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Riassunto

Il modello standard (SM) delle particelle elementari, verificato sperimentalmente ad alta preci-
sione, prevede l'esistenza di una particella scalare, il bosone di Higgs, grazie al quale avviene
la rottura di simmetria elettrodebole ed e possibile spiegare le masse non nulle dei fermioni. La
ricerca del bosone di Higgs é stata perseguita in passato da diversi esperimenti ai collisori LEP
IT e Tevatron, ma sempre con esito negativo. Solo nell’anno 2011, all’acceleratore LHC gli esper-
imenti ATLAS ed CMS hanno cominciato ad osservare le prime evidenze dell’elusiva particella,
per poi confermane definitivamente la scoperta nel 2012. Tuttavia, pur essendo l'esistenza e le
caratteristiche osservate del bosone di Higgs 1’ennesima verifica sperimentale della validita del
modello standard, esistono fenomeni naturali che esso non & in grado di spiegare, come ad es-
empio la massa dei neutrini o la materia oscura. Diverse estensioni del modello standard sono
state proposte; diverse tra le pitt accreditate prevedono non uno, ma pitt bosoni.

Con l'entrata a regime di LHC nel 2011 e le prime evidenze di un bosone di Higgs, una delle do-
mande fondamentali a cui dare risposta era se il segnale che si stava osservando fosse dovuto
al bosone di Higgs dello SM, oppure al piti leggero dei diversi bosoni previsti dalle teorie oltre
il modello standard. La risposta poteva venire sia dalla misura degli accoppiamenti dell’'Higgs
alle particelle dello SM, sia osservando processi e decadimenti non previsti dallo SM, o misurati
con una frequenza maggiore dell’atteso. La produzione di un bosone di Higgs in associazione
con quarks b, e il suo successivo decadimento in una coppia di quark b, & un processo difficil-
mente osservabile nel modello standard, pertanto la sua osservazione averebbe significato la
presenza di nuova fisica. Precedenti ricerche a Tevatron hanno evidenziato un lieve eccesso in
questo canale.

In seguito alla scoperta del bosone di Higgs nel Luglio 2012 da parte degli esperimenti CMS e
ATLAS, la conoscenza delle proprieta di questa particella, ivi compresa la sua massa, diventano
informazioni che possono essere utilizzate per aumentare la sensibilita a ricerche di processi di
nuova fisica. Uno dei canali che beneficia di questa informazione ¢ la ricerca di un bosone
pseudoscalare A, in particolare nel suo decadimento in un bosone Z e un bosone di Higgs
leggero h, che si assume essere quello di massa 125 GeV recentemente scoperto. Lo stato finale
consiste in una coppia di elettroni o muoni originati dal decadimento del bosone Z, e una
coppia di quark b dal decadimento dell’Higgs. Questo canale, non previsto dallo SM, permette
di sondare una regione dello spazio dei parametri di teorie oltre il modello standard per certi
versi complementare a quella del canale con molti b nello stato finale.
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Questa tesi ¢ il risultato del lavoro svolto in tre anni di analisi dati a CMS.

Nel Capitolo 1 viene introdotto brevemente il modello standard e il bosone di Higgs, senza
tralasciare le ricerche sperimentali nel passato ai collisori e la sua scoperta a LHC.

I1 Capitolo 2 spiega i motivi per cui il modello standard non puo essere considerato la teo-
ria definitiva, e sono illustrate alcune delle sue estensioni pitt accreditate che permettono di
superarne alcune limitazioni.

Nel Capitolo 3 viene descritto I’apparato sperimentale, che consiste nell’acceleratore LHC e nel
rivelatore CMS, e su come vengono ricostruite e misurate le particelle prodotte dalle collisioni.

I1 Capitolo 4 descrive la ricerca di un bosone di Higgs in associazione con quarks b, e il suo
successivo decadimento in una coppia di quark b con i dati 2011 di CMS. Il mio contributo
al canale semileptonico di questa analisi consiste nello sviluppo delle tecniche di stima degli
eventi di fondo con il metodo delle matrici di b-tagging, e sull’ottimizzazione del discrimina-
tore multivariato per la selezione di una regione di controllo.

1l Capitolo 5 illustra la ricerca del processo A — Zh — ({bb, che mette a frutto le competenze
acquisite con i jet da b quark e le teorie oltre il modello standard, e mi ha visto coinvolto nello
sviluppo della strategia di analisi, in particolar modo nella caratterizzazione del segnale, nel
controllo dei fondi attraverso regioni di controllo opportunamente definite, nel miglioramento
della sensibilita con lo sviluppo e l'ottimizzazione di algoritmi multivariati, della stima delle
incertezze sistematiche usate e dei limiti sulla sezione d"urto di produzione.



Abstract

The Standard Model (SM) of elementary particles, a model experimentally verified to an un-
precedented level of accuracy, foresees the existence a scalar particle, the so-called Higgs boson,
that breaks the electroweak symmetry and explains the non-null value of fermion masses. The
pursue of the Higgs boson has been carried out by several experiments at the LEP II and Teva-
tron colliders in the past, but unsuccessfully. However, during the year 2011, the ATLAS and
CMS experiments at LHC began to observe some evidence of the elusive particle, finally con-
firming the discovering in 2012. Even if the Higgs boson and its observed properties represent
a triumph for the Standard Model, there are many unresolved phenomena that the SM can
not explain. Several extensions have been proposed; some of the most relevant foresee several
Higgs bosons instead of only one.

After the commissioning of the LHC collider in 2011 and the first evidences of a light scalar
boson, one of the fundamental questions to be answered was whether the new particle was
the SM Higgs boson, or the lightest among the bosons foreseen by the theories extending the
SM. The confirmation could come from the measurements of the Higgs couplings to the SM
particles, or alternatively from the observation of new production processes and decays not
predicted by the SM, or measured at a different rate. The associated production with b quarks
of a Higgs boson, and its decay into pairs of b quarks, is a process with a small predicted cross
section in the SM, and its observation would imply the presence of new physics. Previous
searches at the Tevatron collider reported a slight excess in this channel.

Afterwards the discovery of the Higgs boson in July 2012 by the CMS and ATLAS experiments,
the knowledge of the properties of the Higgs boson and its mass become a valuable handle to
increase the sensitivity of new physics searches. One of the most beneficial channels is the
search of a heavy pseudoscalar A, and its decay into a Z boson and a light Higgs boson h, the
latter assumed to be the recently-discovered 125 GeV boson. The Z boson is sought in its decay
into a pair of electrons or muons, and the Higgs into a pair of b quarks. This channel, not
predicted by the SM, probes a region in the parameter phase-space of beyond the SM theories
which is, to some extent, complementary to the one of the multi-b search.

This thesis is the result of three years of data analysis at CMS.

In Chapter 1 the standard model and the Higgs boson are introduced, mentioning the past
searches at colliders and its discovery at LHC.

Chapter 2 explains why the SM can not be considered as the ultimate theory, and describes
some of its most accredited extensions which allow to overcome some of the critical issues.
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In Chapter 3 the experimental apparatus is described, consisting in the LHC accelerator and
the CMS detector, focusing on the reconstruction and measurements of the particles produced
by the collisions.

Chapter 4 describes the search for a Higgs boson decaying into a pair of b quarks and produced
in association with other b quarks with 2011 data. My contribution to the semi-leptonic channel
consists in the development of multijet background prediction techniques with the b-tagging
matrix method, and in the optimization of the multivariate discriminator for the determination
of a control region.

In Chapter 5 the search of the process A — Zh — £(bb is presented, capitalizing the expertise
in b jets and beyond the SM theories acquired. I am involved in the planning of the analysis
strategy, and particularly in the signal characterization, estimating the backgrounds in appro-
priate control regions, improving the analysis sensitivity developing and tuning multivariate
algorithms, estimating the systematic uncertainties and setting the model-independent upper
limits.



The standard model and the Higgs boson

The known matter is capable of experiencing four kinds of fundamental interactions, which are electro-
magnetic, weak, strong, and gravitational. The first three are described by a single theory, the standard
model (SM) of fundamental interactions, which provides a classification of the known particles and
explains the interactions among them with an impressively high precision. The standard model also in-
cludes a mechanism of spontaneous symmetry breaking, called Higgs mechanism, due to the presence of
a massive scalar particle, the Higgs boson, which explains how the mediator vectors of weak interaction
gain masses. The Higgs boson was discovered at LHC in 2012, confirming once more the validity of
the SM. This chapter describes the standard model of particle physics, the Higgs mechanism, and the
experimental searches that led to the discovery of the Higgs boson.

1.1 THE STANDARD MODEL

The standard model (SM) of electroweak and strong interactions is the simplest theory describ-
ing the fundamental constituents of matter and their interactions in agreement with all known
experimental data. The SM does not include gravity, but at the subatomic scale its effects can
be neglected with respect to the electromagnetic, weak, and strong fundamental forces.

The SM is based on the symmetry group SU(3)c x SU(2)r x U(1)y. The SU(3)¢ group is the
basis of Quantum Chromo-Dynamics (QCD), which describes the strong interactions, and is
assumed to be an exact symmetry. During the 1960s, Glashow [1], Weinberg [2], and Salam [3]
combined electromagnetic interactions, based on the Quantum Electrodynamics Theory (QED) [4]
with weak interactions into the SU(2); ® U(1)y gauge theory, which describes all the elec-
troweak interactions between matter fields by the exchange of massless vector bosons. The
symmetry is not manifest, and is said to be spontaneously broken into U(1).y,. The elec-
troweak gauge bosons are the mediator of the electromagnetic interactions, the massless and
electrically-neutral photon (), and the massive mediators of the weak interactions, the neutral
Z boson and the two charged W* bosons. The mediators of the colour-flow are eight massless
spin-one gauge bosons, called gluons, self-interacting and with a non-null colour charge.

In 1964, Gell-Mann [5] and Zweig [6] independently postulated the existence of the truly fun-
damental matter fields. These, named quarks, are fermions with %ﬁ—spin and fractional charge,
and could be used to describe the large number of observed particles at the time. The SM has
six flavours of quarks (u, d, s, ¢, b, t) and six leptons (e, p, T, ve, vy, V), together with their cor-
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responding antiparticles, and the left- and right-handed components of the quark and lepton
tields are assigned to different representations of the group because of the chiral structure of
the weak interactions. Quarks, as leptons, are grouped in three generations, in doublets and
singlets of a representation of the SU(2) symmetry group. The matter constituents of the SM,
and their quantum numbers under the SM symmetry group, are reported in Tab. 1.1.

Generation  First Second Third Q Uu()y Su(2), Su(s)
(e), Cr), (7)) 5 o2
L L L
Leptons VeR Vig VeR 0 0 1 1
€RrR UR TR -1 -1 1 1
“ ¢ ! 203 16 2 3
d s b -1/3
Quarks L L L
UR CR tr +2/3 +2/3 1 3
dR SR bR —1/3 —1/3 1 3

Table 1.1: The SM fermions quantum numbers under the SU(3) x SU(2); x U(1)y symmetry
group, for the left- and right-handed components.

Quarks and antiquarks are the simplest representations of the SU(3)¢ group, and from their
product follows a singlet bilinear and an octect, corresponding to two different bound states,
mesons (built of a quark and an anti-quark 44), and baryons (consist of three quarks gg4g or three
anti-quarks 77q), collectively denoted as hadrons. In the high-energy regime, QCD is well de-
scribed in terms of weakly-interacting quarks and gluons (the effect is called asymptotic free-
dom), allowing a perturbative description of the strong interactions. However, the strength
of the attractive force between coloured particles increases with the distance, leading to non-
perturbative dynamics (quark confinement). The characteristic energy scale at which these effects
become important is Agcp ~ 200 MeV, approximately the light hadron mass scale. A coloured
object produced in a collider, due to the colour confinement, cannot exist individually. Pairs of
quarks and anti-quarks are produced from the vacuum and combined with the original quark
until formation of colourless objects such as hadrons (hadronization). Since the energy scale at
which these effects take place may be equal or lower than Agcp, Monte Carlo models, tuned on
experimental results, are usually applied in order to describe the hadronization process. The
production of an high-energy coloured object results in a narrow cone of charged and neutral
hadrons and other particles, called a jet.

1.2 THE ELECTROWEAK SYMMETRY BREAKING AND THE HIGGS BO-
SON

The invariance of the standard model Lagrangian under the electroweak symmetry group re-
quires the presence of four gauge bosons. Furthermore, in the SM there is no way to describe
massive gauge bosons without breaking the gauge invariance. The electromagnetic mediator,
the photon, is massless, but on the other hand the limited range of the weak interactions im-
plied that theirs mediators were massive. The observation of the W* and Z bosons confirmed
that they are not massless [7].

In 1964, three independent groups of theorists proposed a mechanism through which a com-
plex scalar field with non-zero vacuum expectation value was introduced into the Lagrangian,
results in the breaking of electroweak symmetry. This mechanism would become known as the
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Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism, or the Higgs mechanism [8-10]. As
a consequence of the electroweak symmetry breaking, a new scalar particle is posited, called
the Higgs boson.

To see how the Higgs mechanism works mathematically, the Higgs scalar field, consisting in a
complex SU(2) doublet, can be written in the Lagrangian as:

o-(5)-n(578)
¢’ V2 \ ¢3+igs
The potential V(¢) of the Higgs sector is:

V(p) = —12p'p+ AlpTo|

choosing 4> > 0 and A > 0 the minimum of the potential is not found for a single value of ¢,
and the choice of the ground state is arbitrary. In other terms, after the choice of a state in the
local minima of the potential, the system state is not symmetric anymore under SU(2), and the
chosen coordinate is not invariant under transformations in the (¢, ¢°) space; this is referred
as the spontaneous symmetry breaking. By fixing the ground state to be along ¢°, the vacuum
expectation of the Higgs field is:

o5 (). 8

By rewriting the @ field in a generic gauge in terms of its vacuum expectation value, ® becomes:

1 i 40 O 1 0
P = o't S ) =1...3
V2 <h+v> \/§<<P4 !

Before the spontaneous symmetry breaking of the electroweak gauge symmetry group there
are four massless scalar fields ¢, known as Goldstone bosons [11], each one with one degree of
freedom. After the symmetry breaking, only one real scalar field remains. The degree of free-
dom is token by the massive scalar Higgs boson, with mass mpy = v 2Av?; since the parameter
A is unknown in the theory, the mass of the Higgs is an unknown parameter of the SM. The
remaining three missing degrees of freedom give mass to the W* and Z bosons, which acquire
a mass terms in the Lagrangian. Additionally, the fermions can be made to couple to the Higgs
field, allowing them to have a mass term as well.

1.3 PHENOMENOLOGY OF THE HIGGS BOSON

1.3.1 SM HIGGS BOSON PRODUCTION

The standard model Higgs boson can be produced at hadron colliders mainly through four
different processes, whose Feynman diagrams are reported in Fig. 1.1. Some are specific to
hadronic colliders, some are possible both at hadronic and electron colliders. The relative mag-
nitude and the cross section values are a function of Higgs mass, of the type of particles used
at the collider and the center-of-mass energy.

Gluon-gluon fusion (ggF) : the gluon coupling to the Higgs boson in the SM is mediated by
triangular loops of top and bottom quarks. This is the dominant production process
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BN
=

8 t,b

q VA

Figure 1.1: Feynman diagrams of the four Higgs production processes at hadron colliders.
Clockwise from top left: gluon-gluon fusion, vector-boson fusion, associated production with
vector bosons (or Higgsstrahlung), associated production with top or bottom quarks.

at hadron colliders, given the high partonic luminosity of the gluons. The proton
remnants often escape undetected along the beampipe, leaving no visible signatures
in the detector.

Vector-boson fusion (VBF) : the Higgs boson is produced through its couplings to vector
bosons W and Z, emitted by the interacting quarks in the beam protons. Due to the
mass of the mediators, a sizable fraction of the transverse momentum is transmitted
to the hadronic fragments of the proton, originating a pair of energetic jets with a
small angle with respect to the beam axis. The VBF cross section is about one order
of magnitude lower than the gluon-gluon fusion, at least for Higgs masses up to
1TeV. This production mechanism is viable also at electron-positron colliders.

Associated production with vector bosons (VH) : this production process is distinctive because
it involves a massive SM particle that can yield a clear signature in the detector. The
Higgs boson is emitted via a Higgsstrahlung from an off-shell W or Z boson. Even
if its cross section is not large at LHC, this process is particularly interesting if the
Higgs mass is relatively low and its decays have large backgrounds, or at pp collid-
ers (Tevatron), due to the relative abundance of anti-quarks, or at lepton colliders
(LEP) where the Z boson is produced by e*e™ pairs.

Associated production with top or bottom quarks (ttH/bbH) : despite the smaller cross sec-
tion, the ttH production process provides distinctive signatures such as a large amount
of hadronic activity in the collision or possibly one or more leptons from semilep-
tonic top decays. This production process is sizable at the LHC, given the large
center-of-mass required to produce three massive particles. In the SM, the cross
section of the associated production with b quarks is slightly higher than ttH, but
the background is also larger by several orders of magnitude, making this process
extremely difficult to be detected at a hadron collider.
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Figure 1.2: Standard model Higgs cross sections at LHC as a function of Higgs mass at /s =
7TeV [12].

1.3.2 SM HIGGS BOSON DECAYS

The Higgs branching ratios (Br) directly depend on the Higgs partial widths, that is, the inverse
decay rates of each kinematically allowed final state. In the case of the Higgs decaying into
fermion pairs, the width at tree-level is:

_— NCGF[B3mhmJ% . 4m}
1= 427 N mZ

The partial width to fermions is linear in my,, modulo the cubic B dependence, which steepens
the ascent with m;, near threshold. While the total Higgs width above fermion thresholds grows
with Higgs mass (Fig. 1.3), Higgs total widths below W W pair threshold are quite narrow, of
the order of tens of MeV. The only complicated partial width to fermions is that of top quarks,
which have to be treated as virtual particles up to 2m;.

From the experimental point of view, decays to light fermions are dominant if the Higgs boson
is light (m, < 135GeV). The most common decay modes are h — bb and h — 77, and the
ratio of the two is proportional to the square of the fermion masses, but QCD corrections and
the colour factor for b quarks have to be taken into account. Both the decay channels share a
relatively poor experimental mass resolution, about 10 ~ 15% for the bb and ~ 20% for the 7T,
the first limited by the difficulty of estimating the jet energy, the latter because of the presence
of neutrinos in the final state. The bb advantage in terms of branching ratios is compromised by
a much larger background at hadron colliders, making this search virtually impossible without
the presence of other well identified particles in the event.

