Sugkekrimèna, mˆzecgluino kˆtw twn 1.86 TeV kai squark 1.59 TeV
apokleÐontai se diˆsthma empistosÔnhc 95%.

To deÔtero kommˆti thc anˆlushc aforˆ thn èreuna gia th tautìqronh paragwg 
enìc mpozonÐouHiggs mazÐ me èna zeÔgoctop-antitop (t�tH ) sthn pl rwc adronik  ka-
tˆstash. Metˆ thn anakˆluyh tou mpozonÐou Higgs ènac apì touc basikoÔc stìqouc tou
progrˆmmatoc tou LHC eÐnai na katano sei se bˆjoc tic idiìthtec tou kai sugkekrimèna
tic suzeÔxeic touc me ta swmatÐdia tou Kajierwmènou ProtÔpou (KP). H sÔzeuxh tou
mpozonÐouHiggs me ta mpozìnia bajmÐdac èqei prosdioristeÐ me arket  akrÐbeia. 'Omwc,
upˆrqei mia shmantik  abebaiìthta stic suzeÔxeic tou me ta fermiìnia. H diergasÐat�tH
eÐnai ˆkrwc shmantik  stoCMSafoÔ qrhsimopoieÐtai gia na metr sei th sÔzeuxhYukawa
tou top. Epiprosjètwc, h diˆspash bb èqei megalÔterh pijanìthta na sumbeÐ se sqèsh me
tic ˆllec diaspˆseic tou Higgs kai gia autì ton lìgo suneisfèrei sthn genikìterh èreuna
thc diergasÐact�tH . Se sÔgkrish me tic prohgoÔmenec èreunec sthn pl rwc adronik 
diˆspash, aut  h anˆlush ereunˆ mia kainoÔrgia prosèggish epilègontacjets me megˆlo
Lorentz boost. Se autèc tic peript¸seic to mpozìnio Higgs kai ta top quark mporoÔn na
dhmiourghjoÔn me uyhlìLorentz boost kai ètsi ta proðìnta thc diˆspashc touc mporoÔn
na anakataskeuastoÔn se èna megˆlhc aktÐnacjet. AfoÔ ta proðìnta thc diˆspashc eÐ-
nai sugkollhmèna, kˆpoioc mporeÐ na anakataskeuˆsei thn mˆza touboosted jet h opoÐa
antistoiqeÐ sthn mˆza tou kˆje upoyhfÐou. AxÐzei na shmeiwjeÐ pwc h megalÔterh fwtei-
nìthta pou anamènetai sthn perÐodo touHL-LHCta jets qamhl c orm c ja eÐnai dÔskolo
na aniqneutoÔn apì touc upˆrqontec skandalistèc. Antijètwc, ta boosted jetsden ja
ephreastoÔn apì thn anapotelesmatikìthta twn skandalist¸n, kajist¸ntac aut  thn
prosèggish tou fasikoÔ q¸rou idanik . Gia thn epituq  tautopoÐhsh tou Higgs mpo-
zonÐou kai twntop quark qrhsimopoi jhkan teqnikèc poll¸n metablht¸n (MVA). Kˆje
boosted jet mporeÐ na tautopoihjeÐ wcHiggs, top   jet proerqìmeno apì diergasÐecQCD.
Sthn paroÔsa diatrib , anaptÔqjhkan mèjodoi gia thn ektÐmhsh tou upobˆjrou oi opoÐoi
beltistopoi jhkan ¸ste na megistopoi soun thn euaisjhsÐa thc anˆlushc. H euaisjh-
sÐa thc anˆlushc melet jhke sta plaÐsia tou parathroÔmenou (anamenìmenou) orÐou to
opoÐo upologÐsthke stic9:4 (7:6 < 10:4 < 14) forèc tic problèyeic tou kajierwmènou
protÔpou.
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Abstract

This dissertation describes my PhD work that was carried out at National Centre of
Scienti�c Research (N.C.S.R) "Demokritos" and National Technical University of Athens
(N.T.U.A). The work consists of two independent analyses. Both analyses use proton-
proton collision data at the center of mass energy

p
s = 13 TeV , collected in 2016

with the Compact Muon Solenoid (CMS) detector at CERN LHC and correspond to
a total integrated luminosity of 35:9 fb� 1. The �rst part includes a search for gauge
mediated supersymmetry breaking in events that involve photons and large missing
transverse momentum pmiss

T . For the interpretation of the results a gauge mediated
supersymmetry scenario (GMSB) was assumed. Supersymmetry is a popular extension
of the standard model (SM) of particle physics. For this analysis, a gauge mediated
supersymmetry scenario (GMSB) was assumed. In GMSB models, the lightest super-
symmetric particle is the gravitino, and the next-to-lightest supersymmetric particle is
often taken to be the neutralino. The conservation of R parity implies that the gravitino
is stable and thus, it can not be detected. The resulting imbalance in the total observed
transverse momentum is referred to as missing transverse momentum~p miss

T , de�ned as
the negative vector sum of the transverse momenta of all visible particles in an event.
Its magnitude is referred to as pmiss

T . If the NLSP is bino-like, its primary decay will be
to a gravitino and a photon ( 
 ), resulting in �nal states with signi�cant pmiss

T and one
or more photons. The results were used to set cross section limits on gluino and squark
pair production in this framework. Gluino masses below 1.86 TeV and squark masses
below 1.59 TeV are excluded at a95%con�dence level.

The second part of the thesis concerns a search of the production of a standard
model Higgs boson in association with a top quark pair (ttH) in the all jet �nal state.
After the Higgs boson discovery, one of the main goals of the LHC program is to under-
stand in depth its properties and in particular its couplings with the Standard Model
(SM) particles. The couplings of the Higgs boson to gauge boson have been estab-
lished fairly precisely. However, there is a considerable uncertainty in the couplings
to fermions. The associated production of the Higgs boson is of particular importance
in CMS as it is used to measure the top Yukawa coupling. Furthermore, theb�b decay
mode has the largest branching fraction for the 125 GeV Higgs boson and therefore
contributes a large proportion of the statistics in the context of the wider ttH search.
Compared to previous searches in the fully jet �nal state, this analysis explores a novel
approach by selecting events with highly Lorentz-boosted jets. The Higgs boson and top
candidates can be produced with a large Lorentz boost and hence their decay products
can be reconstructed in a large radius jet. Since the decay products are merged, one
can fully reconstruct the mass of the "boosted-jet" which corresponds to the mass of each
candidate. Notably, as luminosity leveling will be used extensively in HL-LHC, low-pT
jets will be more dif�cult to trigger. Jets that are reconstructed in the boosted regime
will not suffer from this effect at the trigger level, making this approach favored in this
high pile up environment. To successfully identify Higgs and top candidates, dedicated
Multivariate Analysis Techniques (MVA) were developed. Each boosted jet can be iden-
ti�ed as Higgs, top, or jet coming from QCD. The methods that were developed for the
background estimation in order to optimize the sensitivity of the analysis are also pre-
sented. The analysis sensitivity was studied in terms of the observed (expected) limit
which is found to be 9.4 (7:6 < 10:4 < 14) times the SM expectations.
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Chapter 1

Theoretical Overview

1.1 The Standard Model of particle physics

The Standard Model of Particle Physics (SM) is the theory that describes all fundamen-
tal particle and interactions. The �rst part of the SM is composed by the fundamental
matter particles, the fermions, with spin -1=2. Fermions are classi�ed as either quarks
and leptons and are arranged in three generations of increasing mass. The particles
of higher generations decay via weak interactions to particles of the �rst generation.
Furthermore, there are six �avors of quarks known at present: the up (u), charm (c),
top (t) quarks which carry a + 2=3 electric charge and the down (d), strange (s), bottom
(b) quarks that carry a -1=3 charge. There also six �avors of leptons, the electron (e),
muon (� ), and the tau ( � ) lepton which carry a +1 electric charge, each accompanied
by their neutrino. The SM includes the electromagnetic, strong and weak forces and all
their carrier particles. The elementary particles that carry the fundamental forces are
known as gauge bosons. These forces work over different ranges and have different
strengths. In order of decreasing force strength the relevant carriers are: the gluons
for the strong force, the photon for the electromagnetic and the two W's and the Z for
the weak force. The �nal elementary particle in the SM is the Higgs boson. The Higgs
boson is a scalar boson resulting from the Higgs-mechanism that was introduced by
Higgs, Englert and Brout in 1964. Figure 1.1 summarizes the particles of the standard
model and shows some basic properties such as the mass, the charge and the spin of
each particle. The main focus of particle physics is the study of elementary particles
that constitute matter and their interactions. In the following sections the fundamental
interaction will be analyzed in more detail.

1.1.1 The SM Lagrangian
The SM is a quantum �eld theory which is invariant under local transformations of its
gauge group:

GSM = SU(3) C 
 SU(2)L 
 U(1)Y (1.1)

where:

• SU(3)C is the non-abelian gauge symmetry group which describes the strong in-
teractions [16, 17]. C stands for the color quantum number. Such a structure
involves eight independent matrices, which are the generators of the group, re-
�ecting the fact that the strong interaction is carried by eight vector bosons, the

3
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Figure 1.1: The Standard Model of particle physics [1]

gluons. The gluons are massless, electrically neutral and carry the charge of
strong interactions, known as "color". The strong interactions are well-described
by the theory of quantum chromodynamics (QCD).

• SU(2)L 
 U(1)Y is the weak isospin symmetry group which describes the electro-
magnetic and weak interactions together [18, 19] (electroweak interaction). L
stands for the left-handed chirality (weak isospin) and Y for the hypercharge.

The SM can be described by the Lagrangian:

L SM = L EWK + L QCD + L Higgs + L Yukawa (1.2)

where:

• L EWK and L QCD describe free fermions, free gauge bosons associated with the
SU(2)L 
 U(1)Y and SU(3)C gauge symmetries, along with the interactions be-
tween fermions and gauge bosons as well as among gauge bosons

• L Higgs describe the Higgs particle and the electroweak symmetry breaking which
will be described in section 1.2.1.

• L Yukawa describes the �avor physics.
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1.2 The Standard Model Higgs boson

1.2.1 The mechanism of electroweak symmetry breaking
One of the characteristics of the SM Lagrangian, is that there are no explicit mass
terms for the fermions and gauge �elds, and thus it fails to explain why W � and Z
bosons are massive. The solution to this problem was given by Brought-Englert-Higgs
mechanism [20, 21] that introduces a self-interacting complex scalar �eld � which
breaks spontaneously theSU(2) 
 U(1) symmetry. The SM scalar potential is

V(�) = � 2� y� + � (� y�) 2 (1.3)

Figure 1.2: `Mexican hat' potential that leads to `spontaneous' symmetry breaking. The
vacuum, i.e., the lowest-energy state, is described by a randomly-chosen point around
the bottom of the brim of the hat [2].

where � needs to be positive in order to have a �nite minimum. If � 2 > 0, the
potential has a unique minimum located at � = (0 ; 0). If � 2 < 0, the potential has a
�nite set of minima de�ned by:

� y� = �
� 2

2�
(1.4)

This �nite set of minima will result in a physical vacuum state. Without loss of gener-
ality, the vacuum state can be chosen to be

h� i =
1

p
2

�
0
v

�
; where v =

s

�
� 2

�
(1.5)

The choice of a speci�c vacuum results in symmetry breaking, although the potential
itself respects the symmetry. The scalar �eld can be expanded around a vacuum expec-
tation value (VEV) (�gure 1.2) as

� =
1

p
2

�
� 1 + i � 2

v + h + i � 0

�
(1.6)

By introducing equation 1.6 to the standard model Lagrangian, three mass-less Gold-
stone bosons [22] are introduced, corresponding to � 1 and � 2 and � 0. By mixing the
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electroweak gauge �elds they become the longitudinal components of the W � and Z
gauge bosons. The Z and the W gauge bosons acquire masses,

M 2
W =

g2v2

4
; M 2

Z =
(g02 + g2v2)

4
(1.7)

,where g and g0 are the SU(2) and SU(1) gauge couplings, respectively. The remaining
degree of freedom of the scalar �eld, h, is the physical Higgs boson with

mH =
q

� 2� 2 =
p

2�v (1.8)

The fourth generator remains unbroken since it is the one associated to the conserved
U(1)em gauge symmetry, and it's corresponding gauge �eld, the photon, remains mass-
less. Similarly the eight color gauge bosons, the gluons, corresponding to the conserved
SU(3)C gauge symmetry with eight unbroken generators, remain massless.

The electroweak symmetry breaking (EWSB) in the SM is responsible for generating
mass for the W and Z gauge bosons. However, the fermions acquire mass through
interactions with the Higgs �eld: the Yukawa interactions. The fermion mass mf and
the Yukawa coupling yf is related by

mf =
1

p
2

yf v (1.9)

Although EWSB mechanism is very successful, it provides no additional insight on pos-
sible underlying reasons for the large variety of masses of the fermions, the so-called
�avor hierarchy. The fermion masses, accounting for a large number of the free param-
eters of the SM, are simply translated into Yukawa couplingshf . Figure 1.3 provides
a schematic view of the Standard model interactions that were summarized in this
section.

Figure 1.3: Standard Model Interactions
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1.2.2 The Higgs boson properties

The SM Higgs boson is a CP-even scalar of spin 0. Its mass equals tomH =
p

2�v , where
� is the Higgs self-coupling parameter in V (�) . In the SM, the quadratic coupling �
is a free parameter, whereas, the expectation value of the Higgs �eld, is �xed by the
Fermi coupling GF and is equal to v = (

p
2GF ) � 1=2 � 246 GeV. Therefore, there is

no a priori prediction for the Higgs mass. For a SM Higgs boson with massmH ' 125
GeV, the values of � and j� j are � ' 0:13 and j� j ' 88:8 GeV. The interaction terms of
the Higgs �eld [23], such as the couplings to gauge bosons and fermions and the Higgs
boson self couplings, are summarized in the following Lagrangian:

L = � gHf �f
�f fH +

gHHH

6
H 3 +

gHHHH

24
H 4 + � V V� V � (gHV V H +

gHHV V

2
H 2)

(1.10)
with,

gHHH =
3m2

H

u2 ; gHHHH =
3m2

H

u2 ; gHf �f =
mf

u
; gHV V =

2m2
V

u
; gHHV V =

2m2
V

u2 ;

where V = W � or Z and � W = 1 , � Z = 1=2.
The Higgs boson couplings to the fundamental particles are set by their masses.

This type of interactions assumes a very weak interaction for light particles such as up
and down quarks and electrons, but a strong one for heavy particles such as theW and
Z bosons and the top quark. From equation 1.10, we observe that the Higgs couplings
to fermions are linearly proportional to their masses, while the couplings to bosons are
proportional to the square of the boson masses. As a result, the dominant mechanisms
for Higgs boson production and decay involve the coupling of H to W � , Z and/or the
heavier third-generation fermions (top and bottom quarks and the � leptons.)

1.3 Higgs boson searches at the LHC

1.3.1 Higgs boson production

As stated in the previous section, the couplings between the Higgs boson and fermions
or bosons is proportional to their mass. Thus, the most important production modes
involves heavy particles like the vector bosonsW � , Z0 and the top quark. The four
main Higgs boson production processes are:

• gluon-gluon fusion (ggF) through a heavy quark loop: gg ! H

• vector boson fusion (VBF): q1q2 ! V � V � ! q
0

1q
0

2 + H

• associated production of the Higgs boson with a massive boson(VH): q�q ! V � ! V + H

• associated production of the Higgs boson with a pair of top quarks (ttH) : gg ! t�t + H

The Feynman diagram of the dominant Higgs boson production modes at the LHC are
shown in �gure 1.4. The cross sections of these production processes are shown in
�gure 1.5 as a function of the center of mass energy,

p
s and as a function of the Higgs

boson mass for
p

s = 13 TeV .
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Figure 1.4: Generic Feynman diagrams contributing to the Higgs production in (a)
gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated production
with a gauge boson) and (d) associated production with top quarks

Figure 1.5: The SM Higgs boson production cross sections [3]: (left) as a function
of the center of mass energy,

p
s for pp collisions, (right) as a function of the Higgs

boson mass for
p

s = 13 TeV . The theoretical uncertainties due to the higher order
perturbative corrections are showed in the bands around the curves.

Gluon-gluon fusion

The dominant Higgs production mechanism at the LHC involves gluon fusion via an
intermediate top-quark loop. As shown in �gure 1.5, this particular processe's cross
section is enhanced due to the fact that the Yukawa coupling between the Higgs boson
and the heavy quarks present in the loop is high. The lowest order theoretical cross
section is wellknown and used in many LHC studies to determine the experimental
discovery sensitivity of the Higgs particle. Although in principle all quarks should be
included in the loop, in practice the restriction to just the top quark suf�ces because
the Higgs couples about 35 times more strongly to the top than to the next-heaviest
fermion, the bottom quark, leading to a relative suppression of the bottom contribu-
tion by a factor 352. Therefore, the measurement of the ggF cross section also provides
an indirect probe of the Higgs coupling to the top quark.
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Vector Boson Fusion

The production of SM Higgs boson through vector-boson-fusion (VBF) mechanism fea-
tures the second largest cross section among the Higgs production channels in hadronic
collisions and, although smaller than the gluon-fusion one by about one order of mag-
nitude, it still provides useful complementary information. The VBF process, illustrated
in Figure 1.4 involves the radiation of a heavy vector boson from each incoming par-
ton. Subsequently, the two vector bosons ”fuse” to produce a Higgs boson. The VBF
production is very interesting as it provides special signatures for the Higgs boson iden-
ti�cation. In particular, it features the presence of two forward quark jets, which can be
exploited to identify such events. The process can be used to probe the Higgs coupling
to the W and Z bosons.

Associated production with a heavy vector boson- Higgsstrahlung

This production mode is based on the annihilation of a quark couple into a virtual vec-
tor boson (off-shell) and the subsequent emission of a Higgs boson and of a real vector
boson. Despite the smaller cross section compared to other production mechanism, the
Higgsstrahlung can be exploited in the searches for the Higgs boson thanks to it's clear
signature. This is raised from the fact that the vector boson present in the �nal state
can decay into leptons that are reconstructed very ef�ciently.

Associated production with top quarks pair

The measurement of the production cross section of a Higgs boson in association to a
couple of heavy quarks (mainly with the top quark) can represent an excellent test of
the Yukawa couplings. The on-shell top quarks are too heavy to be produced in a Higgs
boson decay and thus this decay is kinematically forbidden. As a result the process
pp ! t �tH is the only way to directly constrain the top Yukawa couplings. At leading
order this mechanism proceeds through a quark-antiquark annihilation into a couple
of top-antitop quarks, where the Higgs boson is radiated from a top quark in the �nal
state. This process is described in �gure 1.6.

Figure 1.6: tree-level Feynman diagrams for thepp ! ttH production process, with a
gluon (g), a quark (q), a top quark (t), and a Higgs (H) boson

The associated Higgs boson production with a top quark-antiquark pair was ob-
served in 2018 by the ATLAS [24] and CMS [25] collaborations. The observation was
based on a combined analysis of proton-proton collision data that were collected by
CMS and ATLAS detector in several run periods. To maximize the sensitivity, both
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analyses exploited the results of statistically independent searches for Higgs boson
produced in conjunction with a top quark-antiquark pair and further decaying to W
bosons,Z bosons, photons,� leptons, or bottom quark jets. The overall agreement ob-
served between the SM prediction and data is SM-like, since the quantum loops in this
processes include top quarks. However, non-SM particles in the loops could introduce
terms that compensate for, and thus mask, other deviations from the SM. Taking this
into account, a measurement of the production rate of the tree level t�tH process can
provide evidence for, or against, such new-physics contributions.

1.3.2 Higgs Boson decays-Higgs Boson discovery
The decay modes of a SM Higgs boson strongly depend on its massmH . For a low mass
Higgs boson(110 GeV=c2 < mH < 150 GeV=c2) it's natural width is only a few MeV=c2,
thus the channels with the most important contribution are the H ! ZZ� ! 4`, H ! 

 ,
H ! WW � ! 2`2� , H ! b�b and H ! � + � � 1. The sensitivity of the search for a given
hypothesis in the Higgs boson mass depends on the Higgs boson production cross
section, it's decay's branching ratio into a chosen �nal state, the signal selection ef-
�ciencies, the reconstructed mass resolution and the level of SM backgrounds in the
�nal state. For the Higgs boson discovery the H ! ZZ� ! 4`, and H ! 

 played a
crucial role since those decay modes give an excellent mass resolution of the recon-
structed 4-lepton and di-photon �nal states. On the contrary the rest decay modes
are less signi�cant due to poor mass resolution coming from the presence of neutri-
nos in the H ! WW � ! 2`2� and the presence large background for theH ! b�b and
H ! � + � � 1. In 2012 both ATLAS and CMS [26, 27] announced the discovery of SM
like Higgs boson. Since then, many measurements were performed of its properties
and its production cross sections in different channels, providing estimates of its cross
section, decay rates and couplings [28], as well as measure its mass [29]. The produc-
tion and decay rates are measured in terms of the signal strength� . The signal strength
� is de�ned as the ratio of the measured production cross section or decay branching
ratio to its SM prediction.

� =
�

� SM
or

�
� SM

(1.11)

Similarly a coupling modi�er � , de�ned as the square root of the ratio of the mea-
sured cross section (� 2 = �=� SM) or decay width ( � 2 = � =� SM) to the SM prediction is
used to measure the Higgs boson couplings to bosons and fermions. Several individual
search results and some combined results have already been published [30]. In the
following part the Higgs decay modes are described in detail.

Higgs decays to vector bosons

As stated previously the decays toZZ, where eachZ boson further decays to two lep-
tons gives a clean fully reconstructed resonant-mass peak, which can provide precision
measurements of the Higgs boson mass [31]. The same stands for theH ! 

 pro-
cess since it features a clear peak in a falling and well understood background [32].
The diphoton invariant mass distribution in the H ! 

 decay channel and the four
lepton (4 � ,2e2� ,4e) invariant mass distribution in the H ! ZZ ! 4` decay from the
CMS collaboration are shown in Figure 1.7. Although the decay mode toWW has a
large branching fraction due to the large mass of theW vector boson, this search can
be challenging because of the presence of the neutrinos in theW decay products, re-
sulting to a poor mass resolution. A H ! W W analysis performed in CMS focused
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on the search for oppositely charged electron-muon pairs that was used to construct
the dilepton invariant mass [33]. To extract the signal, the dilepton invariant mass
was compared with the Higgs transverse mass which is calculated from the transverse
momentum of the leptons and the missing transverse momentum.

Figure 1.7: left: Four lepton (4 � ,2e2� ,4e) invariant mass distribution in the
H ! ZZ ! 4` decay right: Diphoton invariant mass distribution in the H ! 

 decay
channel

Higgs decays to fermions

To establish the mass generation mechanism for fermions, it is necessary to probe the
direct coupling of the Higgs boson to such particles. One of the most promising decay
channels is the� + � � , because of the large event rate expected in the SM compared to
the � + � � channel and the smaller contribution from background events with respect
to the b�bdecay channel. CMS collaboration performed a search [34] where events with
both hadronic and leptonic decays of the tau leptons were considered. The presence
of the neutrinos in the �nal state make the reconstruction of a clear � � invariant mass
impossible. However, the m� � is estimated by a likelihood method along with the
product of the �nal state.