For an heavier Higgs boson (m, > 135GeV) the decays to weak bosons become dominant.
Near the W and Z masses thresholds, the decay into vector bosons can be treated as on-shell
final states, making the partial width calculation easier:

GFWZS ( 3
Tyy = h s 1—x+ x2>
W= evan P 4
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The factor § = /1 — x comes from the phase space, and x4my /my, from the matrix element.
The constant factor dy is 2 for h - WW and 1 for h — ZZ decays. The partial width is dom-
inantly cubic in m}, leading to a very rapid total width growth with my,, which reaches 1 GeV
around my = 190GeV. As a consequence, the Higgs couplings to vector bosons are stronger
compared to fermions in the high-mass region (m, 2 160GeV). Even if the top quark has a
larger mass than the W or Z, the on-shell partial width and thus Br of the Higgs decay into tt
are smaller than those of vector bosons. The partial widths to vector bosons are non-negligible
below threshold, in the 135 < my, < 160 GeV mass range: the W and Z are unstable particles
and therefore have finite widths, and they may be produced off-shell, making them suitable
also for Higgs searches at low mass. The possibilities of final states due to W and Z decays is
large, but only few are experimentally interesting. The Higgs decay into two Z bosons, and
their consequent decay into a pair of electrons and muons, has several experimental advan-
tages, in spite of the small Br: the presence of four leptons entails an almost background-free
environment at hadron colliders, while the Higgs mass can be fully reconstructed with an ex-
cellent resolution due to the good performance of the lepton measurements. The other relevant
channel is the h — WW* — {v/v, which has an higher branching ratio, relatively small back-
grounds but the presence of neutrinos in the final state does not allow a precise determination
of the Higgs mass.

The Higgs decays can also involve massless gauge bosons, such as pairs of gluons (gg), photons
(77y) or a Z boson and a photon (Zv). These decays are possible due to loop-induced transitions
that can occur at higher orders in perturbation theory. Due to the strength of their couplings,
loops of top quark and electroweak gauge bosons are most important. For h — gg, that means
only top quarks contribute to the loop, since the W,Z do not couple with gluons, while for the
h — 99y and h — Zv both the top quark and W loops (interfering destructively) contribute to
the decay width. Despite the small branching ratio, the decay into a pair of photons is one of
the most interesting channel to detect a light Higgs boson in spite the large, smoothly falling
QCD diphoton production, due to the very good mass resolution of photon pairs. The Br and
the total width of the Higgs boson as a function of its mass is shown in Fig. 1.3.

3
,@. 1 T T T T T T T T g ;‘ 10 % I T T T % §
al ¢ o £ / g
5 2 O b e
& £ [T10% ‘f
210" g 13
©
= 10% -
2 : / E
+ L ]
5102 1e :
o g E
-/ f
T 107¢
10° g / ]
10
(0 1 N 100 200 300 500 1000
90 200 300 400 500 1000
M, [GeV] M, [GeV]

Figure 1.3: Standard model Higgs boson branching ratios (left) and total width (right) as a
functions of its mass [12].
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1.4 EARLY SEARCHES FOR THE SM HIGGS BOSON

The Standard Model describes remarkably well a large number of processes. Until 2012 the
Higgs boson was the most important piece of the SM missing experimental evidence, and its
mass was unknown. Early results on the Higgs boson mass began to be published in the
1970s, considering the possible effect of Higgs exchange on neutron- and deuteron-electron
scattering [13], Higgs emission from neutron stars [14], nuclear transitions [15, 16] and neutron-
nucleus scattering [17], setting for the first time experimental limits to the Higgs boson mass,
even if quite far from the region of interest: my > 15MeV was the strongest limit obtained in
that period. Those searches were motivated by the possibility that the Higgs mass was entirely
due to quantum corrections, which would have yielded mp ~ 10 GeV in the absence of heavy
fermions, being the top quark discovered decades later.

Searches for the Higgs boson at the electroweak scale began at the LEP e*e™ collider start-
ing from 1989 [18]. There were three important processes for producing the Higgs boson: in
Z decay (Z — h+ ff, with \/s = my at LEP I), in association with the Z (efe~ — Z +h,
with /s = my at LEP II), and via WTW~ or ZZ fusion (¢ete™ — vhv,ethe™); the direct pro-
cess eTe” — h is negligible because of the small Yukawa couplings to eTe™ at /s = 91 GeV.
The dominant process, the Higgsstrahlung off a Z boson, has a cross section in the range of
hundreds of femtobarns, sharply decreasing as the sum of Z and Higgs boson masses exceed
the total center-of-mass energy. The other processes are much harder to detect because of the
even smaller cross section. Because of this, the non-appearance of the Higgs boson in LEP I
searches in Z decays implied mpy > 58 GeV [19]. In 2000 the center-of-mass energy increased to
206 GeV, and the four LEP II experiments could investigate the range of Higgs masses below
approximately 115 GeV.

A small excess of events observed by the ALEPH experiment [20] in the very highest-energy
runs was not confirmed by the other experiments. The statistical significance of the signal was
1.7 standard deviations (Fig. 1.4), a value too small to justify an extended high-energy run.
LEP II could exclude the existence of a SM Higgs boson with mass below 114.4 GeV, at 95%
confidence level [19]. Because of the strong dependence of the cross section curve for Higgs
boson on the LEP II center-of-mass energy, such a lower limit is very strict, and the probability
of a failed discovery is essentially negligible for m;,, < 112GeV.

The LEP experiments found no signatures of the Higgs boson [19]. However, even if direct
searches proved to be unsuccessful, the electroweak constraints from experimental data ob-
tained at LEP [21, 22] together with the SLC results and the top quark discovering [23] at Teva-
tron made it possible to set a my, < 186 GeV upper limit at 95% CL to the mass of the SM Higgs
boson [24].

1.5 SEARCHES FOR THE SM HIGGS BOSON AT TEVATRON

During roughly the same years, the Tevatron, a proton-antiproton (pp) machine was also gath-
ering data at Fermilab in the USA, and the lead in Higgs searches was taken by the CDF and
DO experiments. The production of the Higgs boson at hadron colliders is more problematic
than in e*e™ collisions. The backgrounds from other physical processes are large, and the direct
production is small, because quarks which constitute the protons and antiprotons are light, and
consequently their couplings to the Higgs are also small. The dominant production mechanism
at the Tevatron for the Higgs boson is via gluon-gluon fusion, but the associated production
with a W or Z offers a cleaner signature due to the leptonic decays of the vector bosons. These
allow an efficient triggering of the events, making easier to distinguish the decays of the Higgs
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Figure 1.4: Left: data and simulation distributions of the reconstructed Higgs boson mass m
with the full LEP II luminosity. Right: observed and expected 95% CL upper limits on the Higgs
boson production ratio § = /05y from the combination of the four LEP II experiments. The
green and yellow shaded areas around the median expected line correspond to the 68% and
95% probability bands, and the horizontal line represent the Standard Model coupling [19].

boson into pairs of b jets from the Higgs decay from the much larger multijet background. Due
to the small cross section, varying from 400fb to 100fb for my, in the 100 ~ 140 GeV range,
the Tevatron experiments started to be sensitive to the signal after collecting an integrated lu-
minosity of several inverse femtobarns. The most recent combined limits on the rate of Higgs
boson production by CDF and DZERO are still unable to tighten the low mass exclusion bound
set by LEP Il in 2002. Interestingly, there is a small excess of Higgs candidate events in a range
around 120 to 140 GeV compatible with the mass (Fig. 1.5) and the cross section expected for
the SM Higgs boson (Fig. 1.6).
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Figure 1.5: Dijet invariant mass in the Vh — bb, showing data with expected background
subtracted (excluding diboson production) for the CDF and DO collaborations [25].

For higher Higgs boson masses, a sizable fraction of the decays are into pairs of W bosons.
In the dileptonic channel, CDF and DZERO excluded an intermediate range of Higgs boson
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mass between 156 < my, < 177 GeV [25], due to the distinctive signature of two leptons and
missing energy in the final state, which is easy to trigger and less demanding to separate from
backgrounds. However, because of the presence of neutrinos, the mass of the Higgs boson
cannot be reconstructed as precisely as in the h — bb decay. Other channels, like the h — 7y
and h — 77 are considered, but their sensitivity is generally lower.

—_
o

% | — Observed Tevatron Run I, L, < 10 fb Tevatron Run II, L, <10 b
€ -~ Expected w/o Higgs SM Higgs combination m, =125 GeV/c®
5 I I Expected = 1 s.d. . .
_i [ [JExpectedt2s.d. I Combined (68% C.L.)
O == Expected if m,=125 GeV/c® —i- Single channel
®
3 Hovyy u
1 H- W'W
Ho vt
VH— Vbb [
| | | | | | | |
L 0 3 45 6 7 8 9 10
100 120 140 160 180 200 Best Fit (6 x Br)/SM

m, (GeV/c?)

Figure 1.6: Left: expected and observed exclusion limit for a SM Higgs boson as a function of
its mass. This results is the combination of the Vh — bb, h -+ WW, h — 77, h — 7 for
the CDF and DO collaborations, with the full Tevatron luminosity [25]. Right: best-fitted cross
section divided by the SM Higgs boson cross section for the four search channels [25].

1.6 THE DISCOVERY OF THE HIGGS BOSON AT THE LHC

Searches for the Higgs boson finally came to an end in the Summer 2012, with the simultaneous
announcements from the CMS and ATLAS experiments of the observation of a new boson with
a mass close to 125 GeV with a statistical significance of 5¢, after collecting approximately
5fb! of 2011 data at /s = 7TeV and 5fb ™! at \/s = 8 TeV in 2012. The trustworthiness of this
claim was supported by event excesses observed in data in several different channels sensitive
to the decay of a scalar boson, in the high-resolution (4¢, yy) and low-resolution channels (2£2v,
77, bb) final states. The first two have been particularly useful for a very early yet precise
determination of the Higgs boson mass, and later of its properties, such as spin and parity. The
observed CMS significance was 4.90 [26, 27], and analogously the ATLAS experiment reported
6.00 [28]. These claims induced CERN to publicly announce the discovery of a new particle on
July 4, 2012.

Immediately after the discovery, the searches became measurements. In this section a sum-
mary of the main SM Higgs channels at CMS are described, updated to the full 2011 and 2012
integrated luminosity (about 5fb~ ! at /s = 7TeV and 20fb ™" at /5 = 8§ TeV).

1.6.1 HIGGS BOSON DECAY IN THE FOUR LEPTON FINAL STATE

The h — ZZ* — 4/ channel, with the Z decay into pairs of electrons and muons, has always
been considered the “golden” channel in the Higgs boson searches at LHC [29]. The presence
of four isolated leptons suppresses the large QCD and electroweak background processes at
an hadron collider, except for the irreducible Z Z production, where the two bosons are non
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resonating. The excellent invariant mass resolution (1 — 2% depending on the channel) of the
four-body system also allowed a further separation from the background and a precise deter-
mination of the resonance mass. The main drawback of the 4¢ channel was the very small
branching fraction of this decay, which required a rather large amount of data to observe a sta-
tistically significant signal. The experimental challenge was to detect four leptons with small
transverse momentum, maximizing acceptance and reconstruction efficiency.

The CMS analysis is inclusive, aiming to detect the h — ZZ* — 4/ decay regardless of the
Higgs boson production mode. In order to be sensitive also for a Higgs boson with a mass
below the kinematical threshold, where the Br(h — ZZ) is still sizable (see Sec. 1.3), one or
both the Z boson candidates are allowed to be off-shell. The sensitivity of the search is increased
by building a multivariate likelihood discriminator using the masses and the production and
decay angles of the two Z bosons. The results for the combined 2011 and 2012 datasets are ex-
tracted through a two-dimensional fit on the four-lepton invariant mass (11,,, shown in Fig. 1.7),
and the discriminator output. The observed excess around 125 GeV has a statistical significance
of 6.5 standard deviations.

1.6.2 HIGGS BOSON DECAYS IN THE DIPHOTON CHANNEL

The h — 7 decay is an interesting channel for probing a low mass Higgs boson [30]. Even
though the decay is quite rare, having a branching ratio of about ~ 0.1%, the two high-energy
photons in the final state provide a clear signature against the background processes. The
excellent photon reconstruction and energy measurement capabilities at CMS allow a precise
determination of the Higgs boson mass. The analysis strategy is to look for narrow peaks
over a smoothly-falling continuum of the diphoton invariant mass spectrum 1, which is by
far the most discriminant variable against QCD and fake photons backgrounds. The analysis
sensitivity is enhanced by dividing events in exclusive categories, using detector regions and
multivariate discriminators to define classes with different signal purity and mass resolution.
Additional categories are defined as a function of the number of jets in the event, to exploit
also the VBF production mode (see Sec. 1.3). The diphoton invariant mass is shown in Fig. 1.7,
by weighting each category by the observed S/(S+B) ratio. The results are extracted with a
combined fit on the background distribution, modeled and normalized a-posteriori on the 11,
spectrum. The excess observed for m..,, ~ 125GeV, has a local significance of 4.0c.

1.6.3 HIGGS BOSON DECAYS IN THE 2¢2v CHANNEL

The h — WW channel is the most sensitive for a Higgs boson in the mass range near the W
and Z boson kinematical thresholds (160 — 190 GeV) where decays to pairs of on-shell W W are
possible, and the Z Z channel is not completely open [31]. The final states with two leptonic W
decays are the most important for the Higgs search, due to the small electroweak backgrounds,
coming from mainly tt dileptonic decays and the irreducible W W dibosons production. Due
to the presence of two undetected neutrinos in the final state, the invariant mass of the system
cannot be fully reconstructed, making this channel suitable for a discovery but not for a precise
mass determination. Despite this flaw, a good discriminating power can be achieved exploit-
ing the different process kinematics. Events are categorized according to the flavour of the
two leptons (ee, up and separately ey, due to the different background composition) and as a
function of the number of reconstructed jets. Selection cuts are applied to discriminate against
reducible backgrounds regardless of the Higgs boson mass hypothesis, and finally the signal is
extracted using the output distributions of multivariate classifiers trained individually for each
Higgs boson mass hypothesis. Data show a broad excess in a mass region around 120 GeV, as
expected, with a significance of about 4.7¢ for a 125 GeV Higgs boson hypothesis.
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Figure 1.7: Left: four-lepton reconstructed mass in full mass range for the sum of the 4e, 4y, and
2e2p channels. The insert shows the low mass region, with a cut on the likelihood discriminant
D > 0.5 to reject the ZZ background. Right: diphoton invariant mass distribution with each
event weighted by the S/(S+B) value of its category. The inset shows the central part of the
unweighted invariant mass distribution.

1.6.4 HIGGS BOSON DECAYS INTO T PAIRS

The observation of the Higgs boson decays into fermion pairs is extremely important, because
it represents a direct test the Yukawa couplings of the Higgs boson to quarks and leptons.
Higgs boson decays into fermions are suitable only for a low mass Higgs boson, as the branch-
ing fraction steeply decreases for my, 2 135GeV when the decays into vector bosons becomes
sizable. The natural candidates for this search are the h — bb and h — 77 channels, that have
the largest branching ratio Br ~ 60% and ~ 5 — 8% respectively. Other decay modes, such as
h — up, could be observed only with a much more larger data samples. Due to the presence
in the final state of two hadronic jets for the h — bb channel, or two or more neutrinos for the
h — 77 channel, the Higgs boson invariant mass resolution is worse than other channels, being
about 10% for the bb and 20% for the 77 final states.

The h — 77T channel can also play an important role in the analyses for a light SM Higgs
boson, thanks to the excellent CMS T reconstruction and trigger performances [32]. Four ditau
decay final states are used: et;, u7,, ey and puyu, where 1, denotes a tau decaying hadronically.
Events are separated into different categories also according to the final state topology: a VBF
category, including events with two leading jets at large rapidity separation; a boosted category,
in which at least one hadronic jet is required; and a zero-jet category, characterized by larger
event yields but lower purity due to the larger Z — 77 background. In the categories of
events with zero or one jet, where a signal contribution is expected mostly from the gluon
fusion production mode, events are further separated according to the pr of the hadronic
or the muon, depending on the final state. The invariant mass m,. is reconstructed from the
leptons and the missing energy in the event using a likelihood technique based on a model of
the T-decay phase-space and the missing energy resolution, which results into a typical 20%
mass resolution. Different signal extraction strategies are adopted for each category, due to the

varying background composition. The combined observed excess for a 125 GeV Higgs boson is
3.80.
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Figure 1.8: Left: transverse mass mr distribution in the h — WW — evuv final state for the
0-jet and 1-jet categories combined. Right: combined observed and predicted m . distributions
for the ut, ety, 1,7, and ey channels. The inset shows the corresponding difference between
the observed data and expected background distributions, together with the signal distribution
for a SM Higgs boson at my = 125GeV. In both plots, events are weighted according to the
observed S/(5+B) ratio in each category.

1.6.5 HIGGS BOSON DECAYS INTO A PAIR OF B QUARKS

The search for a Higgs boson decaying into a pair on b quarks [33] is performed relying on
the associated production with a vector boson (Vh, with V=7Z,W) due to the overwhelming
QCD multijet background in the gluon fusion and vector boson fusion production modes. Five
vector boson decay modes are considered: W — ev, W — yv, Z — ee, Z — up, and Z — vv.
In the latter, no high-momentum leptons are present, but it is detected as a large unbalance
in the transverse momentum of the event due to the neutrinos. The main backgrounds in this
channel are the production of vector bosons in association with b quark jets (called Zbb, Wbb)
and light-flavoured jets mistagged as b jets. The top quark pair and the diboson production are
also important backgrounds, given the larger cross sections and the topology close to the signal.
These backgrounds are reduced by performing the search in the phase space region where the
vector boson and the dijet system are produced with large transverse momenta (p¥. > 50 GeV)
in a back-to-back topology. This kinematic regime is also characterized by a more accurate jet
energy reconstruction. In each channel, event categories are defined for different boost intervals
of the vector boson. To improve the sensitivity, two multivariate techniques are used. The first
consists of a energy regression on the momentum of the two b jets, improving by 10 — 20%
the dijet invariant mass resolution. The second is a BDT discriminator trained on simulated
signal and background events for a number of Higgs boson masses, since the discriminating
power offered by the reconstructed mass peak is not enough to obtain a good signal sensitivity
without any prior knowledge of the background. An analysis of the output distribution of the
discriminator is performed, as shown in Fig. 1.9, observing a 2.0¢ significance for a 125 GeV
signal hypothesis.

The h — bb decay should be viable also in the tt associated production channel, probing the
coupling of the Higgs boson to the top quark in a model-independent manner. Although the tt
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production has a smaller predicted cross section (0.6% of the total produced Higgs bosons), it
leaves a distinctive signature of at least one charged lepton (electron or muon) in the event. The
main background is the QCD production of a tt pair and additional light- and heavy-flavour
jets, which has a larger cross section than the signal and it is affected by sizable uncertainties.
The high multiplicity of b jets in the event (two from the top quark decays, and other two from
the Higgs boson decays) makes it difficult to reconstruct the Higgs candidate invariant mass.
Searches with multivariate techniques, like the Matrix Element Method, are more suitable for
the tth and h — bb. The CMS analysis in this channel observes a modest excess, but compatible
with the SM Higgs with a measured best-fit value of y = 1.277%.
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Figure 1.9: Left: combination of all Vh — bb channels (W — ev, W — uv, Z — ee, Z — uj,
and Z — vv) into a single distribution. Events are sorted in bins of similar expected signal-to-
background ratio, as given by the value of the output of their corresponding BDT discriminant.
The two bottom insets show the ratio of the data to the background-only prediction (above)
and to the predicted sum of background and SM Higgs boson signal with a mass of 125 GeV
(below). Right: dijet invariant mass, combined for all channels and weighted by S/(5+B) in
each channel and boost region.