The decay of a Higgs boson to a pair of b quarks (H ! b�b) has a predicted branching
fraction of 58% for a standard model Higgs boson of massmH = 125 GeV. A precise
measurement of the rate of this process directly probes the Yukawa coupling of the
Higgs boson to a down-type quark and provides a necessary test of the hypothesis
that the Higgs �eld is the source of mass generation in the charged fermion sector of
the SM. In the LHC the most sensitive production process is when the Higgs boson is
produced in association with a vector boson (VH). In 2018 both ATLAS [35] and CMS
[36] collaborations observed the H ! b�b in associated production with the W=Z at 13
TeV with data collected in 2016 and 2017 corresponding to an integrated luminosity
of 36:8 and 41:3 fb� 1 respectively. The searches performed by CMS collaboration, focus
on the leptonic decays of the weak vector boson and reconstruct the Higgs boson by
selecting two b jets. A simultaneous binned-likelihood �t to the shape and yield of
speci�c distributions for the signal and control regions for all channels combined is
used to extract a possible Higgs boson signal.
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1.3.3 Associated production of a standard model Higgs bo-
son with a top quark-antiquark pair and its further de-
cay to a pair of bottom quarks

A measurement of the associated production of a standard model Higgs boson with a
top quark-antiquark pair t�tH and it's further decay to a pair of b quarks was performed
both in ATLAS [37] and CMS [38] collaborations. The analysis performed by CMS,
used data from proton-proton collisions that were collected by the CMS detector and
correspond to an integrated luminosity of 41:5 fb� 1. Those results were combined
with 35:9 fb� 1 data obtained in 2016. The combination of the two run years give a
best-�t value of �̂ = 1 :15+0 :15

0:15 (stat) +0 :28
� 0:25(syst). The best �t of the t�tH signal strength

relative to the standard model cross section(�̂ = �=� SM) comes from a combined �t
of multivariate discriminant distributions is all categories. Events that are consistent
with the production of the a top quark-antiquark pair with additional b quark jets are
selected. Top quarks decay almost exclusively to a bottom quark and aW boson, and
then the W boson can decay either into a charged lepton and a neutrino or into a pair
of quarks. The decay of theW de�nes the �nal signatures recorded in the detector.
All the t�t channels were considered. The fully hadronic channel, where bothW bosons
decay into quarks, the single-lepton channel, where oneW boson decays into a charged
lepton (electron or muon) and a neutrino and the other W boson decays into quarks,
and the dilepton channel, where both W boson decay into a charged lepton (electron
or muon) and a neutrino.

Figure 1.8: tree-level Feynman diagrams for the all-jet ttH (H ! bb) process

The fully hadronic t �tH(H ! b�b) �nal state

In the fully hadronic or all-jets channel, each W boson arising from the top quark
decays, will decay into a pair of light quarks. In addition, the Higgs boson will decay
to a pair of b quarks resulting in a �nal state with at least eight quarks, four of which
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are b quarks. All the eight �nal quarks will hadronize into jets. Those jets are typically
produced at large angles with respect to the beam axis resulting in a relatively high
transverse momentum. The feynman diagram of this process is showed in �gure 1.8.
This particular process is of high interest due to a very speci�c Higgs coupling space:
all couplings are fermionic and restricted to the third-generation quarks only. This
leads to an easier interpretation of results than those in other decay channels. The
absence of leptons makes this �nal state challenging to target, however, it is possible
to separate the signal from background by using sophisticated MVA techniques. A
traditional strategy was performed by CMS [39] and ATLAS [40] collaborations in the
so called resolved �nal state, where all the products for the Higgs and top decays
could be reconstructed independently. This hypothesis is valid for Higgs transverse
momenta up to 250 GeV. Compared to previous searches in the fully jet �nal state, the
work presented in this thesis (Chapter 9) focuses on fully boosted and semi-boosted
topologies. At higher pT(pT =m � 1) the Higgs boson and the top quark decay products
are highly collimated (" boosted") and thus can no longer be reconstructed separately.
In order to explore this phase space, hadronic tops and the Higgs are reconstructed in
large-radius jets. In this analysis approach the Higgs boson is always reconstructed as
a boosted jet.

1.4 Extensions of the Standard Model

1.4.1 Motivation for Supersymmetry

In the previous section the Standard Model (SM) and the Higgs physics was discussed.
Although the SM gives a very good description of the elementary components of nature,
it fails to describe it completely. For instance, it cannot explain the repeating pattern
of the three observed generations in matter or to provide answers to questions like
why the masses of the particles are what they are. Furthermore, it fails to embody
a theory of the gravitational interactions. Experiments have already shown that with
increasing energies, the effect of the strong force becomes weaker. This is a good
indication that the electromagnetic, weak and strong forces could be merged to one
single interaction in an incredibly high energy environment; the idea of Grand Uni�ed
Theories (GUTs). Supersymmetry (SUSY) is a theoretical favoured extension of the
SM as it provides a mathematical framework that allows the strong and electroweak
forces to unite and become a single interaction at a common energy. The existence of
dark matter, which makes up approximately one quarter of the energy density of the
universe, is another theoretical argument that cannot be explained by the SM of particle
physics. Moreover, SUSY can explain some of the inconsistencies of the SM such as
the infamous "hierarchy problem"; the large descrepancy between aspects of the weak
nuclear force and gravity. The "hierarchy problem" is related to the Higgs mass stability
under radiative corrections. The Higgs boson interacts with every particle with mass,
and without an incredible �ne-tuning of parameters, loop-order quantum effects from
these particles would give enormous corrections to the Higgs mass, driving it from the
electroweak scale to the Planck scale [41].

In Figure 1.9 the correction to the Higgs squared mass (m2
H) from a loop containing

a Dirac fermion is given by:

�m 2
H = �

j� f j
2

8� 2 � 2
UV + :::: (1.12)
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Figure 1.9: One-loop quantum corrections to the Higgs boson's squared massm2
H , due

to a Dirac fermion f (left) and a scalar S (right).

and the relevant corrections in case of the scalarS illustrated on the right part of
Figure 1.9 is

�m 2
H =

� S

16� 2 [� 2
UV � 2m2

S ln(� UV =mS) + :::] (1.13)

where � f is the fermion coupling to the Higgs boson and � UV is an ultraviolet mo-
mentum cutoff used to regulate the loop integral. If � UV is of the order of the reduced
Planck scale, the correction�m 2

H should be several orders of magnitude larger than
the expected value for the Higgs mass. As a result, several �ne-tuning of parameters,
or in other words cancellations between the various contributions to �m 2

H are required
in order to adjust the electroweak scale to much smaller than the weak scale. Com-
paring equations 1.12 and 1.13 it naturally comes that a symmetry between fermions
and bosons is needed due to the relative minus sign between fermion and boson loop
contributions to the �m 2

H . Assuming� S = j� f j
2, then the � 2

UV contributions will neatly
cancel. The existence of a boson state corresponding to each fermion state would imply
the presence of a symmetry. A solution scenario like this is given by Sypersymmetry
(SUSY). Since no SUSY particle has been seen, SUSY is a broken symmetry, meaning
that the SUSY particles (sparticles) are much heavier and less stable than their standard
model counterparts. However, in case SUSY particles exist at energy scales compatible
with the Large Hadron Collider (LHC) environment, we will be able to produce and
study them.

1.5 Supersymmetry

Supersymmetry is one of the most well developed beyond the standard model theories
that connect matter and force particles. This symmetry is succeeded by assigning to
each SM particle a (super)partner with opposite sign spin; spin 1/2 for the force par-
ticles and spin 1 for the matter particles. The names of the superpartners are inspired
from their SM counterparts. The matter superparterns are given a "s" for example se-
lectron for electron, while force partners are given an "ino", i.g gluino for gluon. The
symbols for supersymmetric particles are given simply by adding a tilde to the SM sym-
bol. For example ~e is the symbol for selectron. Figure 1.10 shows the particles of the
Standard Models along with their superpartners.

The supersymmetric operatorQ turns a bosonic state to a fermionic state.

Qjbosoni = jfermion i ; Qjfermion i = jbosoni (1.14)

The generator Q which changes the spin of a �eld by 1/2 is a fermionic spinor
that carries an intrinsic angular momentum of 1/2. In this supersymmetric theory,
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Figure 1.10: The Standard Model particles along with their Supersymmetric partners

single-particles are grouped into irreducible representations of the supersymmetric al-
gebra, called supermultiplets. Each supermultiplet contains both fermion and boson
states which are called superpartners of each other [41]. The supermultiplets can be
divided into two categories; chiral supermultiplets and gauge supermultiplets which
are listed in tables 1.1 and 1.2. Chiral supermultiplets 1.1 include the leptons, the
quarks, the Higgs bosons and their superpartners. The SM fermions couple differently
under different gauge �elds resulting in separate scalar partners. The scalar partners
of the SM fermions have the same gauge interactions as their partners. The Higgs bo-
son is also described by a chiral multiple. In the Minimal Supersymmetric Standard
Model (MSSM) in order to avoid gauge anomalies in the electroweak symmetry we
need two Higgs chiral supermultiplets [42], one with hypercharge Y = 1=2 and one
with Y = � 1=2. The �rst Hu has the Yukawa coupling to give masses to the up-type
quarks and leptons, whereas theHd with Y = � 1=2 will give masses to the down-type
quarks and leptons. The 125GeV standard model Higgs boson is a linear combination
of H 0

u and H 0
d . Gauge supermultiplets classify the gauge bosons and their superpart-

ners 1.2. For a renormalizable theory, before the gauge symmetry is spontaneously
broken, there should be a massless gauge boson. For a massless boson (spin 1) with
two helicity states there is a superpartner which is a massless fermion of spin 1/2 with
two helicity states. Gauge bosons and their fermionic partners must transform like the
adjoint representation of the gauge group. Since the adjoint representation of a gauge
group it's always its own conjugate, these fermions must have the same gauge trans-
formation properties for left and right handed components. This combination of a spin
1/2 gaugino and spin1 gauge boson is called a gauge or vector supermultiplet.