1.6.6 COMBINATION AND PROPERTIES OF THE SM HIGGS BOSON

The results of the CMS Higgs analyses in the h — ZZ, vy, WW, bb, 77 final states, performed
with the Run I data collected in 2011 at /s = 7TeV and in 2012 at /s = 8 TeV, are combined
together to measure the properties of the newly-discovered boson, and test the compatibility
with the SM Higgs [34].

The Higgs boson mass is directly measured by reconstructing the invariant mass of its de-
cay products in the h — ZZ — 4¢ and h — <7< channels, due to the excellent invariant
mass resolution and the absence of neutrinos in the final state. The results of a fit to the
data, without relying on the SM Higgs prediction for the expected signal yield, is reported
in Fig. 1.10, together with the combination. The CMS measured mass of the Higgs boson is
my, = 125.03925(stat) 7013 (syst) GeV.

The compatibility of the new resonance with the standard model Higgs boson is quantified in
terms of the best fit of the signal strength modifier 4 = o /0sp. The 125GeV observed excess
is fully compatible with the SM Higgs hypothesis in all the considered channels, as shown in
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Fig. 1.10, and the combined global best fit value is found to be 1 = 1.00 & 0.09 (stat) 305 (theo) +
0.07 (syst). A slight discrepancy is observed in the ttH associated production and decays in fi-
nal states with multileptons, where an excess of events (2.1¢ from the SM Higgs expectation) is
observed. The SM Higgs compatibility for different mass hypotheses is essentially zero.

Channel Br Mass resolution Expected Observed u = o/osm
h — ZZ — 4¢ 125-107* 1—2% 6.30 6.50 1.007052
h =7y 2.28-107° 1-2% 5.10 5.60 113792
h— WW — 2/2v  1.06-10"2 20% 5.70 5.40 0.8370%
h — bb 57.7% 10% 2.20 2.00 0.91702
h— 1T 6.32% 20% 410 3.80 0.9370%
Combination 1.00 £0.13

Table 1.2: Summary of the CMS SM Higgs boson measurements. For each considered channel,
the total branching ratio and the mass resolution is reported, together with the expected and
observed significance. The last column is the best fit value y = o/cosp [34].

The total width of the Higgs boson, I'},, can be constrained using its relative on-shell and off-
shell production and decay rates to a pair of Z bosons with final states with leptons and neutri-
nos [35]. In the dominant gluon fusion production mode the off-shell production cross section
is known to be sizable (about 8% of the total), due to an enhancement in the decay amplitude
from the vicinity of the Z boson pair production threshold. The observed relative contributions
of off-shell and on-shell events leads to an upper limit I', < 22MeV at a 95% CL, which is 5.4
times the expected value in the SM.

The study of the spin-parity of the Higgs boson [36] is performed using the h — ZZ — 4/,
h - WW — 2/2v, and h — 77 decay modes, testing the observed distribution of sensitive
production and decay angular variables with the various spin (0, 1, 2) and parity (scalar or
pseudoscalar) signal hypothesis. While the first two channels lead to tighter constraints on the
spin-parity, the latter allows tighter constraints in the spin-two case. The spin-one hypotheses
are excluded at a greater than 99.999% CL, and the spin-two boson are excluded at a 99% CL.

All observations are consistent with the expectations for a scalar SM-like Higgs boson. Un-
der the assumption that C-parity or CP-parity are conserved, our measurements require the
quantum numbers of the new state to be | PC — ot+,
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Figure 1.10: Test statistics scan vs hypothesized Higgs boson mass for the 7y and 4/ final states
separately and for their combination (left); values of the best-fit 1 = o/ ogy for the combination
and separately by production mechanism (center) and decay mode (right) [34].



Beyond standard model extensions of the
Higgs sector

Despite the remarkable success of the SM, a consistent description of the fundamental laws of Nature
is far to be completed. There are strong theoretical and experimental motivations suggesting that SM
is not the ultimate theory, since it does not integrate gravitational forces, and does not foresee neutrino
masses, does not provide a dark matter candidate and does not explain the hierarchy problem. Several
theories have been proposed to overcome these issues, and many posit the presence of additional particles,
including more than one Higgs bosons. In this chapter, the motivations to extend the standard model are
summarized, together with the description of the predictions of the most accredited theories extending
the SM, with the focus on the phenomenology of the Higgs sector and on the searches at leptonic and
hadronic colliders.

2.1 ISSUES OF THE STANDARD MODEL

2.1.1 DARK MATTER AND DARK ENERGY

One of the most striking evidences of new physics beyond the standard model (BSM) comes
from astrophysics observations, suggesting that the known types of matter in the universe,
the baryonic matter and the electromagnetic radiation, amount only to about 5% of the en-
tire universe’s content. According to the prevailing cosmological models, the remaining 95%
of the universe is made of two different constituents. The first is called Dark Matter (DM),
and accounts for about 26% of the universe mass. The fraction is derived from studies of the
anisotropy of the Cosmic Microwave Background radiation [37]. Other evidences are also pro-
vided by gravitational lensing observations, simulations of large-scale structures formation of
the universe, and by observation of galaxy rotation curves and dynamics of galaxy clusters.
The remaining 69% of the mass is believed to be constituted by Dark Energy, an hypothetical
form of energy contributing to the acceleration of the universe’s expansion, which was discov-
ered studying the supernovae. The dominant theoretical explanation for Dark Matter is the
Weakly Interacting Massive Particle (WIMP), a massive and cold particle that interacts mainly
through gravitational forces, and to a lesser extent with weak, electromagnetic, and strong
interactions. The estimated fraction of DM in the universe is surprisingly coherent with the
hypothesis of a stable particle with a mass at the electroweak scale (1, ~ 100GeV) and cross
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sections 0, ~ 10fb at the electroweak scale, copiously produced in the early phases of the
universe [38].

2.1.2 NEUTRINO MASSES

The SM postulates the presence of massless, left-handed neutrinos. However, experimental
measurements of neutrino flavour oscillations [39, 40] implies that the mass, albeit very small,
is not null. The SM procedure of the mass terms introduction via gauge-invariant Yukawa
interactions with the Higgs field should in principle work also for neutrinos, but the very small
neutrino masses as compared to the lepton and quark masses require an explanation.

The right-handed counterpart of the observed left-handed neutrinos, required by the Yukawa
term Mgy, would be a singlet of all gauge groups, and hence called the “sterile” neutrino,
and should not compromise the renormalizability and the gauge invariance of the theory. The
mass M would be the only dimensional parameter that enter the SM Lagrangian apart from the
Higgs mass, and it can be related to some new physics scale such as Mg ;r. The diagonalization
of the neutrino mass matrix leads to very small mass eigenstates, m, ~ Mgy /M. Setting
M ~ Mcur ~ 10°GeV and Mgy ~ 100GeV, the expected neutrino masses should be at
m, ~ 0.01 eV, which roughly corresponds to the actual experimental constraints on the neutrino
masses. This is the simplest implementation of the so-called See-Saw mechanism [41], used for
the explanation of the neutrino masses.

2.1.3 NATURALNESS SCALE OF THE SM

Figure 2.1: 1-loop radiative corrections to the Higgs boson mass.

The radiative contributions to the Higgs mass of standard model particles via 1-loop diagrams
(Fig. 2.1) are quadratically divergent. Assuming that SM is a reliable theory up to the energy
scale A, and assuming that the loop diagrams are valid up to the same scale, the radiative
corrections to the Higgs mass are:

A2
25
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The physical measurable Higgs boson mass m, requires a cancellation between the bare Higgs
mass mﬁ,bm and the correction dmZ, the latter being much larger than m?, depending on A.
If the SM is correct up to A ~ 5TeV, the difference between the two is about two orders of
magnitude. Regardless on the A scale, the quadratic dependence of the divergence requires a
unnatural fine-tuning of the SM parameters at higher energy scales. This problem, known as
the hierarchy problem, is one of the reasons to expect BSM new physics at the TeV scale.
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2.1.4 VACUUM ENERGY AND STABILITY

To account for the Dark Energy contribution, an uniform (or very slowly varying) energy den-
sity is introduced in cosmological models by means of the Cosmological constant A. Asso-
ciating the cosmological vacuum energy from A measurements from the Cosmic Microwave
Background anisotropy [37] with the QFT vacuum [42], the latter is many orders of magni-
tude larger than the first. The large discrepancy between the two of about ~ 10!%° makes this
problem the worst fine-tuning problem in modern physics.

Another cosmological problem, associated with the ground state of the Higgs potential is the
fact that a my, ~ 125GeV Higgs boson violates the so-called stability bound [43]. This originates
from calculations of the renormalization group running of the Higgs self-coupling constant A,
that becomes negative at higher scales; the effect is that the Higgs potential becomes unstable
at that scale, making the theory inconsistent. The current measurements strongly favor a meta-
stability region, as can be seen in Fig. 2.2.
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Figure 2.2: Stability, instability and meta-stability regions in the my, vs. m; plane. Contour lines
denote the current SM measurements, while diagonal lines show the scale at which the theory
becomes inconsistent. The three boundaries lines corresponds to the constraints on the «g, and
the grading of the colours indicates the size of the theoretical errors [43].

2.2 THE TwO HIGGS DOUBLET MODEL

The Two-Higgs Doublet Model (2HDM) is the simplest extension of the SM Higgs sector with
two complex doublets of scalar fields [44]. The 2HDM is particularly attractive because it pre-
dicts new phenomena [45], such additional physical Higgs bosons, and is also a minimal ex-
tension, adding few new arbitrary parameters. It satisfies the theoretical constraints p ~ 1
without any adjustment of the model parameters [46] and the absence of FCNC at tree level, if
appropriate Higgs-fermion couplings are chosen.

Two doublets ®; and &, of SU(2),, are introduced, made by complex scalar fields with hyper-
charge 1:

q>:(¢1+>:1<¢1+i¢2> ¢:(¢z+>:1<¢5+i¢6>
! ¢? V2 \ ¢3+igs ? ¢ V2 \ 7+ igs

The most general Higgs potential V' (®;, ®,) for the two-doublet model is:
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V= A(010)2 + 2 (00)2 + A3 (DT ) (PFD2) + Aa(DTD) (D5D,)
[ (@102)% + Ag (@]1) (B]2) + A7 (@302) (@) + I |
— 3 [m3, (DFDy) + mEy (DID2) + m2, (DI D,) + m; (PIDy)]

The free parameters A1, Ay, A3, A4, my1, mop are real, and As, Ag, A7, myp are generally complex.
The general 2HDM has thus a total of 14 free parameters. To achieve FCNC suppression the
potential must be invariant under the following discrete symmetries:

Cbl — —q)l, CDQ — CI)Q or ch — Cbl, (Dz — —CDZ

After the symmetry breaking, the scalar fields ®; ; assume their corresponding vacuum expec-
tation values (v.e.v.) (®1) and (P,), which correspond to the value at the global minimum of
the Higgs potential. If the previous conditions are verified, the global isospin symmetry can be
used to write the vacuum expectation values as:

(1) 2\2 ( 7?1 >, (®1) :\2 ( Uzgig )

with v; and v, real positive numbers, and e ¢ is the complex phase between the expectation
values of the two doublets, and describes the CP-violation in the 2HDM Higgs sector.

As a result of the Higgs mechanism in the 2HDM, three degrees of freedom are absorbed by the
longitudinal polarization of the W* and Z bosons when they become massive. The remaining
five degrees of freedom lead to the existence of five physical Higgs bosons:

e two charged bosons, H*, with quantum numbers | P—=ot
e two neutral bosons, h and H, with quantum numbers J = 0+
e one neutral pseudoscalar bosons A, with quantum numbers J<F = 0~

The masses of the bosons depend on A; 7. Instead of only one A parameter in the SM, the
parameters of the 2HDM A 7 can be expressed by:

My, my, My, ma, tan 3, b3

assuming no CP-violation with ¢ = 0. In the 2HDM, the ratio of the vacuum expectation values
of the two doublets is defined as the parameter:

(%)
tanp = —.
B o

The mixing between the two Higgs doublets is not zero, and it is expressed by the angle «.

With five Higgs bosons there is a large number of possible couplings of the bosons to the par-
ticles of the model. A choice of certain couplings has experimental consequences. On the base
of the C and P quantum numbers of the bosons, the Higgs-vector fields couplings can be estab-
lished. Table 2.1 summarizes the couplings that are either proportional to cos(a — ), sin(a — 8)
or angle-independent.
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cosa —f  sina—f Angle-independent
HW W~  hWtW-~

HZZ hZZ

ZAh ZAH ZHTH ,yHTH~
W*HFh  W*HFH WEHFA
ZW*HTh ZW*HTH ZW*HTA
YW*THTh AW*HTH YWETHTA

VVép, VVAA, VVHH-

Table 2.1: Couplings between Higgs bosons and vector fields. Here ¢ = h,H and VV =
WHtW~,Z2Z,Zy, .

The Higgs bosons h and H couplings to vector fields (collectively denoted as V = W¥, Z) in
the 2HDM are different than the SM case:

c(VVh) c(VVH) _
AT A G B a7 vov B

In the SM, CP-violation is possible thanks to the existence of a the complex phase of the CKM
mixing matrix elements, but this source is not sufficient to explain the asymmetry between
matter and antimatter in the universe [47]. The neutrino mixing PMNS matrix could be an
additional source of CP-violation, analogously to the CKM matrix in the quark sector [48]. Be-
yond the standard model theories like the 2HDM give new potential sources of CP asymmetry
and make possible the baryogenesis at the scale of the weak interaction. In the Higgs sector of
the SM, the p parameter, defined as p = m3, / (m% cos? ) is very close to 1 [49, 50], and this
requirement has to be satisfied by extensions of the SM. A theoretical constraint on the Higgs
sector comes from experimental limits on the Flavour-Changing Neutral Currents (FCNC). In
the minimal Higgs sector FCNC at tree-level are not present, and this requirement has to be
satisfied also in non-minimal Higgs models. Requiring all fermions of a given electric charge
to couple only to one single Higgs doublet is the solution of the FCNC problem [51]. Other
conditions to be satisfied are explained in Ref. [52].

Assuming no CP-violation in the extended Higgs sector, four different 2HDM declinations arise
from the possible couplings of the Higgs bosons to fermions:

Type-I : all fermions couple only to the Higgs fields in the ®, doublet, and ®; is decoupled
from fermions

Type-II : up-type quarks couple to the @, doublet, down-type quarks and charged leptons
couples to the Higgs field in the ®; doublet

Type-I1I : up-type quarks and charged leptons couple to the ®, doublet, down-type quarks
couple to @4

Type-1IV : all quarks couple to the Higgs field in the ®, doublet, and charged leptons
couple to P

There are no Higgs bosons couplings to neutrinos; as in the SM, neutrinos remain massless.
Couplings with charged fermions receive enhancements of suppression depending on the model
parameters and the type of 2HDM model. Table 2.2 reports these factors with respect the SM
case for the Type-II 2HDM.
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uil, cc,tf dd,ss,bb,ete, Ty, T

ce(hff) cosa/sinp —sina/ cos B
cs(Hff) sina/sinp cosa/ cos B
cr(Aff) —iys/tanp —iys tan B

Table 2.2: Suppression or enhancements in the couplings between Higgs bosons and charged
fermions with respect to the SM case.

2.3 THE HIGGS SECTOR OF THE MINIMAL SUPERSYMMETRIC STAN-
DARD MODEL

Supersymmetric (SUSY) theories [53] are among the most favorable extensions of the SM, and
are based on the introduction of an extra symmetry between fermions and bosons, implying
that every boson must have a corresponding supersymmetric fermion counterpart and vice-
versa. The SM does not respect this symmetry, since there are no fermionic and bosonic fields
with the same quantum numbers except for the spin. This implies that SUSY must be a sym-
metry broken at the Agysy energy scale, below which only some particles can be observed.
The boson-fermion symmetry is attractive even at the Agysy scale because it solves the hier-
archy problem: the contribution of every boson loop would be canceled by the corresponding
fermion loop, and vice-versa. Certain models of SUSY also provide an ideal candidate for the
Dark Matter, predicting the presence of stable, massive particles that do not interact with ordi-
nary matter. SUSY theories have several declinations, given the high number of assumptions
that can be made. Among the most immediate extensions of the SM involving SUSY, there
is the Minimal Supersymmetric Standard Model (MSSM). In the MSSM Higgs sector, the su-
persymmetric partner of the Higgs boson, called higgsino, contributes to fermionic loops that
must be canceled to avoid inconsistencies in the theory. For this reason, in the MSSM two
oppositely-charged higgsinos are posited, and consequently two Higgs doublets with opposite
hypercharges are introduced:

Under these assumptions, the MSSM Higgs sector is a special case of the general Two Higgs
Doublet Model. It predicts, after symmetry breaking, five Higgs bosons of which three are
neutral, denoted as h, H, A, and two charged, H" and H™. The symmetry considerations re-
quire the Yukawa interactions between the Higgs doublets and the fermions to have the 2HDM
Type-II structure. However, the A; parameters of the Higgs potential are not free in the MSSM,
but are fixed by gauge interaction couplings. The MSSM Higgs potential is the following:

2 2
v_8&*tsg

8

2
(DD — DId,)? + %(@{@z)z + miDID + mrdID, — 2mER(P1D,)
where the parameters ml2 (i =1,2,3) are also fixed at Agysy, but their values are such that the

potential has only a trivial minimum. The model still does not allow CP-violation in the Higgs
sector.