Members of the same supermultiplet can be transformed to each other using theQ
and Qy. Suppose two statesjbi and jf i , with massesmb and mf respectively that are
members of the same multiplet. In the supersymmetric algebra [43] we have

f Q; Qyg = P � (1.15)

f Q; Qg = f Qy; Qyg = 0 (1.16)
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Particles spin-0 spin-1/2 SU(3)C SU(2)L U(1)Y

squarks quarks, Q (~uL ; ~dL ) (uL ; dL ) 3 2 1
6

3 families �u ~u�
R uy

R
�3 1 � 2

3

�d ~d�
R dy

R
�3 1 1

3

sleptons, leptons L ( ~� ~eL ) �e L 1 2 � 1
2

3 families �e (~e�
R ) ey

R 1 1 1

Higgs, higgsinos Hu (H +
u ; H 0

u ) ( ~H +
u ; ~H 0

u ) 1 2 1
2

Higgs, higgsinos Hd (H 0
d ; H �

d ) ( ~H 0
d ; ~H �

d ) 1 2 � 1
2

Table 1.1: The MSSM chiral supermultiplets

Particles spin-1/2 spin-1 SU(3)C SU(2)L U(1)Y

gluino, gluon ~g g 8 1 0

winos, W bosons ~W � , ~W 0 W � , W 0 1 3 0

bino, B boson ~B 0 B 0 1 1 0

Table 1.2: The MSSM gauge supermultiplets

[P � ; Q] = [ P � ; Qy] (1.17)

where P � is the four -momentum generator of spacetimes translations. SinceP � P� jbi =
m2

bjbi and P � P� jf i and considering the previous relations, we have:

P � P� Qjbi = P � P� jf i = m2
f jf i (1.18)

P � P� Qjbi = QP � P� jbi = m2
bf i (1.19)

Combining the equations 1.18 and 1.19 we observe thatmb = mf , which proves that

superpartness must have equal masses. The supersymmetry generatorsQ; Qy also com-
mute with the generators of gauge transformations leading to same electric charge,
weak isospin and color degrees of freedom for particles that belong in the same mul-
tiple. Since no supersymmetric particle is observed in nature, Supersymmetry must be
a broken symmetry that allows the superparticles to be heavier than the corresponding
Standard Model ones. However, SUSY must be broken in a way that no ultraviolet
divergences will appear in scalar masses. This is the so-called soft SUSY breaking that
yields heavy superpartners in a natural way. In the SM, due to global gauge invariance,
baryon (B) and lepton (L) numbers are conserved. However, those terms are violated
in the SUSY framework. To construct renormalizable operators consistent with the SM
gauge symmetries a new symmetry known as R-parity is introduced. R-parity is de�ned
as:

PR = ( � 1)2(B � L )+2 s (1.20)
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where s is the spin of the particle. The SM particles including the Higgs boson have an
even R-parity (PR = +1 ), while the sleptons, gauginos and higgsinos have odd parity
(PR = � 1). If R-parity is conserved, no mixing is allowed between sparticles and the
particles with even parity (SM particles). The conservation of R-parity results in some
very important phenomenological observations:

• The lightest sparticle ( PR = � 1) known as the lightest supersymmetric particle
(LSP), has to be absolutely stable and produced at the end of the decay chain of
a heavy unstable supersymmetric particle. If it is electrically neutral, it is weakly
interacting with ordinary matter. As a result, the LSP could be a possible dark
matter candidate. In collider experiments the LSP will result in an imbalance in
the reconstructed momentum in the transverse plane of the detector,

• Each sparticle apart from LSP, must eventually decay into a state that contains an
odd number of LSPs.

• In collider experiments, sparticles can only be pair produced.

1.5.1 Minimal Supersymmetric standard model

The Minimal Supersymmetric Standard Model (MSSM) is the most basic extension
that incorporates SUSY. This framework is consistent with the SM and also provides
a solution to the hierarchy problem as it stabilizes the weak scale. In MSSM R-parity
is conserved and Poincare and gauge invariance is assured. As described in section
1.5, the supermultiplets of MSSM provide a partner for every SM particle with the a
spin difference of 1/2. The Higgs boson in MSSM has a fermionic superpartner, the
Higgsino.
The Lagrangian of the MSSSM is described as:

L MSSM = L SUSY + L Breaking (1.21)

where L SUSY is the SUSY generalization that contains all the gauge and Yukawa in-
teractions and preserves supersymmetry invariance andL Breaking describes the SUSY
breaking.
The MSSM embodies supersymmetry into the Standard Model in a simple and elegant
way by making "minimal" additions.

• adds superpartners to the gauge �led bosons (gauginos)

• adds superpartners to the fermions

• adds superpartners to the Higgs �eld ( higgsinos)

• adds a second Higgs doublet.

The neutral higgsinos ( ~H 0
u and ~H 0

d ) and the neutral electroweak gauginos ( ~W0 and
~B0) form four mass eigenstates known as neutralinos~� 0. The charged higgsinos (~H +

u
and ~H �

d ) and charged winos ~W � form four mass eigenstates known as charginos~� � .
Mixing is allowed between gauginos and higgsinos with the same charge but forbidden
for gluinos due to its color charge.
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1.5.2 Gauge Mediated Supersymmetry Breaking (GMSB)

The symmetry breaking in SUSY can be achieved by introducing a hidden sector. This
sector causes the breaking, which is then mediated to the MSSM (visible sector). In
Gauge Mediated Supersymmetry Breaking (GMSB) [44, 45, 4] scenarios, the communi-
cation between hidden sector, where SUSY breaking takes place, and the visible MSSM
sector (consisting of chiral supermultiplets shown in 1.1) is via the ordinary gauge in-
teractions. The messangers communication between MSSM and the hidden sector also
have a SU(3)C 
 SU(2)L 
 U(1)Y interactions. General Gauge Mediation (GGM) sce-
nario is one of the most popular and most robust ways of transmitting SUSY breaking
to the MSSM. Compared with other SUSY breaking scenarios, in GMSB �avor changing
neutral current processes and new sources of CP violation are naturally suppressed.
The soft terms in MSSM come from loop diagrams involving these messengers, whose
value is given by

msoft �
� a

4�
hFi

Mmess
(1.22)

where � a
4� is a loop factor for Feynman diagrams involving gauge interactions, F relates

to the SUSY breaking scale andMmess is the messenger mass scale. GMSB permits a
signi�cantly lower symmetry-breaking scale ( hFi ) than, for example gravity mediation,
and therefore generically predicts that the gravitino ( eG) is the Lightest Supersymmetric
Particle (LSP) whose mass is given by

m eG � h F i =MP � keV (1.23)

where MP is the Planck scale.

1.5.3 Phenomenology of General Gauge Supersymmetry Break-
ing (GGMSB)

As mentioned previously, the gravitino eG, is taken to be the LSP. That means that it is
considered a stable particle that weakly interacts with the detector, resulting in missing
transverses momentum. The next-to-the-lightest supersymmetric particle (NLSP) is the
neutralino e� 0 or the chargino ( e� � ). The decay modes of the NLSP are decided by
the manner in which bino (the superpartner of the U(1)), wino (the superpartner of
the SU(2)) and higgsino components mix, and hence de�ne the nature of this mass
eigenstate [46]. In case of gaugino-like NLSP, the neutralino consists predominantly of
either the bino or the wino gauge �eld.

• A bino like NLSP decays predominantly into a gravitino (eG) and a photon ( 
 )
with a branching fraction � cos� 2

w , while the decay to a gravitino and a Z boson
is sub-dominant. The left plot on �gure 1.11 shows the branching fraction of a
bino-like NLSP as a function of its mass. Experimentally this kind of scenarios can
be targeted using collider events with �nal signatures of 

 + pmiss

T or 
 + pmiss
T

�nal states, where pmiss
T is the magnitude of missing transverse momentum.

• for a wino-like NLSP, the splitting between the charged and the neutral wino is
small resulting in neutral and charged winos to become co-NLSPs. The charged
wino will decay directly into the gravitino ( eG) and a W � as well, while the neutral
will decay dominantly to a gravitino ( eG) and a Z boson (� cos� w

2) and sub-
dominantly to a gravitino ( eG) and a photon ( 
 ) (� sin � 2

w). The right plot on
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Figure 1.11: The bino and neutral wino NLSP branching fractions to Z or 
 plus grav-
itino [4]. The branching fraction is determined by the weak mixing angle, and, at low
mass, by the phase space suppression of decays toZ's.

�gure 1.11 shows the branching fraction of a wino-like NLSP as a function of its
mass. These scenarios can result in signatures with lepton+ 
 + pmiss

T .

• a higgsino like NLSP, will decay preferably to a Higgs boson or a photon (
 ) and
a gravitino ( eG) and subdominately to a Z boson or a photon (
 ) and a gravitino
( eG). Models with higgsino like NLSP may result in b�b, coming from H decay, and

 + pmiss

T �nal states.

1.5.4 General Gauge Mediation (GGM) simpli�ed models

As mentioned in section 1.5.2, GMSB provides several advantages. However, even with
the inherent simplicity of gauge mediation, there is a plethora of models with a wide
variety of features. Thus, it is dif�cult to predict which exact set of parameters is real-
ized in nature. In addition, many of these possible parameter sets can lead to identical
experimental signatures. Such scenarios include several event topologies that requires
the presences of one or more leptons, photons, jets and of course highpmiss

T coming
from the undetected LSP. In order to cover as much phase space as possible, SUSY
searches at the LHC are based on those signatures. On top of this, certain assumptions
are made, leading to the so-called "Simpli�ed Model Scenarios" (SMS) [47, 48]. The
SMS can be well described by a small number of parameters directly related to collider
physics observables: particle masses (and their decay widths, which can sometimes be
neglected), production cross-sections, and branching fractions. In addition, constraints
on a wide variety of models can be deduced from limits on simpli�ed models [49]. As
a result, the plethora of proposed models leads to wide experimental searches. Most
SUSY searches at the LHC target a signal on the production of new, heavy particles
that decay into SM particles and a stable undetected LSP which result in highpmiss

T .
However, large pmiss

T can be produced from SM processes such as leptonically decays of
top quarks, weak gauge bosons and heavy �avor production. Moreover,pmiss

T can arise
from instrumental effects. The studies to address those issues are discussed in detail
later. In �gure 1.12 the latest results for simpli�ed models in the context of gauge-
mediated supersymmetry breaking from CMS collaboration are summarized. On the
x-axis the mass scale reach of each analysis is shown. The searches, based on �nal
signatures, are categorized as all-hadronic, single lepton plus jets, opposite-sign and
same-sign dileptons, multileptons, inclusive searches and searches with photons.



20 CHAPTER 1. THEORETICAL OVERVIEW

Figure 1.12: The Mass reach for simpli�ed models in the context of gauge-mediated
supersymmetry breaking [5].

Search for GGMSB in the Diphoton �nal state

A part of this thesis concerns a search of GGMSB that involves photons. More speci�-
cally, a bino-like neutralino ( e� 0) is assumed that further decays to a gravitino ( eG) and
a photon (
 ), resulting in events with two photons and signi�cant missing energy. The
Feynman diagrams of processes with this signature are shown in �gure 6.1. These
simpli�ed model scenarios assumes:
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• R-parity conservation

• In case of sparticles production (pair of gluinos), their production is completely
de�ned by the QCD theory and parton distribution functions

• All sparticles, except gluino, e� 0 and eG are very heavy and not accessible at the
LHC.

• Branching fractions of the decay of sparticles to various channels are simplisti-
cally decided. The models assume a 100% branching fraction for the gluinos and
squarks to decay as shown in �gure 6.1. The squarks can be either �rst or second
generation. We assume a 100% branching fraction for the NLSP neutralino to
decay to a nearly massless gravitino and a photon,e� 0 ! eG
 .

Figure 1.13: Diagrams showing the production of signal events in the collision of two
protons. In gluino ~g pair production (left), the gluino decays to an antiquark ~q, quark q,
and a neutralino e� 0. In squark ~q pair production (right), the squark decays to a quark
and a neutralino e� 0 . In both cases, the neutralino e� 0 subsequently decays to a photon

 and a gravitino eG.
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Chapter 2

Experimental Setup

2.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [50] is a two-ring hadron accelerator and collider of
26.7 km circumference tunnel at European Organization for Nuclear Research (CERN).
It lies beneath the Franco-Swiss border near Geneva, Switzerland at a depth ranging
from 45 to 170 m below the earth's surface. It is the largest and most powerful particle
accelerator ever built and is the gem of the CERN accelerator complex, shown in �g-
ure 2.1. The LHC was build to answer questions about fundamental particle physics, at
the TeV energy scale.