The general MSSM contains 126 free parameters, making the study of the full parameter space
unfeasible. Experimental results from collider experiments, cosmology and symmetry require-
ments can substantially reduce the number of effective parameters, but the remaining ones
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(~ 10) are still too many to be tested independently. A number of benchmark points, highlight-
ing various phenomenological possibilities, are selected by assigning fixed values to the free
parameters of the theory. A common choice is to fix the masses of the squarks Mgysy, the
gluino mass Mj, the gaugino mass parameter M, the higgsino mass parameter y, the stop and
sbottom trilinear couplings A; and Ay, the stop mixing parameter X;. This last one is important
because of the large top-Yukawa corrections that the MSSM Higgs sector receives. The values
X; = 0 and X; = V6M; are referred to as “no mixing” and “maximal mixing”, because they
extremize the loop corrections. The h-H mixing angle « and the masses of the CP-even Higgs
bosons are determined at tree-level as:

1 2 2

2

5 <a<0
my — My

N[

1
mp = > (mi +mb & \/(mjgm%)z —dmim} c052(2ﬁ)>
The charged Higgs mass is rather more simple:

M = mA + miy

The only remaining free parameters are the mass of the CP-odd Higgs m,, and the ratio of the
two Higgs doublets vacuum expectation values tan 8. Benchmark scenarios can be defined for
specific purposes. At tree-level, the light Higgs h is predicted to have a mass my, < mz, which
has been excluded by the LEP and Tevatron experiments [19]. However, a specific benchmark
scenario, called m;'"*, has been proposed to be used for LHC searches [54]. Maximizing the
radiative corrections to the Higgs mass from the stop and sbottom, the mass bounds are then
pushed up to my, < 135GeV. A complete set of benchmark scenarios [55] used at LHC before
and after the discovery of the m;, = 125GeV Higgs boson, are summarized in Tab. 2.3.

Parameter ‘ myex mhm"d+ mhm"d* light stop lightstau tau-phobic low-my
Msusy 1000 1000 1000 500 1000 1500 1500
X9 /Msysy | 2.0 1.5 -1.9 2.0 1.6 2.45 2.45
XMS/Msysy | V6 1.6 22 2.2 1.7 29 29
Ay = X; +pcotp

Ay =A =A = A; = A = A; = A; = A;
Ar =A =A = A; = A; 0 0 = A;
U 200 200 200 350 500 2000 varied
M; fixed by GUT relation to M,

M, 200 200 200 350 200 200 200

Table 2.3: MSSM parameters in different benchmark scenarios [55]. Dimensional quantities
are expressed in GeV. Other parameters are my = 1500 GeV, m; = 1500 GeV, m; = 500 GeV,

Af?ét,b’-r =0.

2.4 THE PHENOMENOLOGY OF THE EXTENDED HIGGS SECTOR

In Beyond Standard Model theories the phenomenology of the Higgs sector can be significantly
different than the one of the SM. Additional free parameters are introduced, modifying the
couplings of the Higgs bosons with the other particles and consequently the production cross
sections and branching fractions. In general 2HDM and MSSM, cross sections and decays are
strongly dependent on the model parameters.
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A relevant case, where cross sections can be considerably enhanced with respect the SM case,
is provided by Type-II 2HDM and MSSM models. At high tan 8 values, tan8 2 10, either
h or H is SM-like and its couplings to other particles are the same as those of the SM Higgs
boson, while the other CP-even state behaves as the CP-odd A, having the same couplings and
almost the same mass. The collective state of the two bosons is denoted as ¢, leading to an
approximate doubling of the production cross section.

The couplings of the neutral Higgs bosons to down-type quarks and charged leptons are en-
hanced by a factor of tan § and the corresponding coupling to the up-type quarks and leptons
is suppressed. This means that decay modes to bottom quarks and tau leptons are of specific
interest, with a predicted decay rate of around 90% to bottom quarks and 10% to tau leptons.
The suppression of the coupling to the top quark implies that the gluon-gluon fusion produc-
tion rate decreases, as well as the associated production with top pairs. On the other hand,
the enhancement of the coupling to down-type fermions implies that the bottom contribution
becomes non-negligible, and the associated production mode reaches and overtakes the gluon-
gluon fusion cross section if tan f 2> 5. At even higher values of tan f, the b quarks associated
production cross section becomes so large that could be observed at hadron colliders such as the
Tevatron or LHC. In these scenarios, the VBF and VH production of Higgs bosons and decays
to a vector bosons pair are unimportant due to the relatively small cross section; additionally,
in the case of the pseudoscalar A boson, these modes are forbidden due to CP-violation in the
VV A vertex.

Higgs bosons decays are generally similar to the SM case for the lightest scalar. The ¢ — bb
and to a lesser extent ¢ — 7T decays are dominant at low mass, while ¢ — tf becomes par-
ticularly important if kinematically allowed (my 2 2 - m;). Couplings with vector bosons can
be suppressed, and these have also effects on ¢ — 7y and ¢ — Z+ decay rates. Furthermore,
A — WW,ZZ decays are forbidden. However, several new possible decay modes become
available for the heavy neutral Higgs bosons involving the light Higgs boson h. The heavy
CP-even H can have a sizable branching fraction into pairs of h, while the pseudoscalar A can
decay into a Z boson and a light Higgs. These decay modes depend on the mass of the heavy
bosons, being relevant above the kinematic threshold and below twice the top mass, where the
¢ — tt dominates; they can also be suppressed in certain regions of the parameter space, such
as with high tan  in MSSM.

The phenomenology of the charged Higgs bosons is simpler. The main H* production mode
at hadron colliders is through top quark decays ¢ — bH* for charged Higgs boson masses
smaller than the top quark mass. The cross section for production from single top quark events
is much smaller, and often not considered. The decay mode largely depends on the mass, being
H* — tb if kinematically accessible, and H* — tv if lighter. There is a rare decay H* — W+h,
suppressed at high tan .

2.5 BSM HIGGS BOSON SEARCHES LEP

The LEP experimental program was focused not only on the SM scalar, but it included also
searches for signatures of an extended Higgs sector. As in the SM case two production modes
are possible, depending on the mass of the boson. If the Higgs is light enough (me < 115GeV),
pair productions in the ete~ — &P, are possible, otherwise the Higgsstrahlung ete™ — ZP;
is viable up to slightly higher masses. Since the phase space probed by LEP was limited to light
scalar bosons, the Higgs bosons were expected to decay into pairs of b quarks (= 90%) or T
leptons (= 10%), and all the possible combinations of these two decay modes were taken into
account. Also the presence of more than one light Higgs with different masses, me; > mo1,
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can involve cascade decays such as ®, — ®1P; or ®, — ZP; if kinematically allowed. The
final states measured in the detector can lead to two of four b jets in the event, or either two b
jets and two T or four 7. If the Z boson is present, it can be detected through the missing energy
from its decay into neutrinos.

The combination of the ALEPH, DELPHI, L3, OPAL experimental results of searches for an ex-
tended Higgs sector have been published as a 95% CL limit on the cross section [56]. Additional
experimental constraints were applied from AI'z, decay-mode independent Z®; searches, and
searches for the Yukawa processes which contribute mostly for very light ®; masses. The com-
bined LEP data interpretations were given for different MSSM benchmark scenarios [55].
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Figure 2.3: Top: the 95% CL upper bounds (Ses), for the Higgsstrahlung process ; — 77, as
a function of the Higgs boson mass (left) and upper bounds for the Higgsstrahlung cascade
process ete” — Z®,, with &, — PPy and ®; — bb (right). Bottom: exclusions at 95%
CL (medium-grey or light-green) and the 99.7% CL (dark-grey or dark-green), in the case of
the CP-conserving m}"** benchmark scenario. The figure shows the theoretically inaccessible
domains (light-grey or yellow) and the regions excluded by this search in the (my, tan ) and
(ma, tan B) parameter space.
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The exclusion limits are presented in different declinations of the MSSM parameter space, for
both CP-violating and CP-conserving scenarios. In the latter case, the exclusions for the m;"™*
benchmark scenario are shown in Fig 2.3. In the region with tan p less than about five, the
exclusion is provided mainly by the Higgsstrahlung process, giving a lower bound of about
114 GeV for my,. Athigh tan j, the pair production process is most useful, providing limits in the
vicinity of 93 GeV for both my, and m4. For my, in the vicinity of 100 GeV, a deviation between
the expected and the experimental exclusions is observed. This deviation, which is also present
in other CP-conserving scenarios, is due to the excess in the Higgsstrahlung channel visible also
in the SM search. The data also exclude certain domains of tan 8. This is illustrated in the (14,
tan ) projection (Fig. 2.3). In the CP-conserving m;'"* scenario, values of tan 8 between 0.7

and 2.0 are excluded, but this range depends considerably on the assumed top quark mass and
Msusy.

2.6 BSM HIGGS BOSON SEARCHES AT TEVATRON

The current searches at the Tevatron were not sensitive to a SM-like Higgs in the mass region
allowed by the LEP exclusion bounds [19, 25], except for a small mass range around twice the
W mass. On the other hand, scenarios with enhanced Higgs boson production cross sections
could be probed with the accumulated luminosity. Enhanced production cross sections can
occur in particular for low mp in combination with large tan 8 due to the enhanced couplings
of the Higgs bosons to down-type fermions.

The two dominant production mechanisms of neutral MSSM Higgs bosons at at high tan 8 are
gluon-gluon fusion and bb fusion, and the leading decay modes are ® — bb (~ 90%) and
® — 7T (~ 10%). The presence of spectator b quarks in the final state significantly decreases
the Z boson background, making the ® — 77 decay channel competitive against the ® — bb
decay, which has a larger branching ratio but suffers from a large multijet background and is
more sensitive to MSSM parameters. The LEP experiments have excluded ma < 93 GeV [19],
and higher-mass A for small tan 8. Searches at the Tevatron collider were complementary,
providing sensitivity in the large tan 8 region.

Searches for neutral Higgs bosons decaying into T lepton pairs and produced in association
with b quarks, b® — btT, have been performed by the D0 Collaboration [57] with the full
Tevatron luminosity in 7,7, final states, where 7, denotes hadronically-decaying 7. The CDF
search for the same process [55] used a sample corresponding to an integrated luminosity of
1.8 fb~! of Run I and Run II data and studied three final states, adding the 7.7, and 7,7, chan-
nels. No significant excess in signal over background has been observed and thus limits on the
production cross section for neutral Higgs boson times the branching fraction into 7 leptons
are given for neutral Higgs bosons in the range of 90 to 300 GeV, and interpreted in the MSSM
benchmark scenario (Fig. 2.4).

A MSSM signal was sought also in the b® — bbb process by the CDF [59] and DO [60] exper-
iments. The analyses were challenging due to the intrinsic difficulty of modeling the multijet
background, but offered a good sensitivity due to the high branching ratio of the neutral Higgs
bosons into pairs of b quarks. Requiring at least one additional b quark allowed to discrimi-
nate the copious multi-b QCD yield, exploiting the relatively high cross section of this kind of
electroweak process at high tan 8.

The CDF analysis, limited to a data sample of 2.6 fb~!, showed a modest and broad excess in the
150 GeV mass region. The significance of the excess is 2.8 standard deviations, corresponding
to a background p-value in this region of 0.23%, which becomes 2.5% taking into account the
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Figure 2.4: Left: Visible T7 invariant mass M,;; spectrum in the DO search for the ® — 7T
process, combining the considered T decay modes. Right: combined 95% CL upper bounds
for the DO search interpreted in the MSSM (m,, tan B) parameter space in the m;'"* benchmark
scenario.

trials factor for the number of mass points searched. If this excess were to be attributed to the
production of a narrow resonance in association with a b jet with kinematics characteristic of
Higgs boson production, it would correspond to a production cross section times branching
ratio of about 15 pb, as shown in Fig. 2.5. In the modified MSSM m}"** scenario with negative
u = —200GeV, the analysis allows exclusion of tan § values greater than 40 for ma = 90 GeV
and 90-140 for the mass range 110 — 170 GeV.

The analogous DO analysis in the same final state used a larger dataset corresponding to an
integrated luminosity of 5.2fb~! and a different method to estimate the background expecta-
tion. The data show a deviation from the expectation around 120 GeV (Fig. 2.5), corresponding
to a 2.5¢0 excess. Limits on tan as a function of m are derived for a m]"** scenario with
u = —200GeV; weaker limits are obtained for 1 > 0 scenarios, due to the decreased cross
sections and branching ratios.

2.7 BSM HIGGS SEARCHES AT CMS

At LHC, the good T reconstruction and identification performance, together with the relatively
small SM backgrounds, makes the MSSM @& — 7T channel the most sensitive to signatures
of an extended Higgs sector. The CMS search [61] is very similar to the analysis targeting the
same standard model final state, already described in Sec. 1.6.4, and the results presented here
are based on the full 7 and 8 TeV datasets. The neutral MSSM Higgs bosons are expected to
be predominantly produced either in gluon-gluon fusion or in b quark associated production.
For larger values of tan 8 the latter mode dominates, and the branching fraction Br(® — 77)
is also enhanced. An additional categorization, with either 0 or > 1 b tagged jets, is defined to
enhance the sensitivity to the two production modes. Model-independent upper limits at 95%
CL are derived on the resonance production rate 0(gg®)B(77) and o (bb®)Br(t7) indepen-
dently (Fig. 2.6), and interpreted as constraints on the MSSM parameters in the m-tan  plane
assuming the other MSSM parameters to be defined by the m]"** benchmark scenario. In all
cases, the signal hypothesis is tested against a background plus SM-Higgs hypothesis, taking
into account the Higgs boson at my, = 125 GeV.
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Figure 2.5: Top: dijet invariant mass spectrum in the CDF (left) and DO (right) searches in the
b® — bbb channel. Bottom: 95% CL limits interpretation in the MSSM parameter space and
mj"* benchmark scenario at CDF (left) and DO (right).
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The LHC accelerator and the CMS
experiment

The Run I collisions data provided by the LHC accelerator offer an unique possibility to investigate new
physics phenomena at an energy scale never reached before. The excellent performance of the accelerator
and the detector commissioning allowed physicists to perform relevant measurements and discover the
Higgs boson within the very first years of operation. This chapter briefly describes the LHC accelarator
and the CMS experimental apparatus and its subdetectors, explaining how particles produced in the
collisions are detected, identified and reconstructed. This thesis consists in the analysis of 2011 and
2012 collision data collected in a center-of-mass energy of 7 and 8 TeV by the CMS experiment.

3.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) [62] is a proton-proton and heavy-ion collider operating
at CERN since 2009 in the 27 km ring tunnel previously used by the LEP electron-positron
collider [63]. The choice of a non-elementary particle as the proton for the beams instead of
electrons-positrons is dictated by the necessity to increase the energy of the collisions, being
LEP II limited by the energy loss due to synchrotron radiation.

The LHC injection chain is composed by several accelerators. The proton beam starts from
LINAC, a small linear accelerator, where its energy firstly reaches 50 MeV. It then passes
through a booster, then in the PS where it is accelerated up to 25GeV, and then in the SPS up
to 450 GeV. The beam is finally injected in the LHC ring, where it is accelerated up to 3.5 TeV in
the 2010-2011 period and to 4 TeV in 2012. Starting from 2015 collisions with a center-of-mass
energy of \/s = 13TeV close to the 14 TeV design value should take place. The LHC ring and
the acceleration chain are sketched in Fig. 3.1.

One critical aspect of accelerating protons to such high energies is the magnetic field, obtained
employing about 9300 superconducting magnets along the ring, operating at a temperature
of 1.9 K to provide a maximum magnetic field of 8.3 T. The accelerating power is given by
radiofrequency cavities, giving a 485 keV energy gain per revolution, after accounting for the
7 keV loss per turn due to synchrotron radiation.

The high luminosity of the LHC beams is obtained with a high frequency bunch crossing and a
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Figure 3.1: Schematic view of the CERN accelerator complex.

high density of protons per bunch. Each proton beam consists of 1380 bunches separated by at
least 50 ns, and each bunch contains about 10! protons, while the transverse dimension of the
beam, fully squeezed at the collision points, is around 16pm. The usage of two proton beams
instead of having one composed by anti-protons allow an easy and fast population of both
beams with a high number of particles. Since the two partons involved in the interaction have
unknown momentum, the total effective collision energy of the hard interaction is unknown,
because the proton remnants are scattered at small angles and escape undetected in the beam
pipe. As a consequence, it is not possible to precisely measure the total and missing energy of
the event, but only their transverse components, i.e. their projections in the plane transverse to
the beams.

The LHC beams collide in four different interaction points, where four experiments take place.
The Compact Muon Solenoid (CMS) and the A Toroidal LHC Apparatus (ATLAS) are multipurpose
detectors, designed around the experimental requirements to provide sensitivity to the Higgs
boson, supersymmetry, extra dimensions, and heavy resonances. The LHC beauty experiment
(LHCDb) is focused on the physics of the quark b, while A Large Ion Collider Experiment (ALICE)
is intended to study the quark-gluon plasma produced in heavy ion collisions.

3.1.1 LHC COMMISSIONING AND RUN I PERFORMANCE

In November 2009, LHC provided the first collisions at injection energy, 450 GeV per beam, in-
creased soon afterwards to 1.18 TeV. In Spring 2010 the beam energy reached 3.5 TeV, allowing
the experiments to collect up to 36 pb ™' of data by end of 2010. With the progressive increase in
the instantaneous luminosity (Fig. 3.2), whose peak values reached 3.5 - 10¥ cm 2571, 4.8fb ™!
were delivered by end of 2011. In 2012 the beam energy increased to 4 TeV per beam, with peak
instantaneous luminosities up to 6.5 - 10% cm~2s~! allowing the experiments to collect about
5fb~! by the end of summer, and 20 fb™ ! at the end of the year. In 2011 and 2012 the LHC oper-
ated with a 50 ns bunch spacing and about 1380 colliding bunches, and since the cross section
for inelastic collisions is approximately 70 and 75 mb [64], respectively, the expected number of
interactions in the same bunch crossing (pileup) for the 2011 and 2012 instantaneous luminosi-
ties is about 15 and 21 respectively.
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Figure 3.2: Cumulative luminosity versus day delivered to (blue), and recorded by CMS (or-
ange) during stable beams and for pp collisions at 7 TeV center-of-mass energy in 2011 (left)
and 8 TeV in 2012 (right).
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Figure 3.3: Left: peak delivered luminosity per day during the 2011 pp run. Right: mean
number of interactions per bunch crossing in 2012.

3.2 THE COMPACT MUON SOLENOID

The Compact Muon Solenoid (CMS) [65] experiment, sketched in Fig. 3.4, is a 21.6 meters long,
15 m wide, general purpose, hermetic detector, designed around its superconducting mag-
net [66]. The main purposes of its design are a precise measurements of the muon momentum
in the muon system, an excellent energy determination for electron and photon energy in the
electromagnetic calorimeter, and a state-of-the-art tracking system to measure the transverse
momentum and impact parameter of charged particles.

The CMS magnet is the largest of its type ever constructed and allows the tracker (pixel and
strips) detectors, the electromagnetic (ECAL) and hadronic (HCAL) calorimeters to be placed
inside the superconducting coil. The high current provides an homogeneous 3.8 T magnetic
field of the strength [67]. The field is closed by a iron yoke which increases the field homo-
geneity reducing the stray field by returning the magnetic flux of the solenoid. In addition, the
yoke is instrumented with four layers of muon stations, which provide for a measurement of
the muon momentum independent of the inner tracking system. ATLAS, in contrast, chose to
place only the tracker is inside its 2 T solenoid, and their calorimeters and the muon system are
located outside of the magnet in two additional toroidal magnetic fields.
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Figure 3.4: The Compact Muon Solenoid experiment.