Figure 2.1: Schematic overview of the CERN accelerator complex. [6]

23
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The LHC is supplied with protons acquired by stripping electrons from hydrogen
atoms. The beams (protons or heavy ions) are accelerated in stages. First, the lin-
ear accelerator (LINAC2) generates 50MeV protons and then the Proton Synchrotron
Booster (PSB) increases their energy to 1.4GeV. After that, the beam is fed to the Pro-
ton Synchrontron (PS) where it is accelerated to 25 GeV, before they reach the Super
Proton Synchroton (SPS) where the proton energy reaches the 450GeV. Protons leav-
ing the SPS are eventually injected into the LHC main ring to be accelerated up to their
maximum energy. The protons arrive in the LHC in bunches of approximately1011 pro-
tons, with a bunch spacing of 25 ns, resulting in 2808 bunches in total. Proton beams
orbit the LHC in two metal pipes with a very high vacuum, the beam pipes. Once the
beams reach the desirable energy, the optics are changed to squeeze the beams at the
interaction points, and the magnets separating the beams are squeezed off, resulting in
collisions.

One of the key parameters of a collider is the instantaneous luminosityL . This is
directly related to the observed rate of an interaction process with,

dN
dt

= �L (2.1)

where, � is the cross section of the process. The instantaneous luminosityL of a collider
is given by:

L =
N 2

b nbf rev 
 r

4�� � � � F (2.2)

where Nb is the number of particles per bunch, nb is the number of bunches per beam,
f rev is the revolution fequency, 
 r = E=m is the relativistic gamma factor, � � is the
normalized transverse beam emmitance,� � is the � function at the collision point, and
F is the geometric luminosity reduction factor due to the crossing angle at the interac-
tion point. LHC is designed to reach an instantaneous luminosity ofL = 1034cm� 2s� 1,
while in 2017 a twice the design value instantaneous luminosity was achieved. Fig-
ure 2.2 shows the integrated luminosity for the the run years of Run2. The total

Figure 2.2: CMS integrated luminosity for Run2 [7].

proton-proton cross section at a centre-of-mass energy of
p

s = 13 TeV is expected
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to be approximately 70 mb, which means that around 20 p-p collisions will occur at
each bunch crossing at the design luminosity.

2.2 The CMS experiment

The Compact Muon Solenoid (CMS) [51, 10] detector is a multi-purpose detector ap-
paratus operating at the LHC. CMS is located at the LHC point 5, in the village of
Cessy in France, about 100 meters underground. CMS, weights 14000 tonnes, which
makes it the heaviest detector among the LHC detectors. Despite it's high weight, its
dimensions 22x15 m make it relatively compact. One of the distinctive properties of the
CMS experiment is the precise, high ef�ciency muon measurement, enabled by large
gas chamber detectors. The detector is constructed inside and around a large supercon-
ducting solenoidmagnet, that provides a strong magnetic �eld of 3.8 T in the inner part
of the detector, bending the trajectories of charged particles for precise measurement
of momentum and charge. An overview of the CMS detector is shown is �gure 2.3.
Going from the beam pipe to the solenoid, there is a tracker measuring the momenta of
charged particles, an electromagnetic calorimeter to measure the energies of photons
and electrons, and a hadronic calorimeter for measuring the energies of charged and
neutral hadrons. Outside the solenoid, there are muon chambers measuring momenta
of muons.

To describe the CMS detector, both right handed Cartesian coordinates and polar
coordinates are used, with the nominal collision point as the origin in both cases. For
the Cartesian coordinates, the x axis and y axis are in the transverse plane pointing
along the inward radial direction of the LHC ring and along the upward vertical direc-
tion, respectively, while the z-axis is parallel to the beam. For the polar coordinates,
� represent the azimuthal angle from the x axis in the transverse plane,r the radial
distance in the plane, and � the polar angle from the z-axis in the y- z plane. Instead of
� another spacial coordinate is used calledpseudorapidity, which is de�ned as

� = � ln(tan
�
2

) (2.3)

For highly relativistic particles with m << p, � is equal to the rapidity de�ned as

y =
1
2

ln
E + p Z

E � pz
(2.4)

In hadron collider physics, pseudorapidityis preferred over the polar angle � , since par-
ticle production is constant as a function of rapidity. Moreover, differences in rapidity
are Lorentz invariant under boosts along the longitudinal axis and hence, a measure-
ment of a rapidity difference �y between particles is not dependent on the longitudinal
boost of the reference frame (such as the laboratory frame). This is an important fea-
ture for hadron collider physics, where the colliding partons carry different longitudinal
momentum fractions x, which means that the rest frames of the parton-parton collisions
will have different longitudinal boosts.
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Figure 2.3: Overview of the Compact Muon Solenoid (CMS) detector. The general char-
acteristics of each part of the detector are shown here along with relevant magnitudes
and the x, y and z coordinate system [8].

2.3 Superconducting Solenoid

One of the most important components of the CMS detector is the superconducting
solenoid that provides the bending power necessary to precisely measure the momen-
tum of all charged particles produced in the collision. The magnet is located between
the calorimeters and the muon system. It is 12.5 m long and has an inner diameter of
6m. The magnet produces an magnetic �eld of 3.8 T and has a stored energy of 2.6GJ.
A 12,000 ton steel yoke made up of 5 wheels in the barrel and 3 endcap disks serves to
return the magnetic �ux. The solenoid is suspended in a vacuum cryostat and cooled
to 4.5 K with liquid helium.

2.4 The inner tracking system

The CMS inner tracking system consists the most inner part of the CMS detector, sur-
rounding the interaction point. It is designed to provide precise and ef�cient mea-
surements of the trajectories of charged particles (electrons, muons and hadrons) and
precise reconstruction of primary and secondary interaction vertices. The structure
of the tracker system is illustrated in �gure 2.4 where different modules of the inner
tracker are shown: pixel, inner barrel ( TIB), outer barrel ( TOB), inner disks (TID) and
endcaps (TEC). The CMS tracker [52] is composed of a pixel detector with three barrel
layers at radii 4.4 cm, 7.3 cm and 10.2 cm and a silicon strip tracker with 10 barrel
detection layers extending outwards to a radius of 1.1 m. Each system is completed by
endcaps which consist of two disks in the pixel detector and 3 plus (up to) 9 disks in
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Figure 2.4: Schematic cross section through the CMS tracker in ther � z plane [9].
The tracker is symmetric about the horizontal line r = 0, so only the top half is shown
here.

the strip tracker on each side of the barrel, extending the acceptance of the tracker up
to a pseudorapidity of j� j < 2:5.

2.5 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [53, 54] of the CMS detector is a hermetic
homogeneous calorimeter. ECAL is a radiation tolerant and total absorption calorimeter
made up of lead tungstate crystals(PbWO 4). It's purpose is to measure the energy of
electromagnetic objects such as photons and electrons as well as the EM components
of jets and hadrons that deposit their energy in the crystals of the ECAL. It has a large
dynamic range coupled with excellent linearity up to 1 TeV.

An electromagnetic shower for a photon starts as an electron-positron pair pro-
duction, while for an electron starts as Bremsstrahlung radiation. Both develop to a
cascade of electrons, positrons and photons through repeating processes of pair pro-
ductions and Bremsstrahlung. The CMS ECAL is designed to measure the photon and
electron energies with high resolution, which is essential for analyses that include pho-
tons and electrons. For this purpose, it is made by materials ideal for scintillation.
Lead tungstate is an inorganic scintillator. The passage of charged particles produce
electron-hole pairs in the conduction and valence bands. In addition, (PbWO 4) has
a Moliére radius which is de�ned as the radius of a cylinder containing 90% of the
shower's energy depositions, that is only 2.2cm. This results to an excellent position
resolution and separation between showers. This property is of particular importance
since it allows to distinguish photons from isolated neutral pions ( � 0 ! 

 decays). It
is also able to provide triggering information and aids particle identi�cation. ECAL is
divided into the barrel covering a pseudorapidity range of j� j < 1:479and two endcaps
at 1:479< j� j < 3:0. The endcap part includes a preshower detector covering the region
1:65 < j� j < 2:6. Figure 2.5 shows the ECAL geometry with different components.

The preshower, is installed in front of each ECAL endcap. It is made of two layers of
lead radiation followed by silicon strip sensors. Its principal aim is to identify neutral
pions in the endcaps within a �ducial region 1:653< j� j < 2:6. Furthermore, it helps
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Figure 2.5: CMS ECAL geometry schema showing different components[10].

the identi�cation of electrons against minimum ionizing particles and improves the
position determination of electrons and photons with high granularity. The intrinsic
energy resolution of the ECAL barrel is measured to be:

� �
E

� 2
=

� S
p

E

� 2
+

� N
E

� 2
+ C 2 (2.5)

where S is the stochastic term, N is the noise term and C is a constant term. The
stochastic term describes the event-to-event �uctuations in the lateral shower contain-
ment, the photostatistics contribution (2.1%) and the �uctuations in the energy deposit
in the preshower absorbed with respect to what is measured in the preshower silicon
detector. The small stochastic term ensures that the photon energy resolution is ex-
cellent in the typical range of photons in jets (1-50 GeV). The noise term includes
contributions of electronics, digitization and pileup noise, while contributions to the
constant term comes from the non-uniformity of the longitudinal light collection, inter-
calibration errors and leakage of energy from the back of the crystal. Using test beam
data, a typical energy resolution was found to be:

� �
E

� 2
=

� 2:8%
p

E

� 2
+

� 12%
E

� 2
+ 0 :3% (2.6)

ECAL reconstruction

A crucial part of the SUSY Diphoton analysis is the successfully reconstruction of pho-
tons, thus the ECAL is the most important sub-detector part. In this section the re-
construction based on a clustering algorithms is described. The energy deposited in
the ECAL crystals is generally spread out over a few neighbouring crystals, so the total
energy that is measured involves several crystals. CMS developed a speci�c cluster-
ing algorithm able to measure the energy and direction of stable neutral particles such
as photons and neutral hadrons and also to separate them from charged hadron de-
posits. Another purpose of the cluster algorithm is to ef�ciently identify and reconstruct
electrons and accompanying bremsttrahlung photons. Lastly, the clustering algorithm
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should be able to supplement the energy measurement of charged hadrons which can-
not be accurately measured by the tracker. The reconstruction algorithm consists of
three steps. First, cluster seeds are identi�ed as local caloremeter cell (ECAL crystall)
energy maxima above a given energy. Second, topological clusters are grown from the
seeds by aggregating crystals with at least one side in common with a cell already in the
cluster, and with an energy in excess of a given threshold. These thresholds represent
about two standard deviations of the electronic noise in the ECAL (i.e. 80MeV in the
barrel and up to 300 MeV in the endcaps). In the third step, the so called particle �ow
(PF) Clusters are dynamically merged into superclusters. Dynamic superclustersing al-
lows good energy containment, robustness against pileup and automatically takes into
account the detector geometrical variations with � .

2.6 Hadron Calorimeter

The hadron calorimeter (HCAL) is radially restricted between the outer extend of the
ECAL and the inner extent of the magnet coil. The hadron calorimeters are very im-
portant for the measurement of the hadron jets and neutrinos or other exotic particles
resulting in apparent missing transverse energy. In addition, HCAL can provide supple-
mentary measurements to the ECAL and the muon systems. The primary hadrons that
have suf�ciently long lifetime to traverse the CMS calorimeter are pions, kaons, protons
and neutrons. These hardons traverse the ECAL quiet transparently, but form complex
showers in the brass absorber. As mentioned previously, the electromagnetic showers
consists of a cascade of photons conversions
 ! e+ e� and Bremsstrahlung radiation
e ! e + 
 . The hadronic showers on the other hand, proceeds through an increasing
number of primary strong interactions with many particle types including electromag-
netic components via neutral pion decays� 0 ! 

 . The fraction of the hadronic shower
energy transferred to an electromagnetic cascade depends on the shower energy, with
the fraction about 50% for a 100 GeV shower and 70% for a 1TeV shower. The energy
resolution of the HCAL has been measure to be:

�
E

=
110%
p

E
� 9% (2.7)

where E is expressed inGeV. The leading contribution to the HCAL energy resolution
comes by effects from not fully containing the hadronic shower, while a stochastic
noise term S of 110% and a constant term of 9%. Figure 2.6 shows a view of the
HCAL in the y � z plane. The HCAL is composed of a barrel (HB) and endcap (HE)
component, which are both contained inside the solenoidal magnet, and the outer
(HO) and forward (HF), which are located outside the solenoid. The ( HB) covers the
range j� j < 1:3 while the HE covers 1:3 < j� j < 3:0. Due to the limited space available
for the HCAL within the solenoid, the HO is included outside the solenoid in order to
increase the total interaction length.

The HCAL is the key subdetector to precisely measure the energy of particles con-
stituents of jets and in particular the energy of b jets that are crucial for the second
part of the thesis. By combining the HCAL response with information from the individ-
ual parts of the detector as detailed described in section 3.1, the jet energy resolution
achieved is about ten percent.
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Figure 2.6: View of the CMS hadronic calorimeter in the y-z plane.

2.7 Muon detectors

Muon detection is a powerful tool for recognizing signatures of interesting processes
over a high background rate that is expected in the high luminosity environment at the
LHC. Therefore, precise and robust muon measurements are critical. The muon system
[55] is the outermost component of the CMS detector, consisting of a barrel (j� j < 1:2)
and two endcaps(0:9 < j� j < 2:4) which are illustrated in �gure 2.7. It is designed to
perform three task; muon identi�cation, momentum measurement and triggering. The
reconstruction of the momentum and the charged muon is achieved over the entire
kinematic range and consists of three types of gaseous detectors; drift tubes (DT), the
cathodes strip chambers (CSC) and the resistive plate chambers (RPC). The �rst two
gaseous detectors can also provide independatly trigger information based on thepT
of muons with high ef�ciency and background rejection. The RPCs are installed both
in the barrel and in the endcaps covering a region of j� j < 1:6 and providing a fast,
independent, and highly-segmented trigger with a sharp pT threshold. They also help
to resolve ambiguities in attempting to make tracks from multiple hits in a chamber.

2.8 CMS trigger system

The LHC provides proton-proton collisions every 25ns, corresponding to a crossing fre-
quency of 40 MHz. At the designed centre-of-mass energy and luminosity (1034cm2s� 1)
of the LHC, with a proton-proton cross section of � 70mb around 700 million proton-
proton collisions are expected per second. This corresponds to an event rate of�
700MHz. For an accurate measurement of the event, all the information of the subde-
tector systems is necessary. Collecting this information in a small given time is feasibly
impossible. In addition, only a small fraction of events are interesting for physics anal-
yses. Therefore, it is crucial to drastically reduce the event rate by selecting events that
are more likely to be important. This task is performed by a two-tiered trigger system
[56], which is the start of the physics event selection process. The �rst level (L1) is
composed of custom hardware and uses partial, fast response data from the calorime-
tres and muon systems. It is able to identify and select events that contain objects like
muons, electrons, photons or jets at a rate up to 100kHz within 4�s . The L1 trigger has
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Figure 2.7: Cross-sectional view of a quadrant of the CMS detector in the (r; z) plane,
showing the layout of the muon detector [11].

local, regional and global components. The local triggers; Trigger Primitive Genera-
tor ( TPG), identify energy deposits in calorimeter trigger towers and track segments or
hit patterns in muon chambers. Regional triggers determine ranked and sorted trigger
objects such as an electron or muon candidates, by combining their information and
using pattern logic. The Global Calorimeter (GCT) and Global Muon Triggers (GMT)
determine the highest-rank calorimeter and muon objects across the entire experiment
and transfer them to the global trigger ( GT) which decides the rejection or the accep-
tance of an event for further evaluation by the High Level Trigger (HLT). A schematic
view of the L1 trigger is illustrated in �gure 2.8.

Figure 2.8: The architecture of the CMS Level-1 trigger system in Run 2 [12]
.

The second level also known as high-level trigger (HLT) runs a version of the full
event reconstruction software optimized for fast processing on a farm of commercial
processors, and reduces an event rate to around1kHz. HLT has access to the complete
read-out data and can therefore perform complex calculations similar to those made
by the off-line analysis software. It is also divided into internal "steps", named L-2,
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L-2.5, L-3, where L-2 uses inputs from the calorimeter and muon detectors, L-2.5 is
referred to algorithms that use partial tracker information such as pixel hits and L-3
refers to a selection that includes the reconstruction of full tracks in the tracker. The
HLT is able to make more sophisticated trigger decisions than the L1. That can include
information from sophisticated b-tagging discriminators and reconstructed jets. After
the events pass the HLT trigger, they are stored to disk for of�ine processing that can
take several seconds per event and performs a much more computational intensive
event reconstruction which is then used for data analysis.

2.9 Upgrades

The increasing luminosity through the years arise the need of system and subdetector
upgrades. The �rst CMS PhaseI upgradeprogram started at the end of Run1 and it
is planned to continue until the start of LHC Run3 in 2021. It included a complete
upgrade of the Level-1 trigger system, an upgrade of the photon sensors of the HCAL
and HF scintillation system, as well as, an installation of a new pixel detector that
replaced the old in early 2017. The new pixel detector [57] contains four barrel layers
and three discs in the endcaps, with double pixels. It is expected to be be more robust
against high pile-up and to have a faster readout system with an increased number
of channels. After the end of Run3, the CMS detector will go under the HL-LHCor
PhaseII upgradewhich will take place in 2024-2026 [58]. This upgrade will prepare
the detector to address the challenges of the high-luminosity LHC conditions. The
proposed operating scenario is to level the instantaneous luminosity at5 � 1034cm2s� 1

from potential peak value 2 � 1034cm2s� 1 at the beginning of the �lls, and to deliver
250 fb� 1 per year for a further 10 year of operations. Under these conditions the event
pile up will rise substantially and thus, the PhaseII upgradeis crucial for the smooth
operation of the detector.
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Object Reconstruction

3.1 Particle �ow algorithm

As mentioned in the previous chapter, the CMS detector is a general purpose detector
that consists of many detector layers nested around the beam axis. A schematic view of
all the detector's layers is illustrated in �gure 3.1. Each detector layer is able to provide
individual information about several physics objects such as photons, electrons, muons
and jets. However, a signi�cantly improvement of event description can be achieved by
correlating the basic elements from all the detector layers to identify each �nal-state
particle, and by combining the corresponding measurements to reconstruct the particle
properties on the basis of this identi�cation. This holistic approach is called particle-
�ow (PF) reconstruction [59]. The design of the CMS detector is ideal for a particle
�ow event reconstruction. This is due to the high tracking ef�ciency while keeping a
low fake rate, the full detector coverage provided by the ECAL and �nally the ability
to reconstruct high purity muons. In this chapter the basic reconstruction steps are
discussed.

3.2 Track and vertex reconstruction

The track reconstruction [60] from charged particles is performed iteratively with the
combinatorial track �nder (CFT) algorithm. CFT is based on Kalman �ltering and it is
used to build tracks from hits in the pixel and strip layers of the inner tracker. Several
iterations are performed. In each iteration, initial seeds are �rst generated with only a
few hits compatible with a charged-particle trajectory. After that, a KF-based [61] track
process is used to collect hits form all tracker layers that are compatible with the extrap-
olated charged-particle trajectory. Then a �t to all hits is performed to determine the
full track parameters and their uncertainties. Finally, to reject low-quality tracks, sev-
eral selection criteria are applied. This iterative tracking approach bene�ts from high
track �nding ef�ciency while keeping a low misrecontruction rate. The Compact Muon
Solenoid (CMS) tracker is expected to be traversed by about 1000 charged particles at
each bunch crossing, produced by an average of more than twenty proton–proton (pp)
interactions. One of the most important tasks is the correct identi�cation of the primary
vertex coming directly from p-p collisions. The collision vertices are reconstructed from
particle tracks by extrapolating them from the tracker region towards the interaction
point. The most probable vertex is estimated by a deterministic annealing algorithm.

33
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Figure 3.1: A sketch of the speci�c particle interactions in a transverse slice of the CMS
detector, from the beam interaction region to the muon detector. All the detector layers
are shown.

For high-pT objects, the primary vertex is selected using the so calledtrack jets. First,
the track jets are selected by applying the anti-kT jet clustering algorithm [62] to the
tracks associated with each vertex. After that, the position of each vertex is �tted us-
ing an adaptive vertex �lter. Second, the missing transverse momentum is constructed
as the negative vector sum of ~pT of the track jets. Finally, the vertex with the high-
est summed ofp2

T of all physics objects is selected as the primary vertex. The physics
objects used in this calculation are produced by a jet-�nding algorithm applied to all
charged-particle tracks associated to the vertex, plus the correspondingpmiss

T computed
from those jets.

Muon Tracks

Muon tracks can be reconstructed using information from both the inner tracker and
the outer muon detector. Depending on the different roles of each subdetector system,
different types of muons can be reconstructed. For instance, when the reconstruction
comes only from the muon detector, then we have thestandalone muon. If the track
parameters of a standalone muon are compatible with a track of the inner tracker,
then both tracks are used to form a global muon track. If at least one muon segment
matches with the extrapolated track from inner tracker, then the corresponding muon
is called tracker muon. The global muons have a better performance compared to
standalone and tracker muons since they combine information from both detectors.
The reconstructed muons are fed into the PF algorithm where several quality criteria
are applied on the track �t � 2, number of hits/tracks in muon chambers and also the
compatibility with primary vertex.

Electrons Tracks

Electron tracks are reconstructed by combining information from the inner tracker and
the ECAL. For the successfully reconstruction of the electron track two independent
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approaches can be used [63]. The �rst, also known as, ECAL-based approach, is based
on the ECAL measurements and uses energetic ECAL clusters withET > 4 GeV. The
cluster energy and position are used to infer the position of the hits expected in the
innermost tracker layers under the assumptions that the cluster is produced either by
an electron or by a positron. Bremsstarhlung photons, due to the interaction between
the electron and the tracker material must be taken into account. The energy of the
electron and of possible bremsstrahlung photons is collected by grouping the ECAL
clusters that are reconstructed in a small window in � and an extended window in
� around the electron direction into a supercluster. This is motivated by the fact that,
bremstrahhlung photons are not affected by the magnetic �eld and thus, their energy is
more spread in the � direction. To reconstruct the electrons missed by the ECAL-based
approach, a tracker-based electron seeding method was developed in the context of PF
reconstruction. This approach has better performance for identifying low pT electrons
or electrons inside jets that are less isolated. Tracks from the iterative tracking are
used as potential seeds for electrons, if theirpT exceeds 2GeV. The large probability
for electrons to radiate in the tracker material can be exploited to disentangle electron
tracks from charged hadron tracks. The radiation will result in increasing energy loss
and thus, the track will contain fewer hits or have a higher �t � 2. A preselection based
on the number of hits and the �t � 2 is therefore applied, and the selected tracks are
�t again with a Gaussian-sum �lter ( GSF) [64]. This is more suitable than the KF for
electrons as it allows for sudden and substantial energy losses along the trajectory.
The �nal selection for the tracker-based electrons is based on a boosted-decision-tree
(BDT) classi�er that combines several variables such as the number of hits and the
information obtained from the GSF and KF track �t. The electron seeds obtained with
both the ECAL-based and the tracker-based methods are merged and fed to the PF
algorithm.