The CMS coordinate system is oriented such that the x-axis points to the center of the LHC
ring, the y-axis points vertically upward and the z-axis is in the direction of the beam towards
the Jura mountains, with the origin of the axes located in the interaction point. The azimuthal
angle ¢ is measured from the x-axis in the xy plane, and the radial coordinate in this plane
is denoted as r. The polar angle 6 is defined in the rz plane, and the pseudorapidity 7 is
defined as 7 = —logtan(0/2). This leads to an 7 of 0 for particles moving perpendicular to
the beam direction and the beam direction itself has a pseudo-rapidity of d-cc in the z direction.

A quantity similar to the pseudorapidity is the rapidity y, defined as y = 1log (?_r?i ) For
massless particles, rapidity and pseudorapidity are equivalent. The momentum component
transverse to the beam direction, denoted pr, is computed from the x-and y-components, and
similarly the transverse energy is defined as Er = E sin 6. Both Ay and Ag¢ of two particles are

independent of Lorentz boosts, therefore the distance between two particles can be measured
in a third Lorentz-invariant variable, called AR and defined as AR = \/Ay? + Ag®.

In the following a brief description of the main features of the CMS detector is reported, while
a detailed description can be found in Ref. [65].

3.2.1 TRIGGER AND DATA ACQUISITION

At the nominal bunch crossing interval of 25 ns, the pp collisions rate provided by LHC is 40
MHz. Since the average disk space for a single event is of the order of few MBytes, the rate at
which events can be recorded on tape is technically limited to few hundreds per second. Due to
these limitations, events have to pass selections during data taking (online), drastically reducing
the storage rate maintaining a high efficiency on the potentially interesting events [68]. The
system dedicated to this task is the trigger, while the data acquisition system (DAQ) is dedicated
to transfer data from subdetectors up to the storage systems. Selections made by a given trigger
logic are identified by the trigger path, a string contains the name of the object, followed by a
number which indicates the threshold, and a prefix to indicate how many objects are required.
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The CMS trigger is implemented at two levels:

Level-1 trigger (L1): has to reduce the rate from 40 MHz (with 30 events per bunch cross-
ing) to ~ 100 kHz in less than 3 us. The L1 trigger, consisting of customized proces-
sors, involves the calorimetric measurements and the muon system without looking
at the tracker. The trigger decision is based on the so-called “trigger primitive”, that
is the presence and the number of objects like electrons, photons, muons, jets and
T-jets, and ETSS with a transverse energy or pr above a given threshold.

High level trigger (HLT): based on a based on a computer farm, consists in a multi-step
procedure, reducing the event rate from ~ 100 kHz to about 300 Hz before data
storage. The first step, called L2, consists in the identification and measurements
of particle candidates and global variables using only the information coming from
calorimeters and muon system. In the next step, denoted as L2.5, information from
the pixel detector can be exploited for track reconstruction and primary vertex iden-
tification. The last step, known as L3, runs the same algorithms employed by the
offline reconstruction. Since at trigger level computing time is more critical than re-
construction accuracy, the algorithms are modified in order to be faster, even with a
slightly lower precision. In order to meet the timing requirements given by the L1
input rate, events can be discarded before being fully reconstructed, as soon as the
available information is enough to take the decision, or reconstruction can be limited
only to a restricted region of the detector, identified by the L1 trigger object.

3.2.2 THE GLOBAL EVENT RECONSTRUCTION AT CMS

The global event reconstruction at CMS relies on the particle flow (PF) [69, 70] algorithm, which
reconstructs and identifies each individual particle with an optimized combination of informa-
tion from the various elements of the CMS detector. The energy of photons is directly obtained
from the ECAL measurement, while the energy of electrons is determined from a combina-
tion of the electron momentum at the primary interaction vertex as determined by the tracker,
the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung pho-
tons spatially compatible with originating from the electron track. The momentum of muons
is obtained from the curvature of the corresponding track. The energy of charged hadrons is
determined from a combination of their momentum measured in the tracker and the match-
ing ECAL and HCAL energy deposits, and the energy of neutral hadrons is obtained from the
corresponding ECAL and HCAL energy.

The core of the particle flow reconstruction technique is the algorithm used to link the signals
of the individual subdetectors. The association criteria is purely geometrical. The aim is a
full reconstruction of each single particle, while reducing any possible double counting from
different detectors. Given the granularity of the calorimeters, energy deposits and tracks are
linked if their trajectory intersects one of the calorimetric cells, and likewise clusters in the
ECAL pre-shower, ECAL and HCAL are linked if the cluster position is compatible in the 7, ¢
plane between the extrapolated track position and the cluster position.

3.2.3 TRACKER

The tracker [71] is the CMS innermost subdetector. It is placed inside the coil of the 3.8 T su-
perconductive solenoid and it is designed to reconstruct the interaction primary and secondary
vertices and to measure the momentum of charged particles. Charged hadrons are important to
reconstruct hadronic jets, and are also useful to select isolated leptons or photons. The tracker
performance is also crucial for the reconstruction of secondary vertices used to identify b jets,
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and to reject tracks from additional interactions. The coverage extends up to || = 2.5 with a
surface of active silicon of 210 m2. The CMS tracker is composed of two different subdetectors:

The pixel tracker detector is composed of approximately 66 million pixel cells, with size
100 x 150 ym?, that allow a fine 3D vertex reconstruction. Pixels are used to ensure
low cell occupancy (10~ per pixel and pp collision) and a spatial resolution of about
10 ym in the r¢ plane and 15 ym in the z coordinate.

The strip tracker detector is divided in the barrel and endcaps regions. The barrel is di-
vided into two parts, the Tracker Inner Barrel (TIB) and the Tracker Outer Barrel
(TOB). The former is composed of four layers of silicon sensors with a thickness
of 320 ym and of strip pitches varying from 80 to 120 yum. The TOB is made of six
layers. In this subdetector thicker silicon sensors (500 ym) are employed, while the
strip pitch varies from 120 to 180 ym. The endcap region (|57| > 1.6) is covered by the
Tracker Inner Disks (TID) and the Tracker End Cap (TEC). All four regions (TIB, TID,
TOB, TEC) are instrumented with both single-sided and double-sided microstrip
modules. The strips are oriented along the z direction in the barrel and along the r
coordinate in the endcaps. The microstrip detector is designed to provide a spatial
resolution of about 20 — 50 ym in the r¢ plane and about 200 — 500 ym along z.
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Figure 3.5: Left: channel occupancy in events taken with an average of nine pp interactions per
beam crossing and an unbiased trigger. Right: Radiation length t/ Xy of the tracker material as
a function of pseudorapidity 7 [72].

The material budget of the CMS tracker in units of radiation lengths (Xj) as estimated from
simulation is shown in Fig. 3.5 [72]. It adds up to less than half a radiation length in the center
of the barrel, increasing to a maximum of about 1.8 Xj in the barrel-endcap transition. The high
granularity of the pixel detector ensures that the channel occupancy of the inner pixel layer is
much lower than that of the outer strip layer (Fig. 3.5).

3.2.3.1 TRACK RECONSTRUCTION

Trajectories of charged particles are reconstructed in CMS through multiple iterations of the
Combined Track Finder (CTF) algorithm based on the combinatorial Kalman Filter [73] starting
from the list of hits recorded by the tracker. The CTF algorithm consists of four different steps,
and after each iteration hits associated to the high quality tracks candidates are removed from
the input list.

The first step is seed generation, which provides an estimate of the helix parameters by using
only pairs or triplets of hits compatible with the hypothesis of a track coming from the interac-
tion region. Recognition begins with trajectory seeds created in the inner region of the tracker,



3.2. THE COMPACT MUON SOLENOID 41

producing 3D spatial measurements and facilitating reconstruction of low-momentum tracks
deflected by the magnetic field before reaching the outer part of the tracker. In the track finding
step, seed trajectories are extrapolated along the expected flight path of a charged particle. It
builds track candidates by adding one compatible hit from the next detector layer updating the
parameters. Once the track is completed another search is performed backward starting from
the outermost hit to improve the hit collection efficiency. Once all the track candidate hits are
collected, the trajectory is refitted in the track fitting step using the Kalman Filter and smoother
methods to determine the most accurate estimate of the helix parameters. The last iteration,
called track filter, maximizes the efficiency rejecting of fake tracks by applying some quality
requirements. After all steps of iterative tracking have been performed, the output collections
of the different steps are merged. Particles reconstructed by multiple steps are removed at the
merging step by selecting only the best track among those that share a large fraction of hits.

The performances of the track reconstruction algorithm are evaluated by using simulated events
and verified with collision data [72]. The average track-reconstruction efficiency for promptly-
produced charged particles with pr > 0.9 GeV is 94% in the barrel and 85% in the endcaps;
the inefficiency is caused mainly by hadrons that undergo nuclear interactions in the tracker
material. For isolated muons with 1 < pt < 100GeV the tracking efficiency is > 99% [72].
For transverse momenta above a few GeV, the resolution on the impact parameter is mostly
independent from 7 and approaches ~ 30 ym.

3.2.3.2 VERTICES RECONSTRUCTION

The position of the vertices resulting from the pp interactions in the same buch crossing (pri-
mary vertices) and those originated by heavy flavours and long-lived particles (secondary ver-
tices), together with their corresponding uncertainty, is determined through a multistep proce-
dure [74], starting from the reconstructed tracks in the event. In the first step, tracks originating
from the primary interaction region are clustered using a deterministic annealing algorithm [75]
based on the impact parameter along the z coordinate, followed by the application of an adap-
tive vertex fitter [76]. The vertex-finding algorithms can be very different depending on the
physics case, whether the vertex to be reconstructed is primary or secondary, or specifically for
exclusive decays. Vertex fitting involves determining the best estimate of the vertex parame-
ters (position and covariance matrix) for a given set of tracks, with indicators of the fit quality,
like the total x?, the number of degrees of freedom, or track weights. The primary vertex orig-
inating the hard scattering is chosen as the vertex with highest sum of p? of the associated
tracks. The resolution depends on the event topology and is typically between 10 ~ 40 ym in
the transverse plane and 15 ~ 50 ym in the z-direction.

3.2.4 ELECTROMAGNETIC CALORIMETER

The Electromagnetic Calorimeter (ECAL) measures the energy of electrons and photons, and
is placed immediately outside the tracker, but still inside the solenoid. ECAL covers a fiducial
region up to |77| < 2.5, and is made of 74 848 lead-tungstate (PbWO,) crystals, a transparent
material denser (8.3 ¢/cm?) than iron, with a radiation length Xy of 0.89 cm, a Moliere radius
Ry of 2.19 ¢cm and with fast response (80% of light emitted within 25 ns). The compact di-
mensions of the crystals, while retaining the possibility to fully contain the expansion of the
electromagnetic shower, makes ECAL particularly suitable to be placed inside the magnetic
coil. The barrel crystals have a front face area of 2.2 x 2.2cm?, a length of 23 cm (25.8X) and
they are positioned at 7 = 1.29 m. The crystals in the endcaps have a 2.47 x 2.47 cm? front face,
a 22 cm length and they are positioned at z = £3.17 m. For triggering purposes ECAL crystals
are grouped together into 5 x 5 trigger towers. A pre-shower device is placed in front of the
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endcaps, made of two disks of lead absorber at 2Xj and 3Xj, and of two planes of silicon strip
detectors. It allows the rejection of photon pairs from 77y decays and improves the estimation of
the photon direction, enhancing the two-photon invariant mass resolution. The ECAL energy
resolution can be parametrized by three different contributions:

oE_ & b
E VE E

where the first term is statistical in nature and contains fluctuation in showering and in the am-
plification through photodiodes (2 = 1.8%), the second considers electronic noise and pileup
(b = 4%) and the last term is related to calibration (¢ = 0.5%).
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Figure 3.6: Illustration of the CMS electromagnetic calorimeter (ECAL).

3.2.5 ELECTRON IDENTIFICATION AND RECONSTRUCTION

Electrons are identified and reconstructed [77] by using the good track resolution of the sil-
icon tracker and the high granularity of the electromagnetic calorimeter. Since electrons are
stopped inside the ECAL, they are affected by the jet-induced background. Two complemen-
tary approaches are employed to reconstruct electrons:

Tracker seeding: the track is fitted starting from the tracker hits, and afterwards the calori-
meter information is added; this method gives the best results for low-pt electrons
inside jets.

ECAL-driven seeding: the first step is to reconstruct a group of clusters of energy deposits
in the calorimeter (SuperCluster). The information about the electron cluster char-
acteristic width in 77 and ¢, the latter depending also on the track bending due to
the magnetic field, are taken into account. The supercluster position is then used
to make a match to tracker seeds, and finally a global fit is performed, using an ap-
propriate modeling of energy loss in the tracker material, which is not negligible for
electrons. This method is the most adequate for electrons in a medium or high pr
range.



3.2. THE COMPACT MUON SOLENOID 43

The bremsstrahlung energy loss distribution of electrons propagating in matter is highly non-
Gaussian. Because the Kalman filter relies solely on Gaussian probability density functions, it
is not necessarily the optimal reconstruction algorithm for electron tracks. A Gaussian-sum filter
(GSF) algorithm for electron reconstruction in the CMS tracker has therefore been developed
and implemented [78]. The bremsstrahlung energy loss distribution due to photons emitted
in a direction tangent to the electron trajectory in the tracker material is modeled by a sum
of Gaussians rather than by a single Gaussian, improving the resolution on reconstructed mo-
mentum with respect to the standard Kalman filter.

The identification of electrons relies on a Boosted Decision Tree (BDT) multivariate technique [77]
that combines observables sensitive to the amount of bremsstrahlung along the electron trajec-
tory, the geometrical and momentum matching between the electron trajectory and associated
clusters, as well as shower-shape observables. The multivariate identification is trained using
a Higgs boson Monte Carlo (MC) sample for the signal and a W + 1-fake electron data sample
for background. This allows to train the BDT directly on a data control sample for a fake-
enriched sample which is poorly described by simulation. The MVA selection reduces fakes by
about half with respect to the cut-based working points while retaining the same identification
efficiency, as seen in Fig. 3.7.
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Figure 3.7: Left: electron resolution as a function of the measured electron pr. Right: elec-
tron identification efficiency vs. misidentification efficiency for the multivariate and cut-based
selections. Both refer to electrons in the barrel region.

The electron energy measurement [77] is obtained starting from the raw energy collected in
ECAL superclusters, corrected for the imperfect containment of the clustering algorithm, losses
due to bremsstrahlung and interactions upstream the ECAL and leakage arising from showers
near gaps between crystals or between ECAL modules or supermodules. The technique used
is a multivariate regression trained on a simulated Z — ete™ sample with different set of
variables depending on whether the electron is detected in the ECAL barrel or endcaps. The
pileup contribution is taken into account by including the average energy density p in the
event. With respect to traditional supercluster corrections, this technique improves the electron
resolution by about 10%.

Remaining small residual discrepancies between data and simulation are corrected by factor-
izing the crystals transparency loss effect as a function of the run period, the electron pseudo-
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Figure 3.8: Effect of the electron energy regression (left) and smearing corrections (right) on the
Z — eTe” peak for electrons in the barrel region.

rapidity, and the bremsstrahlung pattern. Correction factors are below 0.5% and ~ 1.5% in the
barrel and endcap regions. In addition, the energy in the simulation is modified applying a
random Gaussian multiplicative factor to match the electron resolution measured in data.

3.2.6 HADRONIC CALORIMETER

The hadronic calorimeter (HCAL) [79] is placed just outside ECAL and inside the magnet coil.
The CMS HCAL is a sampling calorimeter, whose active elements are plastic scintillators inter-
leaved with brass absorber plates and read out by wavelength-shifting fibers. Brass has been
chosen as absorber material for its short interaction length and because it is non-magnetic.
The thickness of the absorber layers is between 60 mm in the barrel and 80 mm in the end-
caps. The barrel ranges between 5.46 interaction lengths at 7 ~ 0 to 10.8 at 7 ~ 1.3, while
the endcaps have an average of 11 interaction lengths. The photodetection readout is based on
multi-channel hybrid photodiodes, able to operate in a high magnetic field, that give an am-
plified response proportional to the original signal for a large range of particle energies. The
HCAL energy resolution is parametrized as:

o a

E~ VR @b
where a =~ 65% in the barrel, ~ 85% in the endcaps and ~ 100% in the hadron forward calori-
meter, while b is a flat 5% over the full # range.

HCAL plays also an important role in the reconstruction of missing energy. The design is
strongly influenced by this goal, hence an important requirement is a high hermeticity. Such
features require the detector to cover the biggest possible portion of the solid angle. For this
reason, the barrel and endcaps are complemented by a hadron forward calorimeter, which
is placed outside the magnet return yokes, at 11 m from the interaction point, with a total
coverage of 3 < || < 5.3. Moreover, an outer hadronic calorimeter is placed in the first muon
absorber layer in order to enhance the containment of high-energy jets in the central region of
the detector.
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3.2.7 JET RECONSTRUCTION

Most of the processes of interest at the LHC contain quarks or gluons in the final state. While
partons are not directly observable they manifest themselves through hadronization to stable
particles which can be detected in tracking chambers and calorimeters. Perturbative theory and
the hadronization model describe the interaction between constituent partons of the protons
and the subsequent showering into stable particles.

CMS reconstructs jets starting from all the PF candidates in the event (hence called PFjets),
namely muons, electrons, photons, charged hadrons and neutral hadrons. Particle flow charged
hadrons candidates are identified as tracks in the inner tracker, and linked to calorimetric de-
posits if the particle pr is large enough (> 750 MeV). If the tracker and calorimeter measure-
ments are compatible, the best energy determination is obtained as a combination of the two,
after accounting for non-linearities and zero suppression effects. If instead an excess of calori-
metric energy deposition is found with respect to the momentum of the associated track, or
calorimetric deposits are not linked to any tracks, the energy is identified as coming from a
photon or a neutral hadron. If the track momentum exceeds significantly the measured calori-
metric energy, the particle is considered a minimum ionizing particle and is identified as a
muon after satisfying very loose identification criteria. In this case, linking between tracks in
the tracker and a muon tracks in the muon system is established as well. Linked objects are pro-
cessed and reconstructed as particle candidates; composite objects, like jets, are built starting
from the list of particle candidates in the event.