3.3 Calorimeter deposit clustering

The clustering algorithm is the same for each component of the calorimeter system:
ECAL barrel and endcaps, HCAL barrel and endcaps, and the two preshower layers and
it is performed separately. The basic reconstruction principles of the ECAL are described
in section 2.5. In this section a more detailed overview is given. The electromagnetic
showers in the ECAL and the hadron showers in the HCAL are wider than a single ECAL
crystal or HCAL module. Therefore, clustering of the energy deposits in these crystals
and modules, commonly referred to ascalorimeter-cells, is needed to determine the en-
ergies of the particles that initiate the showers. The clustering is seeded by cells where
deposited energy exceeds a certain threshold. The neighboring cells with an energy
above the twice the noise level are associated with the seeds forming topological clus-
ters. An expectation-maximization (EM) algorithm based on a Gaussian-mixture model
is then used to disentangle the clusters within a topological cluster. The energy deposi-
tion of a topological cluster is modeled as a sum of N Gaussian energy deposits, where
N corresponds to the number of seeds. Dedicated methods are developed to calibrate
the calorimeter clusters, as an accurate measurement of their energy is crucial for a
consistent global event description. These calibrations are complemented by a residual
correction to the cluster energies, derived using GEANT4 simulation with the full CMS
detector. The correction accounts for the effect of clustering thresholds (up to 20%
corrections to cluster energies) and the shadowing of the ECAL endcap crystals by the
preshower (corrections up to 40%). After these corrections, the calibrated energies and
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the simulated energies of photons typically agree at the percent level. The corrections
are validated by studying data events with two energetic photons originating from � 0

decays. This is done by reconstructing the invariant mass of the diphoton system and
comparing it to the nominal mass of � 0. The ECAL supercluster energies are corrected
and calibrated using an MVA regression algorithm trained with simulated events. The
small residual differences between data and simulation are corrected by comparing the
invariant mass peaks reconstructed inZ ! e+ e� events.

3.4 Particle Identi�cation and Reconstruction

3.4.1 The linking algorithm

One of the main challenges in CMS, is to link together the multiple PF elements that are
produced in different subdetectors in order to extract a global event description. These
elements need to be linked together to fully reconstruct the particle, while avoiding
double-counting from different subdetectors. The fundamental core of the PF recon-
struction is the link algorithm which provides the connection between different PF
elements. The links between the different PF elements are established by extrapolat-
ing the trajectories reconstructed in the tracker while taking into account the effect of
the magnetic �eld. The elements are matched geometrically in the (�; � ) plane which
provides a metric to quantify the quality of the link. As bremsstrahlung can cause sud-
den changes in the curvature of electron trajectories, the standard CTF method can
lead to lost hits and poor �t quality. In order to collect the energy of Bremsstrahlung
photons emitted by electrons, tangents to the tracks are extrapolated to the ECAL from
the intersection points between the track and each of the tracker layers. ECAL and
HCAL clusters, as well as, preshower clusters are also linked, by checking if the cluster
position in the more granular calorimeter is within the boundary of a cluster in the
other calorimeter. Finally the segments reconstructed in the muon detector are linked
with the inner tracker. The output of the link algorithm is a collection of PF blocks,
with each block consisting of elements associated either by a direct link or by an indi-
rect link through common elements. The particle �ow blocks are in the form of charge
tracks, calorimeter clusters and muon tracks. The algorithms treats it's block separately.
First, muons are identi�ed if the muon's combined momentum is compatible with the
determined one from the tracker. Then the muon is called particle-�ow-muon and the
corresponding track is removed. Each of the remaining tracks in the block gives rise to
a particle -�ow-neutral-hadron, the momentum and energy of which are taken directly
from the track momentum. If the calibrated calorimetric energy is compatible with
the track momentum, the charged-hadron momenta are rede�ned by a �t of the mea-
surements in the tracker and the calorimeters. Theparticle-�ow-electronsare identi�ed
and reconstructed if the calibrated calorimetric energy is compatible with the track mo-
mentum. On the contrary, when the calibrated energy of the closest ECAL and HCAL
clusters linked to the track(s) is signi�cantly larger than the total associated charged-
particle momentum or, the ECAL and HCAL clusters are not linked to any track at all,
then particle-�ow-photons, and possiblyparticle-�ow-neutral-hadron are reconstructed.
In the �nal step, the algorithm is revisited in a post-processing step that aims to rectify
misidenti�ed objects such as misreconstructed high-pT muons or charged hadrons.
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3.4.2 Muons

Particle �ow muons are reconstructed from the inner tracker and the outer muon de-
tector. Additional identi�cation criteria are applied to standalone, global and tracker
muon candidates. Those are based on the various quality parameters referring to muon
isolation and reconstruction and are used to suppress misidenti�ed muons, mostly
charged hardons, while preserving a high ef�ciency for both isolated muons and muons
inside jets. If the muon pT of the inner tracker is less than 200 GeV, then this momen-
tum is chosen. Otherwise, the momentum is determined by the �t with the smallest
� 2 of the following: tracker muon only; tracker and �rst muon detector plane; global
muon; and global excluding the muon detector planes featuring a high occupancy.

3.4.3 Electrons and Photons

Electrons and photons interact in a similar way with the ECAL. An electron candidate
is seeded from a GSF track, provided that the corresponding ECAL cluster is not linked
to 3 or more additional tracks. A photon candidate, on the other hand, is seeded
from a ECAL energy cluster with transverse energy,ET > 10 GeV when there is no
corresponding link to GSF track. Within the tracker acceptance(j� j < 2:5), all ECAL
clusters not linked to a track are considered photons, while all HCAL clusters without
a linked track are considered neutral hadrons.

Photon Reconstruction

Photons showers deposit their energy in several crystals in the ECAL. Approximately
94% of the incident energy of photon is contained in 3 � 3 crystals and 97% in 5 � 5
crystals. The presence of material in front of the calorimeter results in bremstahlung
and photon conversions. Due to the strong magentic �eld, the energy that reaches
the calorimeter is spread in � . The energy is therefore clustered at the electromag-
netic calorimeter level by building a cluster of clusters (Super Cluster or SC), which is
extended in � . The topological variable R9 = E 3� 3=ESC de�ned as the energy sum
of 3 � 3 crystals centered on the most energetic, divided by the energy of the Su-
per Cluster, is used to discriminate between unconverted (R9 > 0:94) and converted
(R9 < 0:94) photons.

A loose preselection is applied to all prompt and non-prompt photons within the
�ducial region of the ECAL. In order to avoid misidentifying an electron to a photon a
conversion-safe veto is applied. In addition, to make sure the photon identi�cation is
performed in a region where simulation can properly describe the data, a selection is
applied to keep the common phase space between data passing the trigger and the MC
where no trigger requirement is applied. The variables used for preselection are built
to be similar to ones used in the trigger and in the electromagnetic �lter applied to sim-
ulated QCD background at generation level. This speci�c �lter requires the presence
in the event of at least two particles that can produce an energy deposit in the ECAL
suf�cient to mimic a photon "fake photons". The variables that are used for the prese-
lection cuts are listed below. Those cuts results to an ef�ciency of80% of successfully
identifying a photon.

H/E : The ratio of the energy deposited in the HCAL tower directly behind the
ECAL supercluster to the supercluster energy is required to be less than 0.0396.
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� i�i� : The energy weighted (single crystal energy over the Super Cluster energy)
standard deviation of single crystal � within the 5 � 5 crystals centered at the
crystal with maximum energy.

Particle Flow Charged Isolation : The pT sum of all PF charged hadrons within
a hollow cone of 0:02 < �R < 0:3 around the supercluster is required to be less

than 0.441 GeV, where � R =
q

� � 2 + � � 2.

Particle Flow Photon Isolation : The pT sum of all photons within a cone of
�R < 0:3, excluding a strip in � of 0.015 around the supercluster, is required to
be less than2:5718 + (0:0047� p


T ).

Particle Flow Neutral Isolation : The pT sum of all neutral hadrons within a
cone of �R < 0:3 around the supercluster is required to be less than
2:725 + (0:0148� p


T ) + (0 :000017� (p 

T )2).

A series of corrections are applied to the supercluster energy to account for varia-
tions in the shower containment and any potential losses for photons that convert in
the tracker. The shower containment can vary for several reasons, including variations
in the longitudinal depth at which the shower passes through the sides of the crystal
and is lost in the inter-crystal dead space. The corrections are derived in simulation as
a function of � , ET , R9, and the spread of the cluster in � . After the corrections, the
photon energy resolution is better than 3% for photons in the barrel [65].

Photon Identi�cation

The photon identi�cation is performed using a set of cuts on six discriminating vari-
ables. To maximize the sensitivity, cut values are optimized separately in four cate-
gories with signi�cantly different levels of background and mass resolution. The fol-
lowing variables are used to distinguish isolated photons originating from the primary
interaction from the background that comes from low multiplicity jets with high elec-
tromagnetic content:

• Relative combined isolation using selected event vertex. To compute this variable
�rst an isolation sum is constructed as:

X
Iso = Isotrack + IsoECAL + IsoHCAL (3.1)

where:

– Isotrack is the scalar sum of the transverse momenta of tracks which are
consistent with originating from the primary vertex

– IsoECAL is computed as the transverse energy sum of ECAL energy deposits
in crystals located within a cone of size�R < 0:3.

– IsoHCAL is the sum of the energies of HCAL towers whose centers lie within
a ring-shaped region of outer radius �R = 0 :4 and inner radius �R = 0 :15,
centered on the ECAL Supercluster position.

Each isolation sum contains a signi�cant contribution from pile-up and underly-
ing events. To maintain high ef�ciency under high pile up conditions, the contri-
bution to

P
Iso from pile-up and the underlying event is estimated on an event
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by event basis as the product of the measured energy density� for the event de-
termined using the FastJet algorithm, and an effective areaAe� corresponding to
the isolation cone excluding veto regions. Ae� is determined empirically as the
ratio of the slopes of linear �ts to the mean value of Iso vs nPV and to the value
of � vs nPV in Z events. The pile-up corrected isolation sum is equal to:

X
IsoPUcorr =

X
Iso � � Ae� (3.2)

The isolation sum is then scaled byppho
T =50 GeV, where ppho

T is the transverse
energy of the photon determined using the selected primary vertex. The relative
isolation is thus given by:

Isorel =
P

IsoPucorr

ppho
T =50 GeV

(3.3)

• Relative combined isolation using event vertex giving highest Isotrack . The relative
combined isolation using event vertex is computed similarly with the difference
that Isotrack is computed for each reconstructed primary vertex and the largest
value is used. This de�nition of isolation accounts for the case where a wrong
primary vertex is selected and thus, it is complementary to the previous de�nition.

• Relative track isolation using selected event vertex. Since track isolation is the
most discriminating of the three sub-detector isolation variables, a cut is addi-
tionally applied on relative isolation de�ned using track isolation only:

Isorel;track =
P

Isotrack

ppho
T =50 GeV

(3.4)

where Isotrack is the one computed using the selected primary vertex. No pileup
subtraction is required since only tracks consistent with the selected primary ver-
tex are included in the sum.

• H/E. The ratio of hadronic energy to electromagnetic energy is calculated as the
ratio of the sum of HCAL tower energies within a cone of size� R < 0:15centered
on the ECAL Super Cluster position, to the energy of the Super Cluster.

• � �� . The transverse shape of the electromagnetic cluster is computed with loga-
rithmic weights and is de�ned as:

� 2
�� =

P 5� 5
i wi(� i � �� 5� 5)2

P 5� 5
i wi

; wi = max (0 ; 4:7 + ln
Ei

E5� 5
) (3.5)

where Ei and � i are the energy and pseudorapidity of the ith crystal within the
5� 5 electromagnetic cluster andE5� 5 and �� 5� 5 are the energy and� of the entire
5 � 5 cluster. The value of � 2

�� tends to be smaller for single isolated photons
(including converted photons, since the cluster is spread in the� direction only),
than for the background which is dominated by jets consisting of � 0s decaying to
two photons.