Particle candidates are merged together into jets by clustering algorithms, implemented in the
FastJet software [80]. The most widely used in CMS is the anti-kT [81, 82], with a radius pa-
rameter R = 0.5. The anti-kT is a sequential recombination jet algorithm, that merges pairs of
particle candidates in order of increasing relative transverse momentum into jets, until a stop-
ping requirement is achieved, typically when the distance between adjacent jets is greater than
some value. The distance between two candidates i and j is defined as:

ARZ?
dij = min(p3, P2Tl§') Rzl]

with AR;; being the distance in the y — ¢ plane. In addition to the radius parameter R, the
parameter k governs the relative power of the energy versus geometrical (AR;;) scales. The
k = 1 choice corresponds the inclusive-kT algorithm, while the case of k = 0 is the inclusive
Cambridge/Aachen algorithm [83]. The anti-kT algorithm considers k = —1. With this choice, the
distance d;; between a soft and a hard particle is dominated by the hard-particle pr. Instead,
two soft particles with a similar separation AR;; would have a larger distance d;;. As a conse-
quence, soft particles will tend to cluster with hard ones before they cluster among themselves.
If a hard particle has no hard neighbors within a distance 2R, then it will simply accumulate all
the soft particles within a circle of radius R, resulting in a conical jet. The key feature is that the
soft particles do not modify the shape of the jet, unlike hard particles, making the jet boundary
resilient with respect to soft radiation, but flexible to hard radiation. This feature is known
as infrared safety. The anti-kT is also collinear safe, meaning that splitting an hard candidate in
two or more collinear candidates with softer pt does not change the result of the jet clustering
sequence.

In order to reduce reconstruction biases due to pileup interactions, particle candidates whose
impact parameter is not compatible with the primary vertex are removed from the clustered
jets. This procedure is known as charged hadron subtraction (CHS). The jet momentum is de-
termined as the vectorial sum of all particle momenta in this jet (raw jets), and at this stage the
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reconstructed jet energy has a bias caused by different reasons, the most important of which are
the non-linear response of the calorimeters, the detector segmentation, the presence of material
in front of calorimeters, electronic noise, and noise due to additional interactions from the same
bunch crossing. Several levels of corrections, sketched in Fig. 3.9, are applied to the raw jets in
order to obtain the energy value that is closer to the true energy of the initial parton [84]:

L1 Offset: the pileup and electronic noise effects are removed. This correction can be esti-
mated using events collected by a random trigger, without any preconditions except
a beam crossing, referred as zero bias events. The offset contribution from pileup
is estimated by the FastJet method which relies on the definition of a jet area [85]
from which a median energy density (p, in GeV/Area) per event can be defined.
The correction subtracted to the jet pr equals to p times the jet area. FastJet has the
advantage of being able to remove the out-of-time pileup component, but has the
disadvantage of subtracting the underlying event contribution as well.

L2 Relative (17): the variation in jet response with # is flattened. The unbalance between
the jets transverse momentum that is observed on average, is due to the variation of
the jet response across the detector versus 7.

L3 Absolute (pt): the calorimetric energy response varies as a function of the jet pt. The
absolute correction removes these variations and makes the response equal to unity.
This correction is obtained from simulation using the Monte Carlo truth information.

L2L3 Residual: differences between data and simulation after L2 and L3 corrections are
removed by applying a specific calibration to Monte Carlo events. Residual correc-
tions are extracted from data using the transverse momentum balance in y+jets and
Z +jets events [84].

Applied on MC

L2Res (7) L3Res (pr) L5

dijets v/Z+jet, MIB
flavor

Figure 3.9: Summary of the CMS jet energy correction steps.

The overall uncertainty on the jet energy scale for jets with pr > 30GeV is smaller than 3% in
the barrel and 5% up to || < 4.5. Figure 3.10 shows the jet energy correction (JEC) uncertainties
as a function of the jet pt. Since measurements on data show that the jet energy resolution (JER)
is not the same in data and MC, corrections are applied in simulation, smearing by about 5%
jets in the barrel region, and up to 15% jets in the endcaps [84]. The jet energy resolution,
shown in Fig. 3.11, amounts typically to 15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV, to be
compared to about 40%, 12%, and 5% obtained when the calorimeters alone are used for jet
clustering [84]. Jets are also requested to pass loose identification criteria, in order to reject fake
jets due to calorimeter noise, with more than 99% efficiency for true jets.

3.2.8 B JETS TAGGING

Algorithms for b-jet tagging allow to distinguish jets originating from heavy flavours (B hadrons)
and lighter flavours (including D hadrons). The tagging algorithms rely on several distinct
properties of B hadrons: a large proper lifetime (7 ~ 1.5 ps, ct ~ 450 um), a large mass, and
relatively large semileptonic branching ratios. In about 40% of the cases, B hadron decays in-
volve also muons or electrons, from both direct decays from the b quark and cascade decays
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Figure 3.10: Jet Energy scale corrections for jets as a function of jet 77 for a typical jet pt = 50 GeV
(left) and jet energy correction uncertainties for each single source.
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Figure 3.11: Jet Energy resolution for PFJets in two different 5 regions, 0 < |1| < 0.5 (left) and
2 < |n| < 2.5 (right).

from c quarks in D hadrons often produced from the decay of B hadrons.

The b-tagging algorithms rely upon the reconstruction of lower-level physics objects, mainly
jets and tracks. Most of the B hadron properties are exploited using charged particle tracks be-
cause only tracking detectors offer the spatial resolution needed to detect the significant decay
length of B hadrons. Efficient track reconstruction, and in particular precise spatial reconstruc-
tion close to the interaction point, is the key ingredient for almost all b-tagging algorithms.
Tracks are required to pass minimal quality requirements: having a pt has to be larger than 1
GeV, being reconstructed by at least 8 hits, with at least 2 of them in the pixel detector, and be-
ing considered associated to the primary vertex (d, < 2mm); this removes tracks from pileup
interactions and long-lived particles. Furthermore, the x?/ndf of the track fit should be < 10.
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The physics motivation of the positively-signed track
impact parameter requirement is that the track should
be consistent with a particle decaying in a point with
some positive displacement from the primary vertex
along the direction of the jet (Fig. 3.12); on the con-
trary, a negative impact parameter corresponds to a de-
cay point behind the primary vertex. Negative impact
parameters arise mostly as a result of the finite detec-
tor resolution which results in mis-measured track pa-
rameters, and can be used to estimate the mistagging
performance of jets that do not originate from b and ¢
quarks.

The association of tracks to jets is performed via a cone-
based jet-track AR = \/Ay? + Ap? < 0.3 distance crite-
rion. Several b-tag algorithms have been implemented
by the CMS collaboration, each one with its own pecu-
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Figure 3.12: Sketch of the main
characteristics of a b jet.

rimary Vertex

liarities. Some exploit the long B hadron lifetime by looking at displaced tracks (track-based al-
gorithms) and the reconstruction of a secondary vertex within the jet (vertex-based algorithms),
others its semi-leptonic decay mode. The best performance, expressed as b jet tagging efficiency
versus c- or light-jet mistagging, is achieved by combined algorithms which collect in a single
discriminator the information provided by all the possible variables (combined algorithms).

Track Counting: a simple b tagging method, based on the simple requirement of a mini-

mum number of good-quality tracks with an impact parameter significance exceed-
ing a given threshold. Tracks are ordered by decreasing signed impact parameter
significance, which serves as the discriminator. The high efficiency algorithm (TCHE)
uses the second track, while the high purity (TCHP) chooses the third.

Jet Probability: a more sophisticated track-based algorithm, also exploiting the long life-

time of B hadrons and based on track impact parameters. It entails computing the
compatibility of a set of tracks with having come from the primary vertex. Tracks
with negative impact parameter are used to extract a resolution function, which is
used to calibrate the impact parameter significance distribution. The (signed) proba-
bility is flat between -1 and 1 for tracks coming from the primary vertex, and positive
and concentrated near 0 for tracks with large impact parameter significance. A slight
variation of the JetProbability is the JetBProbability, which takes into account only the
four most displaced tracks (the average number of charged particles from b hadron
decay).

Soft lepton: tags b jets by searching for electrons or muons from the semi-leptonic B hadron

decay, which typically has a large momentum with respect to the jet axis and a large
impact parameter. The b tag discriminator is the output of a neural net trained on
four characteristic variables, the p'¢! (the lepton pr relative to the jet direction), the
3D impact parameter significance of the lepton track, the ratio between the lepton
pt and the jet energy, and the angular separation between the lepton and the jet axis.
Although the efficiency of these lepton-based algorithms is limited by the intrinsic
B— v + X branching ratio, the information can be integrated in the more perform-
ing combined algorithms.

Secondary vertex: based on the reconstruction of the secondary decay vertex of the weakly

decaying B hadron, using an adaptive vertex finder, and it uses variables related to it
to calculate its b tag discriminator. Secondary vertices are required to have a distance
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from the primary vertex to the secondary vertex in the transverse plane between
100 um and 2.5 cm and a significance larger than 3. Additionally, the invariant mass
of charged particles associated to the vertex must not exceed 6.5 GeV, and the vertex
must not be compatible with a K decay. Two vertex-based algorithms are available,
the high efficiency (SSVHE) and the high purity (SSVHP) which use primary vertices
composed by at least two and three track, respectively.

Combined Secondary vertex: allows to overcome the intrinsic 50 — 65% reconstruction ef-
ficiency of the secondary vertex that limits the vertex-based efficiency algorithms.
This combined algorithm (CSV) merges the information about track impact parame-
ters and secondary vertices, providing discrimination even when no secondary ver-
tices are found. Jets are divided in three exclusive categories, depending on the pres-
ence of a reconstructed secondary vertex (“vertex”), or at least two tracks with impact
parameter significance larger than 2 (“pseudo-vertex”), or none of the previous (“no
vertex”), where the algorithm relies on track-based variables alone. A likelihood dis-
criminator is built and trained separately on the three categories using the following
variables, with a high discriminating power and low correlation:

e the number of tracks in the jet

e the number of tracks associated to the secondary vertex

e the secondary vertex mass

e the 2D flight distance significance (¢7p/IP) of the secondary vertex

o theratio of the transverse momentum of the tracks at the secondary vertex
with respect to all tracks in the jet

o the 7 separation of the secondary vertex tracks with respect to the jet axis

e the 2D IP significance of the first track ordered by decreasing IP signifi-
cance that raises the secondary vertex mass above the charm threshold

e the 3D signed IP significance for each track in the jet
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Figure 3.13: Reference distributions for the JetProbability (left) and Combined Secondary Vertex
algorithms (right), for each flavour contribution.
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The efficiency to tag b jets and the rate of misidentification of non-b jets depend on the cut
on the algorithm discriminant. Three main working points are defined, the loose (L), medium
(M), and tight (T) such that the misidentification probability for light-parton jets is close to 10%,
1%, and 0.1% respectively. For the CSV algorithm and the tight working point (CSVT) the effi-
ciencies to tag b quarks, ¢ quarks, and light quarks or gluons are approximately 50%, 6%, and
0.12%, respectively [86]. The performance of tagging algorithms are measured on independent
samples of multijet events, exploiting the B hadron decays into muons, and tt events in both
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the lepton+jets and dilepton final state [86]. The probability of light-flavour quark and gluon
jets being misidentified as b jets is evaluated with negative tagging algorithms, identical to the
original ones, but using only on tracks with a negative impact parameter or secondary vertices
with a negative decay length. Multiplicative scale factors to account for different tagging and
mistagging efficiencies between data and simulation, for different jet flavours i = b, ¢, [, are
defined as SF; = £47!7 /%™ There are different ways to take scale factors into account. The sim-
plest one is to consider a per-event weight given the number of tagged jets and their flavour.
Other methods allow to modify the value of the tagger discriminator in simulation to match
the efficiency measured in data [33].
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Figure 3.14: Tagging efficiency for b jets of the CSV algorithm measured in data and simulation.
The bottom plot show the ratio of data and simulation efficencies, corresponding to the scale
factors.

3.2.9 MUON SYSTEM

A good muon detection, precise momentum measurement and efficient triggering are of pri-
mary importance as muons represent a clear signature for a large number of physics processes.
The CMS muon system [87] fulfills these purposes. It is hosted in the return yoke outside the
solenoid, that shields the muon detectors from electromagnetic and hadronic particles that are
not contained inside the calorimeters. Furthermore, the yoke provides a magnetic field be-
tween consecutive muon stations, allowing a momentum measurement independent from the
inner tracker.

Three different types of subdetectors, sketched in Fig. 3.15, compose the muon system:

Drift Tubes (DT): four layers of Drift Tube chambers are placed in the barrel region (|| <
1.2), where the particle rate and the residual magnetic field are low. The chamber
segmentation follows the iron yoke structure, consisting of 5 wheels along the z-
axis, each one divided into 12 azimuthal sectors. Each DT chamber, on average 2
m x 2.5 m in size, consists of 12 aluminium layers, arranged in three groups of
four, each with up to 60 tubes: the middle group measures the coordinate along the
direction parallel to the beam and the two outside groups measure the perpendicular
coordinate. The muon position in each DT is reconstructed by measuring the drift
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time of the ionization electrons, and converting it into a distance from the wire. Each
one of the 250 DT chambers has a resolution of ~ 100 ym in r¢ and 1 mrad in ¢.

Cathode Strip Chambers (CSC): in the two endcaps (0.8 < |f| < 2.4), where the flux of
hadron punch-through and radiation is much higher and the magnetic field is strongly
varying, 540 Cathode Strip Chambers are used. In each of the endcaps the chambers
are arranged in 4 disks perpendicular to the beam, and in concentric rings (3 rings
in the innermost station, 2 in the others). Each chamber has a spatial resolution of
about 200 ym in 7, and 75 — 150 ym in the r¢ coordinate.

Resistive Plate Chambers (RPC): In both the barrel and the endcaps, a system of 912 Resis-
tive Plate Chambers is installed, ensuring redundancy to the measurement. RPCs
provide a rougher spatial resolution than DTs and CSCs, but the fast response with
a good time resolution (1 ns) is used for triggering purposes.

‘ 12IOO

Z (cm)
Figure 3.15: Section view of the CMS muon chambers and their coverage as a function of de-
tector pseudorapidity [88].

3.2.10  MUON RECONSTRUCTION

In the standard CMS reconstruction for pp collisions [88], muon tracks are first reconstructed
independently in the inner tracker (tracker track) and in the muon system (Standalone Muon
track). Standalone Muons are reconstructed using segments and hits from DT, CSC, and RPC,
using a Kalman filter technique, which provides direction, pr, and charge of the muon candi-
date.

Based on those objects, two reconstruction approaches are used [88]: Global Muon (outside-in)
and Tracker Muon (inside-out).

Global Muon reconstruction (outside-in): for each Standalone Muon track, a matching tracker
track is found by comparing parameters of the two tracks propagated onto a com-
mon surface, and a Global Muon track is fitted combining hits from the tracker track
and Standalone Muon track, using the Kalman-filter technique [73]. At large trans-
verse momenta, pt > 200GeV, the Global Muon fit can improve the momentum
resolution compared to the tracker-only fit.
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Tracker Muon reconstruction (inside-out): in this approach, all tracker tracks with pr > 0.5 GeV
and the total momentum p > 2.5GeV are considered as possible muon candidates
and are extrapolated to the muon system taking into account the magnetic field, the
average expected energy losses, and multiple scattering in the detector material. If
at least one muon segment (i.e., a short track stub made of DT or CSC hits) matches
the extrapolated track, the corresponding tracker track qualifies as a Tracker Muon.

Tracker Muon reconstruction is more efficient than the Global Muon reconstruction at low
momenta, pr S 5GeV, because it requires only a single muon segment in the muon system,
whereas Global Muon reconstruction is designed to have high efficiency for muons penetrat-
ing through more than one muon station and typically requires segments in at least two muon
stations. Thanks to the high tracker-track efficiency and a very high efficiency of reconstruct-
ing segments in the muon system, about 99% of muons produced in pp collisions and having
sufficiently high momentum are reconstructed either as a Global Muon or a Tracker Muon, and
very often as both. Muons reconstructed only as Standalone Muon tracks have worse momen-
tum resolution and less favorable collision muon to cosmic-ray muon ratio than the Global and
Tracker Muons and are usually not used in physics analyses.

Muons used in the present analysis are based on the Particle Flow Muon selection, considering
Global Muon or a Tracker Muon candidates and by applying minimal requirements on the track
components in the muon system and taking into account a matching with small energy deposits
in the calorimeters. In order to further increase purity, additional cuts are applied, matching
the Tight identification working point. The normalized x? of the muon track is required to be
smaller then 10, and a minimum number of hits are requested in the muon system (> 0), pixel
(> 0) and strips (> 5), with at least one matched station. Cuts on the impact parameters select
muons with a dy, and d, smaller than 0.2 cm and 0.5 cm respectively.

The precise measurement of lepton momentum is one of the crucial points for physics analy-
ses which aim at reconstructing narrow resonances with the best possible accuracy. For this
reason, the reconstructed momenta of the muons are corrected both in data and in simulation
in order to remove remaining local biases in the measured pr, mainly due to the non-perfect
knowledge of the detector alignment and magnetic field and the presence of material in front
of the sensors. Corrections were derived with the MuScleFit [88, 89] algorithm on samples of
real and simulated Z — "y~ events. MuScleFit is based on an unbinned maximum likelihood
fit which assigns a probability based on the dimuon invariant mass and the individual muon
kinematics, taking into account the natural width of the resonance, the presence of possible
biases in reconstructing the muon pr, 7, ¢ and charge, and the finite resolution of the detector.
The last two terms enter in the likelihood though a parametrization and it is precisely the goal
of the maximization to determine the best values of the parameters.

The corrections mentioned above calibrate the overall momentum scale and remove the de-
pendency of the scale on the pt, 17, ¢ and charge of the muon, thereby improving also the
momentum resolution. In the central part of the detector and for the lepton momentum range
pr < 100 GeV relevant for this analysis the typical muon momentum resolution after the above
momentum correction and smearing is épt/pr ~ 1 — 3%. After the calibration, the relative
momentum scale between data and simulation is consistent within 0.1% (Fig. 3.16).

3.2.11 LEPTON ISOLATION

Lepton isolation is defined as the ratio of the pr sum of all charged and neutral particles in the
event within a AR = 0.4 cone around the lepton, divided by the lepton pr itself:
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Figure 3.16: Relative transverse momentum resolution ¢ (pr)/pr in data and simulation mea-
sured by applying two different calibration algorithms, MuScleFit and SIDRA, to muons pro-
duced in the decays of Z bosons and passing a Tight selection. The thin line shows the result of
MuScleFit on data, with the gray band representing the overall (statistical and systematic) 1o
uncertainty of the measurement. The circles are the result of MuScleFit on simulation [88].
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Besides charged particles and photons, an additional term is introduced to subtract the pileup
contribution. Since charged hadrons coming from other vertices can be easily subtracted from
the event and thus do not enter in the first term, the same procedure cannot be done for the
neutral particles. The contribution of pileup neutral deposits is, with a good approximation,
about half of the charged ones, and this term is subtracted from the neutral component. Isolated
leptons are selected by applying a 0.15 cut for electrons, and 0.12 for muons.

3.2.12 MISSING ENERGY

The EM* is the imbalance in the transverse energy of all visible particles, and it is reconstructed
with the particle flow algorithm [69, 90]. The raw ET"** is defined as the inverse vectorial sum
of the transverse momentum of all the reconstructed charged and neutral particle flow candi-

dates: E‘T“isS = — Zfl:lo pr;- The raw E%‘iss is systematically different from true E%‘iss, for many
reasons including the non-compensating nature of the calorimeters and detector misalignment.
To better estimate the true ET", corrections can be applied:

Type-0: a mitigation for the degradation of the ETsS reconstruction due to the pileup in-
teractions, by applying the CHS algorithm. However, the EI contribution from
pileup neutral particles cannot be easily subtracted; the assumption is that the Emiss
contribution term of charged and neutral pileup particles are the same, and cancel-
lation at the true level is exact: ¥ ,e,py P10 + Cenpu P = 0. An additional EXis
term is then added to the raw EISS to take into account the neutral PU contribu-
tion, which is equal to the charged one with a multiplicative scale factor taking into
account calorimeter mismeasurements of low-pt energy deposits.

Type-1: propagation of the jet energy corrections (JEC) to MET. The Type-I correction re-
places the vector sum of transverse momenta of particles which can be clustered
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as jets with the vector sum of the transverse momenta of the jets to which JEC is
applied.

Particle flow EMSS with type-0 and type-1 corrections applied is currently the default one used
by CMS physics analyses; Figure 3.17 show the ET* distribution for data and Monte Carlo
after the corrections. Another important variable, beside EIT’niss itself, is the missing transverse
energy significance (S). While a first version of the EJ"** significance algorithm is described in
Ref. [90], the current definition is:

LE=YE)
LE=0

S =

The numerator expresses the likelihood of the hypothesis under test that the true value (¢) of
the missing transverse energy is equal to the observed value (}_€;). The denominator instead
expresses the likelihood of the null hypothesis, that the true missing transverse energy is actu-
ally zero. Under the null hypothesis, observation of any non-zero missing transverse energy is
attributed to resolution smearing. The discriminating power of the significance with respect to
the EM* is shown in Fig. 3.17.
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Figure 3.17: Right: No-PU EXss distribution in Z — "~ events; the points in the lower panel
of each plot show the data/MC ratio, including the statistical uncertainties of both data and
simulation. Left: signal versus background efficiencies for W — ev for various ETS based
discriminating variables [91].



Search for the Higgs to bb produced in
association with b quarks

At the end of 2011, with about 5 fb™' of data delivered by LHC, there was no conclusive evidence
of the SM Higgs boson, although some mass region were excluded, and small excesses over background
expectations were observed by the ATLAS and CMS experiments with a combined statistical significance
of about 30. Although these results were fully compatible with a light SM Higgs boson hypothesis due
to the rather large uncertainty, some channels showed deviations from the expected values, posing the
question if the hints of the new particle was due to the Higgs boson predicted by the SM or not, as
suggested by some BSM interpretations. Furthermore, the Tevatron experiments had published few
years earlier the results for the search for BSM Higgs bosons in the multi-b channels, showing an excess
larger than 20 in the low mass region. In this perspective, the search for a Higgs boson in channels
suppressed in the SM was motivated by the theoretical and experimental scenario at the time. Even if
the best sensitivity for high-tan B scenarios belongs to the ® — T channel, the Higgs boson decay into
a pair of b quarks in the b quark associated production was a final state not yet studied at LHC. This
process, characterized by an overwhelming irreducible QCD background, had a cross section too small
to be viable in the SM, but a much larger rate was foreseen in BSM theories such as the MSSM for large
tan B values. This chapter describes this search at CMS with the full 2011 dataset at /s = 7 TeV [92],
with a particular emphasis on the semi-leptonic channel [93], which exploits the presence of a muon
from heavy flavour decays.

4.1 SIGNAL CHARACTERIZATION AND ANALYSIS STRATEGY

In the Minimal Supersymmetric Standard Model, the production of the Higgs boson in associ-
ation with b quarks (Fig. 4.1) can be highly enhanced with respect to the standard model case,
due to the enhanced Yukawa couplings to the down-type quarks. This in particular occurs for
moderately high values of the tan p parameter of the theory. Moreover, the Higgs boson decays
with large branching ratio into a pair of b quarks, thus resulting in a characteristic signature of
four b quarks in the event final state.

The expected cross section times branching ratio, within the MSSM in the ;""" benchmark sce-
nario (see Sec. 2.3), calculated at next-to-next-to-leading order (NNLO) with the BBH@NNLO [94]
and the FEYNHIGGS [95-98] software respectively, as a function of ma and for different values

55
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Figure 4.1: Leading-order diagrams for the production process of a Higgs boson in association
with b quarks.

of tan B, are shown in Fig. 4.2. At low m and for low values of tan §, the o x Br is of the order
of few tens of pb, but it increases to O(100 pb) for tan 8 2 30. For large ma the o x Br is sig-
nificantly lower, due to the accessibility of other decay modes. The branching ratios of a Higgs
boson into a bb are shown separately in Fig. 4.3; this decay mode is the dominant channel for a
large portion of the mg-tan B parameter space.

In this MSSM scenario, two of the three neutral Higgs bosons h, H and A (collectively de-
noted as @) are almost degenerate in mass. Given the expected resolution in the invariant
mass ~ 17 —11% GeV at my = 120 — 250 GeV, respectively, the reconstructed peaks of the
two bosons are not distinguishable, but seen as coming from a single particle with a produc-
tion cross section which is the sum of the two. This mass degeneration is taken into account
throughout the analysis.
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Figure 4.2: MSSM neutral Higgs production cross section times branching ratio for bb® as-
sociated production at v/s = 7 TeV and ® — bb decay as a function of m, (left) and tan 8
(right)

The pr and 7 spectra of the four b quarks in simulated signal events are reported in Fig. 4.4 for
a sample mass value my = 120 GeV. The dynamics of the production are such that the fourth
b-quark jet often escapes detection in the forward region or at least falls outside the tracker
fiducial region (|| < 2.5) where the b quark identification algorithms are effective. As seen in
Fig. 4.4, spectator b quarks have a considerably softer pr spectrum, and consequently a lower
reconstruction efficiency, while the b quarks produced in the Higgs boson decay generally have
an harder pt, and are emitted in the central region of the detector. These peculiarities allow to
solve the possible combinations of jets used to reconstruct the Higgs boson candidate. The
choice of selecting as ® decay products the two highest-pt b jets in the event is correct in
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Figure 4.3: Branching ratio of neutral MSSM Higgs into bb, as a function of the Higgs boson
mass and for various values of tan 8 for h (left), H (center) and A (right).

about 80% of the simulated events for a m¢e = 120 GeV, and increases with the boson mass.
Furthermore, in about 67% of those events both of the jets are reconstructed with a pr larger
than 30 GeV.

Since the jet pr spectra are rapidly falling above the 30 GeV threshold, a critical issue of the
analysis is to maintain an acceptable trigger efficiency with a reasonably low pt selections on
jets. Another peculiarity of the signal is that the presence of four b quarks in the event implies a
relatively high probability that the event contains one or more muons from the semileptonic b
quark decays. The strategy of the semi-leptonic analysis is to exploit the presence of at least one
muon in the event, requiring it at trigger level to reduce the pr thresholds on jets maintaining
an acceptable event rate. As a consequence of the different kinematic regimes between jets pro-
duced from massive objects and those from associated partons, the pr spectrum of the muons
emitted by b quarks from ® — bb is harder with respect to the others (Fig. 4.5). For this reason,
the muon is required to be reconstructed inside one of the two jets selected to reconstruct the
Higgs boson. For signal events with me = 120 GeV, at least 20% of them have a reconstructed
muon with pt > 5GeV. This fraction is lower increasing the transverse momentum threshold,
being about 7.0%, 4.5% and 3.5% for pt > 12, 15 and 17 GeV, respectively.

A total of 11 samples are produced with the PYTHIA generator, one for each Higgs mass hy-
pothesis (mge = 90,100, 120, 130, 140, 160, 180, 200, 250, 300, 350 GeV). The simulated production
processes are the g¢ — bb + @, with two gluons in the initial state and g7 — bb + ® with two
quark in the initial state. In both cases, the Higgs boson is forced to decay into b quarks.

The main background of the bb®bb analysis are multijet (QCD) processes, that have a cross
section several orders of magnitude larger than signal. Background events has to have at least
three, high-pt hadronic jets, originating from real or mistagged b quarks. Such events repre-
sent an irreducible background, which differs from the signal only for the dijet invariant mass
(resonating only in signal events) and different distributions in some kinematic variables, such
as the pt spectra of the jets. An accurate prediction of the QCD yield and shape is required to
preserve the sensitivity of the analysis, but simulation is not reliable for a quantitative back-
ground determination because of the uncertainties and imperfect modeling of multiple b jets
production in gluon splitting and flavour excitation processes. For these reasons, two back-
ground prediction techniques using data (called data-driven) have been developed, while the
simulated multijet sample is used only to validate the techniques in closure test.
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Figure 4.4: pr (left) and 7 (right) generator level distributions of b-quarks in simulated bb®bb
signal events. Black and red histograms are for the leading and sub-leading pr b quarks from
the Higgs boson decay, green and blue for the associated ones.
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Figure 4.5: Left: transverse momentum spectra for the leading and sub-leading muons in the
event. Right: reconstructed dijet invariant mass for Higgs bosons with me = 120 (red) and
200 GeV/c? (blue). The filled histograms represent the invariant mass when the selected jets are
originated from the b quarks from the Higgs boson decay. The number of events are normalized
to 4.8fb~!, and calculating h or A/H cross section for tan 8 = 30.

Other electroweak background processes that can mimic the signal signature are top quark
pair production, which has a rather large cross section and two real, high-pr b jets in the final
state, and vector boson production with decays in at least two b quarks and additional jets,
such as the Z — bb or VZ — bb + X. However, the cross sections of electroweak backgrounds
are generally small compared to the multijet production, which represents by far the most
important background.
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Signal and background processes are simulated with different event Monte Carlo (MC) genera-
tors, PYTHIA for signal, diboson and QCD samples and MADGRAPH for the tt and single boson
with jets events. For the multijet sample, a filter is applied, and only those events containing
at least one generated muon with pr > 15 GeV are retained. Hadronization and fragmentation
are simulated with PYTHIA, and resulting particles undergo a full simulation of the interactions
with the detector. The pileup distribution of the simulated events is found to be different than
the one measured in data during the 2011 data taking, and simulated events are reweighted to
reproduce the analyzed data. Physics objects like jets and muons are reconstructed with the
algorithms described in Chap. 3.

4.2 DATA SAMPLES AND TRIGGER

The analysis is performed on a data sample collected during the 2011 data taking period.
Events are selected by triggers requiring at least two high-pr jets, measured only with calori-
metric information, in the central region of the detector. In order to maintain a trigger rate
of about ~ 5+ 10 Hz, jet b-tagging algorithms and the presence of a non-isolated muon with
moderate pt are required, allowing to maintain acceptable jet p thresholds.

The trigger selections start at the L1 stage by requiring the presence of a muon candidate,
which, in the second part of the data-taking, is requested to be in coincidence with jet can-
didates. Although the muon reduces the overall signal efficiency of the selection due to the
intrinsic semileptonic branching ratio ( 10%), the trigger efficiency is still sizable. The selec-
tions at HLT tighten the thresholds and add new requirements to cope with the instantaneous
luminosity, which increased by more than one order of magnitude (from 2 - 10%2cm 257! to
6-1083cm=2s71) during the 2011 run. The number of events and the corresponding integrated
luminosity collected by each trigger path is reported in Tab. 4.1.

Path HLT (L1) path name Events L [pb~!] €

HLT_Mul2_CentralJet30_BtagIP

1 11 SingleMu7 3027717 180.9 3.64 £0.19
HLT Mul2_DiCentral]et30_BtagIP3D

2 L1_SingleMu10 4532555 537.1 228 £0.11

3 HLTMul2,DlCentral]etZO,DlBtagIPSD1stTrack 2944550 1108.6 1.66 -+ 0.07
L1_SingleMu10
HLT_Mul2_eta2p1_DiCentralJet20_DiBtaglP3D1stTrack 1237147 652.2

4 L1_Mul10_Eta2p1_Doublefet_16_8 1.65+ 0.06
HLT Mul2 _eta2p1_DiCentraljet20_DiBtagIP3D1stTrack? 5690304  2326.8 ' ’
L1_-Mu10_Eta2p1_DoubleJet 16 8*

All 16732273 4805.7

Table 4.1: HLT paths, corresponding data sample collected and estimated signal efficiency for a
Higgs boson with mass mg¢ = 120 GeV. The last HLT path, marked with T, used the updated jet
energy scale corrections at L1. The last column reports the estimated signal efficiency at trigger
level for a single mass point with m¢ = 120 GeV.

All the trigger paths require a reconstructed global muon with pr > 12 GeV, and one jet (Path 1)
or two jets (Path 2 onwards) with pr > 30GeV and || < 2.6. Jet b tagging, based on the TCHE
algorithm described in Sec. 3.2.8 using 2D (Path 1) or 3D (Path 2 onwards) impact parameter
information, is applied at HLT. One b-tagged jet is required in Path 1 and Path 2, and two in
Path 3 and Path 4.
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The trigger efficiency for the different paths, with respect to the final event selection, is deter-
mined on data using different triggers. The total efficiency ¢,; of the combined muon+jets
paths can be parametrized as ¢, ; = €, - €j, where €, is the HLT single-muon efficiency, and ¢;
is efficiency for events satisfying the hadronic requirements to pass the final selection criteria,
accounting for the reconstruction and jet b tagging at HLT. The factorization in two distinct
components is possible due to the higher threshold on the muon pt requested in the offline
selection, where the turn-on efficiency curve has already reached the plateau level. Both ¢,
and ¢; are estimated with respect to an additional auxiliary prescaled trigger, HLT Mu12. The
€, is evaluated by using prescaled single-muon triggers with pt thresholds lower that 12 GeV,
while €; is defined as the ratio of the number of events passing the various HLT paths of the
analysis (with muon, jets and eventually b tagging) and the HLT_Mu12 requirements, over the
total number of events triggered by the HLT_Mu12 path.

4.3 EVENT SELECTION

In order to reject the largest part of the backgrounds, only events satisfying the following re-
quirements are retained:

e at least one good primary vertex

e a reconstructed muon with pt > 15GeV, passing the tight quality cuts, with no
explicit isolation requirements

e at least three PF jets, reconstructed with the anti-kt algorithm within || < 2.6 and
Et > 30GeV (for the two leading jets) and Er > 20 GeV (for the others) after the jet
energy corrections

e the angular separation between any pair of jets i, j must be AR;; > 1 to prevent am-
biguities in b-tagging algorithms and to remove contributions from gluon splitting
in background processes

e the two leading jets must have a CSV discriminator > 0.8
e the muon has to be used to reconstruct one of the two leading jets
o the third jet, ordered by pr, has to have a CSV discriminator > 0.7.

These requirements select a sample of events containing three b-tagged jets (bbb), which is an
optimal choice for the signal search, and called signal region. However, events samples with
only one (bjj) or two b tags (bbj) have a sufficiently low signal purity to be considered safe
from signal contamination and are used as the basis for the background modeling studies.

The data reduction flow after each selection is reported in Tab. 4.3 for data and for the different
signal and backgrounds Monte Carlo simulated processes. Each contribution is normalized
to the integrated luminosity, taking into account the estimated trigger efficiency. The third b-
tagging requirement suppresses all the electroweak contributions to a negligible size, except
those involving true b quarks in the final state such as tt and Z — bb. In the latter, generated
with PYTHIA, the jet multiplicity is rescaled to the one predicted by the MADGRAPHZ — ut ™
sample, which takes into account the contribution from higher-order diagrams involving more
partons in the initial state. The difference between the two samples is almost a factor of two,
with a large systematic uncertainty. The expected contribution from electroweak processes is
negligible or relatively small with respect to the multijet background, and for this reason they
do not receive any particular treatment.
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Since data is collected using several trigger paths with different online requirements, the event
kinematic properties, such as jet pt spectra, are biased by the trigger selection. Due to the
poor reliability of the trigger response in QCD Monte Carlo events, this effect could require
the trigger paths to be analyzed independently. However, even if this is true after HLT, as a
consequence of the offline selections the kinematic distributions of all the four trigger paths
are comparable and do not show any particular discrepancy. As a conclusion, the data can be
analyzed together, regardless of the trigger path.

4.3.1 CONTROL REGION DEFINITION

The problem represented by the simulated multijet background is that neither normalization
nor kinematical distributions are able to reproduce accurately the data. Different data-driven
techniques to estimate this background have to be finalized to predict the shape and yield.
These procedures require a data sample with a negligible signal contamination, to be used as
a starting base for signal region predictions. Since there is no single variable able to identify
a signal-free region, multivariate analysis techniques allow to use several weakly-discriminant
variables to obtain a reasonable separation between signal and background. This discriminator
is not used to test the signal presence, but to select a signal-depleted region with one, two or
three b-tagged jets where background studies can be performed. A likelihood discriminator D,
defined as:

D IT: Si(xi)
[T Si(xi) +1IT; Bi(x:)

is built starting from the simulated signal and background normalized distributions S; and
B; for the kinematic variables x; listed in Tab. 4.2 and shown in Fig. 4.6. The choice of the
best discrimination variables, and the variables themselves, depend on the Higgs boson mass.
The considered Higgs boson mass points are divided into two regions, the low mass for me <
200GeV and the high mass mge > 200 GeV, based on the me = 120, 130, 140GeV and mg =
250, 300, 350 GeV. The likelihood discriminator distributions for signal and background, nor-
malized to unit area, are shown in Fig. 4.7. The control region is defined as the sample of the
events having a D < 0.4 value.

Variable Description

PTi jet transverse momenta (i = 1,2, 3)

Agij  azimuthal angle separation between jet pairs (i, j = 1,2,3)
Aqi’;’l I minimum and maximum 7 difference between jet pairs

AR?]?"” minimum distance in the (17, ¢) plane between jet pairs
A1 pseudo-rapidity difference between the 1 and 2™ b jets
ARq5 distance in the (17, ¢) plane between the 1%t and 2" b jets
Apas azimuthal angle between the ® candidate and the 3™ jet

A3 11 separation between the ® candidate and the 3™ jet
Xp3 angle between the ® candidate and the 3" jet
cos 0 cosine of the angle between ® and one of the jets
from the Higgs decay, in the ® rest frame
Niets number of jets in the event with pr > 20 GeV

Table 4.2: List of variables used to compute the discriminator; indices run on the number of jets
i,j =1,2,3, when jet 1 and 2 are used to reconstruct the ® candidate.
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Figure 4.6: Normalized distributions for the kinematical variables
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4.4 BACKGROUND DETERMINATION WITH B-TAGGING MATRICES METHOD

The idea behind the b-tagging matrices method is that every kinematic distributions of the
multijet background in the three b-tag sample bbb can be predicted from data by using a larger
and less pure two b-tag sample bbj, defined in Sec. 4.3. For any observable x, the prediction for
its distribution F (x|bbb) in the three b jets sample can be estimated as:

F(x|bbb) = F(x|bbj) x P .. (j)

where 73{73_ tag (j) is the probability of the third jet to be b tagged, for a certain b-tagging algo-
rithm and working point, and F (x|bbj) is the observed distribution for x in the bbj sample.