• Minimum threshold on R9. A minimum threshold on R9 is applied to photons in
the ECAL endcaps in order to exclude very poorly reconstructed photons.
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The set of cuts in the above variables that corresponds to thePhoton IDare chosen
in order to have a high signal ef�ciency and a low fake rate.

3.4.4 Jets

Jets are the experimental signatures of quarks and gluons produced in high-energy
processes such as head-on proton-proton collisions. They arise from the hadronization
of quarks and consists of many closely spaced particles which are detected as charged
hadrons (� � , K � , or protons), neutral hadrons ( K 0

L , or neutrons), non isolated photons
from � 0 decays and less often additional muons or electrons from decays of charged
hadrons. In CMS, jets are typically reconstructed by clustering the PF candidates with
the anti-kT [62] algorithm implemented in the FastJet package [66]. The anti-kT
algorithm works as follows: The distance between a PF candidatei is obtained for each
surrounding particle j in terms of rapidity y and angle � as� R2

ij � (yi � yj )2+( � i � � j )2.
R is a distance parameter related to the radius of the jet. Then, the variabledij which
describes the distance parameters for each particles is determined as

dij = min( p� 2
T;i ; p� 2

T;j )
� R2

ij

R2 (3.6)

For each particle i , the beam distancediB is de�ned as diB = p� 2
T;i . The clustering pro-

ceeds by �nding the minimum dmin of all the particles distancesdij and beam distance
diB . If the smallest distance isdij , then particles i and j are combined to form a single
entity. On the other hand, if the smallest distance is diB , then entity i is considered
a jet and removed from the list of entities. The above steps are repeated until there
are no particles left. The anti-kT algorithm outperforms similar algorithms ( kT and
Cambridge/Aachen) and iterative-cone algorithms, and thus it is used as the standard
jet clustering algorithm in CMS. This algorithm typically results in particles with high
pT since all low- pT particles are accumulated within a cone of radius R. The distance
parameter R is chosen based on the use cases of the resulting jet collection. The default
jet collection in CMS consists of jets with small radius of R = 0 :4. This collection is
referred as "Ak4" jet collection. Due to the smallR, each Ak4 jet typically corresponds
to a single quark or gluon from the hard-scattering process. Jet collections that cor-
responds to larger R values, such asR = 0 :8 (Ak8) and R = 1 :5 (Ak15) are used to
reconstruct hadronically decaying particles with large Lorentz-boost. Those particles
can be hadronically decaying top quarks,W, Z and Higgs bosons. High-pT particles de-
caying products can be collimated and thus, they can be reconstructed in a single-R jet.
Additional energy attributed to the jets which comes from pp interactions other than
the hard-scatter event at the primary vertex (PV), can contaminate the reconstructed
jets. The additional energy from these events is often called pileup and CMS has de-
veloped algorithms to account on this effect. If a charged hadron is reconstructed in
the tracker and is identi�ed as originating from a pileup vertex, it is removed from the
collection of particles used to form physics objects. This procedure is widely used in jet
reconstruction and is referred to charged hadron subtraction(CSH) [67].

An event-by-event jet area–based correction is applied to the jet four-momentum to
remove the remaining (neutral-particle) energy from pileup interactions. An alterna-
tive way to mitigate pileup is the pileup per particle identi�cation also known asPUPPI
[68]. In this approach, each reconstructed particle is assigned with a weight that re-
�ects the probability that this particle is originating from pile up interactions. This



3.5. HEAVY FLAVOUR JETS 41

probability is based on local energy distribution around the particle, event pileup prop-
erties and tracking information (for charged particles) and uses this estimation to scale
the four-momentum of each PF candidate, before clustering them into jets.

When a jet is reconstructed, the jet energies are calibrated in terms of the jet energy
scale (JES) and jet energy resolution (JER) [69]. The JES corrections are necessary to
correct the measured jet energy to match its true value. They are implemented in stages
and applied both in Monte Carlo (MC) simulated events and data. In each step, cor-
rections account for the offset energy coming from multiple proton-proton collisions in
the same and adjacent beam crossings (pileup), the detector response to hadrons, and
residual differences between data and MC simulation as a function of the jet pseudora-
pidity � and transverse momentumpT , are obtained. Finally a jet-�avour correction is
applied to account for differences in the quark-gluon composition of jets. In the �nal
step, the uncertainties assigned to those corrections are determined. Measurements
showed that the JER observed in data is worse than MC and thus simulated jets should
be smeared to better describe the data. The JER correction for each jet is calculated
as a function of the pT and � of the jet and the pT of the clustered generator-level
particles, if they are matched to the jet particles. In case the jets are not matched with
a generated particle, a stohastic smearing is applied based on the� of the jet and the
resolution of its pT . The uncertainty in the derivation of the JER is also considered in
the event selection and �nal result.

3.5 Heavy �avour jets

In simulated events the jet �avor is de�ned through the principle of ghost matching
[70]. In this approach one can add to the collection of particles the generator-level b
and c hadrons and then perform the jet clustering. In order for the reconstructed jet
momentum to stay intact, these b and c hadrons have almost negligible momenta (i.e.
ghost hadrons) and so, only their direction is considered in clustering algorithms. The
algorithm gives rise to the following jet �avors:

b jets: the jet is labelled as ab jet if at least one b ghost hadron is clustered inside
the jet.

c jets: if at least one c ghost hadron is clustered inside the jet while there is nob
hadron, the jet is labelled a c jet.

light jets : If no b or c hadrons are clustered inside the jet, it is labeled as alight
�avour (LF) jet.

pile up jet : If a jet has no matched generator–level jet, it is automatically labelled
a pileup jet, independent of whether a b or c ghost hadron is found.

The successfully identi�cation of jets originating from the hadronization of bottom
quarks (b jets) or charm quarks (c jets) is crucial to ef�ciently select events with these
quarks in the �nal state. Dedicated b or c tagging algorithms [71] have been developed
in CMS. Those algorithms pro�t from the relative long lifetime of b and c hadrons. More
speci�cally, the hadronization of b and c quarks leads to the formation of short-lived
heavy-�avour hadrons, with lifetimes of the order of 1ps or less. Depending on the
hadron pT , this corresponds to �ight distances from a few mm up to 1 cm. Therefore,
the decay products of these hadrons do not point back directly to the primary interac-
tion vertex ( PV), given that their origin lies at the secondary decay vertex (SV). This
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results in reconstructed tracks which are displaced with respect to the PV. This displace-
ment can be characterized by theimpact parameterIP, which is de�ned as the distance
of closest approach between a track and the PV. Moreover, the relative higher mass of
b (5 GeV) and c (2 GeV) hadrons compared to the mass of light �avour jets LF (u,s,d)
can provide additional information for a reconstruction of such a SV. The increased
(semi)leptonic branching fraction of b and c hadrons compared to light hadrons results
in the presence of low–energy (soft) electrons or muons in about 20% (10%) of the b
(c) jets. The presence of a soft muon allows a very pure selection ofHF jets and also
provides a way to distinguish them from LF jets. In �gure 3.2, the discussed properties
to separateHF from LF jets are visualized.

Figure 3.2: illustration of the �ight distance de�ned as the distance between the pri-
mary vertex (PV) and the secondary vertex (SV), and the impact parameter (IP) de�ned
as the distance from the PV to the track at its closest point of approach.

Track selection

The identi�cation of HF jets strongly relies on the performance of the tracker. As can
been seen from �gure 3.3, the fraction of b (c) hadron tracks in b (c) jets accounts for
only � 30%(� 15%) of the total track content and a non–negligible fraction of pileup
(� 40%) and fake (� 5%) tracks is present. Therefore, a preselection is made for the
tracks that are used in the HF tagging algorithms. The requirements imposed to the
tracks are:

• pT > 1 GeV, which reduces the fraction of misreconstructed or poorly recon-
structed tracks

• at least 8 tracker hits must be associated with the track

• the normalized � 2 is required to be less than 5 to ensure a good quality �t

• the absolute value of the transverse and longitudinal impact parameter of the
track must be < 0:2 and < 17 cm, respectively, to reject charged particle tracks
having their origin from sources with large displacement from the primary vertex
(e.g. photon conversions and nuclear interactions in the beam pipe or the �rst
layers of the pixel detector)

• tracks must be associated to jets in a cone� R < 0:3 around the jet axis, where the
jet axis is de�ned by the primary vertex and the direction of the jet momentum
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• the point of closest approach between the track trajectory and the jet axis, must
be within 5 cm of the primary vertex

The effects of this selection are showed in the right part of �gure 3.3.

Figure 3.3: Fraction of tracks from different origins before (left) and after (right) apply-
ing the track selection requirements onb (upper), c (middle), and light-�avour (lower)
jets in t �t events.

Secondary vertex

As previously discussed, the lifetime ofb and c hadrons gives rise to displaces secondary
vertices at �ight distances of a few mm up to the order of a cm from the interaction
point. Therefore, the presence of one or more SVs in a jet is a good indication that the
jet originates from a b and c hadron, and thus CMS has developed algorithms dedicated
to their reconstruction. The Inclusive Vertex Finder algorithm (IVF) for instance, uses
as input the collection of reconstructed tracks in the event and selects tracks withpT >
0:8 GeV and a longitudinal IP < 0:3 cm. Compared to another SV algorithm, the
Adaptive Vertex Reconstruction (AVR), IVF is not seeded from tracks associated to the
reconstructed jets. The selected tracks are then used to identify clusters of nearby
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tracks based on their minimum distance and the angles between them. The clusters
are �t with the adaptive vertex �tter and a cleaning procedure is applied. At this stage,
tracks can appear in multiple vertices and therefore, one of the vertices is removed
based on the number of shared tracks and distance between the vertex and another
one. Furthermore, tracks in the secondary vertex compatible with the primary vertex
are removed. When there are at least 2 tracks associated to the secondary vertex after
the track arbitration, the vertex is re�t and similar selection criteria are applied. IVF
outperforms the alternative AVR algorithm. The SV �nding ef�ciency, de�ned as the
number of jets with a reconstructed SV assigned to them divided by the total number
of jets, is found to be � 75%for b jets and � 38%for c jets, whereas, only around 10%
of LF jets has a secondary vertex assigned to them by mistake. The properties of the a
SV provides further information that can be used to distinguish HF from LF jets. One
of the most powerful discrimination variable is the corrected invariant mass of the SV
de�ned as:

Mcorrected
SV =

q
M2

SV + p 2
SV sin(2� ) + p sin( � ) (3.7)

where, MSV and pSV is the invariant mass and momentum of the summed tracks
that are associated to theSV and � is the angle between the secondary vertex momen-
tum and the vector pointing from the primary vertex to the secondary vertex, which is
referred to as the secondary vertex �ight direction. The correction applied in the SV
accounts for the the observed difference between its �ight direction and its momentum.
Moreover, particles that were not reconstructed or failed to be associated with the sec-
ondary vertex are also considered in theMcorrected

SV . Figure 3.4 shows the discriminating
power between the various jet �avours for the IVF secondary vertex mass (left) and 2D
�ight distance signi�cance (right). The secondary vertex mass for b jets peaks at higher
values compared to that of the other jet �avours which is expected due to higher mass
of the b hadron.

Figure 3.4: Distribution of the corrected secondary vertex mass (left) and of the sec-
ondary vertex 2D �ight distance signi�cance (right) for jets containing an IVF sec-
ondary vertex.

Displaced tracks

The decay products of heavy �avour jets (b and c) will result in displaced tracks rel-
ative to the position of the PV. The impact parameter (IP) of the track which mea-
sures the point of closest approach between the reconstructed tracks and PV is used to
parametrize this replacement. This parameter is de�ned either in the full three–dimension
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