The probability can be expanded, separating the efficiencies of the b-, c-, and light-jets, at-
tributed to u, d, s partons or gluons can collectively denoted as I:

Py og) = €0+ fo+ec foterfi

The f; , fc and f; are the fractions of b, c and light quarks that originate the third jet in the bbj
sample, respectively.

The b-tagging efficiency for jets originating form b or ¢, light quarks is extracted from simulated
events. The efficiency is defined as the ratio between the number of jets coming from a given
quark flavour, passing preselection requirements and the b-tag threshold of CSV> 0.7, and the
number of all jets of that specific flavour. The efficiency is parametrized with respect to the
jet E1, |n| and separately for jets with an high and low number of charged tracks (< 10 and
> 10). The difference between b-tagging efficiency in data and Monte Carlo is considered by
multiplying the efficiency in simulation by a scale factor, obtained from data measurements in
independent samples [99]. For the working point CSVM (CSV> 0.679), close to the CSV> 0.7
cutoff adopted by the analysis, the scale factor is 0.95 £ 0.03.

The efficiency and flavour fractions depend on the third jet and event kinematics. The best
solution, determined with a MC study, is to use a multiple parametrization for the heavy-
flavour fraction:

3 31

bt = f (E]T |’7]3|> X f (AR12, ARps3)

where the first factor uses third jet’s kinematic variables (transverse energy and pseudorapid-
ity). The second factor, based on topological variables (the angular separation of the two lead-

ing jets AR and between the Higgs boson candidate and the third jet ARps3), is used only for
the shape of the distribution and it is normalized to unity.

The third jet flavour fractions are determined directly from data, using bbj events, kinematically
as close as possible to the final selection. In order to avoid biases due to the presence of signal,
the background prediction is performed without looking at data in the signal region (blind
analysis). As a consequence, the flavour fractions are extracted from the control region, defined
in Sec. 4.3.1.

4.4.1 MEASUREMENT OF THE HEAVY FLAVOUR FRACTION OF THE THIRD JET

The flavour content f; .; of the third most energetic jet in the control region bbj events is esti-
mated by looking at two jet-related variables. The first is the Tag Mass, which is the invariant



4.4. BACKGROUND DETERMINATION WITH B-TAGGING MATRICES METHOD 65

mass of all the tracks associated to the secondary vertex of the jet, if one secondary vertex is
reconstructed; the second is the output of the JetBProbability b-tagging algorithm, described
in Sec. 3.2.8. Being a track-based discriminator, it can be used even if no secondary vertex is
present.

The bbj sample is divided in different intervals of the four variables used for the parametriza-
tion of the third jet flavour content (Sec. 4.4). The intervals are chosen to have a good estima-
tion of the flavour fractions in the whole phase space, but retaining enough data statistics to
perform the fit. For each interval, a likelihood fit of the two variables is performed on data
to obtain the fractions, using templates for the Tag Mass and JetBProbability distributions of
b, ¢ and light-partons obtained from Monte Carlo simulated events. In order to improve the
available statistics in simulation, the b-tag requirement on the first two leading jets is relaxed,
having care to check that no bias is introduced.

The templates are used to fit data using a two-dimensional likelihood in the Tug Mass and
JetBProbability variables if the first is defined, and one-dimensional in the JetBProbability other-
wise. The fit is constrained by the f;, + f. + f; = 1 condition. In order to achieve the correct
treatment of parameter errors near the boundaries, the fractions f;, f., f; are not directly fitted,
but they are replaced with the following parameter set:

& = 5(1+sinfy)

G = 5 (1—&)(1 +sin f)
Ga=1-801—-0

The likelihood function to be maximized is:
LCP) =TT Pragmtass (i, i) - Pretsp (ni, i)
i

e ()"

7’11'!

P(ni, pi) =

where n; and y; are respectively the number of events and the expected events in each bin; y;
depends on the number n? , 15, ni of events in the i-th bin of the three templates:

bins

pi= [l + Ganf + onl] - Yo mg

Once the likelihood is maximized, the result values of {1, ¢, ¢3 and their errors are returned,
from which the final f}, f., f; values can be easily extracted. The relative fractions are summed
weighted with the number of events:

2D 2D | 1D . n1D
f ~ Joer N+ fpo - N
bel — N2D - N1D

where the 2D and 1D superscripts refer to the events fitted with the two and one dimensional
likelihood. As an example, the template fits to the data for a given considered interval of the
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third jet variables are shown in Fig. 4.8. The Tag Mass and JetBProbability variables are corre-
lated, but this does not represent an issue since the fit errors are not used in the analysis. As
a closure test of the procedure, the results for the fitted flavour fractions in the simulated data
in the control region are compared in Fig. 4.9 with the true flavour fractions in simulation. The
comparison with the Monte Carlo true values shows a small bias of the order of 6% averaged
on the whole parameter space. As it will be shown in the next section, this has a negligible
effect on the final prediction of the background shape and normalization. The results of the
extracted fractions in data are shown in Fig. 4.10, divided between the samples collected with
single and double online b tag trigger paths; as expected, f} is higher in the latter.
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Figure 4.8: Example of a fit for one bin of the Er, || parametrization. The red, green and blue
histograms are respectively the templates for b, c and light quarks. Black dots represents data.
Left and center: two-dimensional fit to Tag Mass and JetBProbability. Right: fit to JetBProbability
only when no secondary vertex is reconstructed.

1
30 40 50 60 70 8090100 200
Ers (GeV)

=
<Q

7|
6|
5|
4
3]
2
1

01 15 2 25 3 35 4 45 5 55 6
AR,

Figure 4.9: Comparison between fit results and QCD Monte Carlo truth. Top is for the Er,
1 parametrization, bottom the ARy, ARy3) parametrization. Left: f; as resulting from the
likelihood fit, center: f;, from MC truth, right: ratio between fitted and truth f;.

4.4.2 PREDICTION FROM TWO TO THREE B-TAGGED JETS

By using the b-tagging efficiencies and flavour fractions, relevant kinematic variables can be
predicted in the bbb sample starting from the two-tagged bbj sample, both in the control region
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Figure 4.10: Fitted b-flavour fraction f, on data, shown separately for trigger paths requir-
ing at least one (top) or two (bottom) b-tagged jets in the online selections, and for the pr, 7
parametrization (left) and ARy, ARpy3 parametrization (right).

and in the signal region. The predicted and observed distribution of some key variables, such
as the invariant mass of the two leading jets, are shown in Fig. 4.11. As a reference, the Higgs
signal template for me = 120GeV or mgep = 250GeV, are superimposed and normalized to
the cross section obtained with tan p = 30. In the Monte Carlo control and signal region the
shape and normalization are in good agreement, showing a full closure of the technique. Also
the normalization shows a nice agreement within the statistical uncertainties of the simulated
sample available, which however has almost a factor ten less statistics than the real data. It
is worth stressing that the signal region is a completely separate sample with respect to the
one where the b-tagging efficiencies and flavour fractions are obtained. For what concerns the
data, the shape agreement is also good in the control region. However, the prediction of the
overall normalization factor shows an overestimation of about 10%; this disagreement, and
the corresponding uncertainty, is used as a correction factor for the signal region in data, as
described in Sec. 4.6.
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Figure 4.11: Invariant mass of the first two jets (Mi2), for simulation (top) and data (bottom)
and for control (left) and signal regions (right), showing the background prediction (blue) and

measured data or simulation (red) for low mass range (me < 200 GeV). The signal corresponds
mg = 120 GeV and tan g = 30.

4.5 THE BACKGROUND SHAPE PREDICTION WITH THE HYPERBALL
ALGORITHM

An estimation of shape and normalization of the background is possible with an alternative
and independent method to the one presented in Sec. 4.4. This method, known as the Hyperball
method, is also data-driven. The algorithm assigns a weight to each events, corresponding to
the probability that the three jets in the event are b tagged. The weight is calculated as the
number of bbb events divided by the number of bjj events contained in the volume (an hyper-
ellipsoid) of the multi-dimensional space of the kinematic variables centered on the coordinates
of the event itself.

The prediction of the relevant kinematic variables that are used for the signal search is per-
formed starting from a sample of events selected using the criteria listed in Sec. 4.3, except for
b tagging that here is applied only on the leading jet. In order to keep the Hyperball algorithm
results completely orthogonal from those of the b-tagging matrix method described in the pre-
vious section, events where the two leading jets are both b tagged are excluded. The criterion
used to identify the sample of similar events to those in the signal region from the control
region sample is based on the multi-dimensional distance defined by the following expression:

Z w? (X; — Yai)

where the x; are the variables that characterize the signal region events, the y,; are the corre-
sponding variables for the a event in the control region. The range of each variable x; is divided
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into ten intervals, with different sizes chosen to have all intervals equally populated; for each
interval the fraction of three b-tagged events, f;, is computed. For any value of the variable x;,
the weight w; is calculated by choosing the two intervals with ¥; averages immediately smaller
(%, and bigger %;z than X;, and computing the ratio of the differences between the bbb events
fraction and the x; average distance:

w; = 7{% — j_ciL
xiR — xiL

To reduce the bias introduced by assuming that the average bbb events fraction does correspond

to the fraction at the average ¥, a least-square fit of the fraction itself to a quadratic function of

x; is performed, and its value at X; is taken. The above procedure estimates the gradient of the

b-tagging probability in each of the directions of space as if it is independent on the particular

coordinate.

The estimation of a b-tag probability from the ratio of the number of bbb and bjj events in
the hyper-ellipsoid could result in a bias when the tested event has some variable near to its
boundary value. This bias is cured by identifying which variables are near to the corresponding
thresholds and performing a linear interpolation. When all the energies and pseudorapidities
in the tested event are not close to the above defined thresholds, the 3 b-tags probability for the
test event is computed by a weighted ratio:

%p1/Dj
- X%,1/D3

where in the numerator and denominator the sum run over bbb and bjj events. In this way the
most distant events have a smaller weight.

Applying the Hyperball method to real data, a specific procedure tunes the most important
parameters of the algorithm, such as the number of training events, the number of events in
the hyper-ellipsoid, number of variables, and number of intervals of the invariant mass dis-
tributions between the two leading jets. As any other multivariate approach, the Hyperball
method is sensitive to the size of the training sample, in particular from the training sample,
that should generally be chosen as large as possible. For this reason the bjj sample is chosen as
a starting point. The variables used are the Er and 7 of the three jets, the number of charged
tracks of the second and third jet, the azimuthal difference between the first two jets and the
angular separation between the second and third jet, the invariant mass of the two leading jets,
and the pr of the system of jet 1 and 2, jet 2 and 3, and the three jets combined. It is verified
that by increasing the number of variables the prediction power rapidly worsens, especially
the normalization of the three b-tagged sample. The comparison of the predicted and observed
distribution, in control region only, are shown in Fig. 4.12, for both the low and high mass
regions.

4.6 SYSTEMATIC UNCERTAINTIES

The background prediction is affected by uncertainties that limit the precision with which the
signal and background are known. Two main categories of systematic uncertainties are identi-
tied, affecting the signal and background normalization or shape distributions.
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Figure 4.12: Invariant mass of the two leading jets as predicted by the Hyperball method (blue
line) compared to the observed data distribution (red dots) for events in the control region. The
results are shown for both low (left) and high mass range (right). The predicted and observed
distributions are normalized to the same area, and the ratio between the true events is shown
on the bottom of the distributions together with the Kolmogorov test result.

4.6.1 COMBINATION OF THE TWO BACKGROUND PREDICTION METHODS AND SHAPE
UNCERTAINTIES

The methods described in Sec. 4.4 and 4.5 provide two independent background templates of
the Higgs boson invariant mass, By, and By;,. Because of their orthogonality, the two methods
can be directly compared; their agreement confirms their trustworthiness. The total normaliza-
tion of the predicted background is chosen to be given by the b-tagging matrix method, and
therefore the Hyperball background template is scaled accordingly. Shapes are combined by
performing a weighted bin-by-bin average:

2 2
_ XemOpy, + Xpp0jy,
Y = 2 2
Tom Tt Oy

where x and ¢ are the number of events and their statistical error in a given bin for the two
methods. The weighted average statistical error o, is rescaled by the x2, as described in
Ref. [24]:

1 1\" 1 [x —x r [x —x ]2
2 2 2 bm w hb w
o2 =) —+ — , = +
¢ X (me th) X N - 1 ( Uxbm Uxhb
The difference between the unscaled and scaled statistical error is interpreted as a systematic
uncertainty on the shape of the background prediction. In Fig. 4.13 are shown the predicted

background distributions obtained with the two methods compared to the weighted average
one, for the two leading jet invariant mass.

4.6.2 NORMALIZATION UNCERTAINTIES

Normalization uncertainties affecting only the signal samples or the background estimation
are separated. Uncertainties in physics object reconstruction and energy determination, lim-
ited knowledge of the parton distribution functions or collected luminosity, affect only the



4.6. SYSTEMATIC UNCERTAINTIES 71
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Figure 4.13: Background predictions from the b-tagging matrix and the Hyperball method com-
pared with their weighted average for low (left) and high mass range (right). Statistical uncer-
tainties of the weighted average in each bin are rescaled according to the method discussed in
the text.
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Figure 4.14: The distributions show the two leading jet invariant mass for the predicted back-
grounds in the signal regions (blue line) compared to the observed data (red dots), for low
(left) and high (right) Higgs mass regions. The expected signal contribution for different Higgs
boson mass hypothesis is also shown, with a cross section obtained for tan § = 30. Below the
distributions, the difference between the observed data and predicted background is shown,
together with the systematic uncertainties on the background.
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signal, since background normalization is determined with other methods based on data. The
uncertainty sources for signal are the following;:

Trigger: the trigger turn-on curves are derived from data, as described in Sec. 4.2, along
with their uncertainties (= 5 ~ 3% for mg = 120GeV and mge = 250 GeV) coming
from the limited statistics of the prescaled triggers used as reference.

b-tagging efficiency: the uncertainty in the data over MC scale factor is extracted from a
dedicated study [99], using a b-enriched sample from top quark decay, and accounts
for ~ 4% per jet, totaling ~ 12% for the three jets.

Jet energy scale: the uncertainty in the jet energy corrections (see Sec. 3.2.7) is estimated
by the standard procedure of scaling up and down the jet Et in the event by the
measured uncertainty [100]. The relative change in the amount of events passing
the final selection is *32%.

Jet enerqy resolution: the contribution due to the resolution of the jet energy measurement
is obtained by changing randomly the momenta of each jet, according to the corre-
sponding uncertainty for the pr and 77 [100]. The procedure is repeated several times,
obtaining different event yields, and the corresponding uncertainty is the observed
standard deviation of the expected signal yield, which results to be £1.9%.

Muon momentum scale and resolution: the effects are small given the good performance of
the muon measurement, and are estimated as ~ 0.2% and ~ 0.6%, respectively [88].

Luminosity: the uncertainty on the measured integrated luminosity in 2011 is 2.2% [101].
The uncertainty sources that affect only the background are:

Comparison of observed and predicted background: the ratio of the predicted and observed dis-
tributions in the data control region is fitted with the lowest order polynomial com-
patible with the data, as shown in Fig. 4.15. Given the good agreement between
the bbb data and the prediction from bbj, a simple constant provide a good fit, as
tested with a Fisher test with increasing order polynomials. The fitted values are
0.877 £ 0.007 and 0.885 4= 0.006 in the low and high Higgs mass regions, respectively.
These values are used as normalization correction factors in the signal regions and as
systematic uncertainties of the background normalization prediction, respectively.
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Figure 4.15: Ratio of distribution of bbb events (seen) and prediction from bbj (pred) as a func-
tion of M, in the control region for data, fitted with a constant function for the low (left) and
high mass (right).

Extrapolation from control to signal region: the b-tagging matrix method obtains an estimate
of the signal region normalization by looking at the control region only. The correc-
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tion factor is simply the ratio of the data/prediction ratios in simulation:

( Nobserved )
R _ Npredicted SR
( Nobserved >
Npredicred CR
This correction is 1.01 &= 0.042 for low mass and 1.02 4= 0.05 for the high mass region.
These results are taken as a bias for the extrapolation from control and signal region,

and their errors as a systematic uncertainty in the normalization of the background
prediction.

4.6.3 MODEL-DEPENDENT UNCERTAINTIES

For the computation of the limits in the m,, tan f parameter space of the MSSM, additional
model-dependent systematic uncertainties have to be taken into account:

Factorization and renormalization of QCD scale: singularities that appear in perturbative QCD
calculation are removed by factorization and renormalization techniques [102]. The
theoretical systematic uncertainty on these calculations for the pp — b + ® process
is in the 6 — 28% range, depending on mg.

Underlying event and parton showering: the modeling of the underlying event and of the
parton showering process are affected by a systematic uncertainty estimated to be
4%.

PDF : the effect is estimated reweighting on a per-event basis the PDF values obtained
by varying up and down their parameters by the corresponding uncertainty, as sug-
gested by the PDFALHC working group [103]. The uncertainty is then represented

by the weighted number of events passing the offline selection, resulting f%% for

me = 120GeV, and "7 for mg = 250 GeV.

4.7 COMBINATION WITH THE ALL-HADRONIC ANALYSIS

An alternative approach in the MSSM Higgs boson search is pursued by a different analysis,
targeting the same final state but with different trigger, selections and strategy, without relying
on the presence of the muon in the event (henceforth called all-hadronic) [104]. Analogously
with the semi-leptonic analysis, a peak in the invariant mass of the two leading jets is sought
looking at the distribution of a three b-tagged jet sample.

The trigger relies on the online identification of at least two b jets, as in the semi-leptonic anal-
ysis, but dropping the muon requirement implies an higher rate and the consequent need to
increase the online thresholds on the jets to keep the trigger rates manageable. Without the
muon, the signal efficiency increases, but the background yield is larger as well. The efficiency
of the trigger for signal events passing the offline selection is 47 — 67%, for a Higgs boson mass
in the range of 90 — 350 GeV. Three different categories are defined according to the trigger
selections: in the first and second ones the leading jet pr threshold is set to pt > 46 and 60 GeV,
and pr > 38 and 53 GeV for the next-to-leading jet. The third category is similar to the first
but requires a third jet with pr > 20 GeV. The triggers with lower thresholds allow for a better
exploration of the low mass region (first and third categories, and my, < 180 GeV), albeit with
smaller integrated luminosity (2.7 fb~!). The higher-threshold triggers (first and second cate-
gories) allow to collect an higher integrated luminosity (4.0 fb™ '), but they are sensitive only to
high masses (180 < my < 350 GeV).
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The offline selections require at least three reconstructed jets with || < 2.2, passing the pr
cuts of 46, 38 and 20 GeV in the low, and 60, 53 and 20 GeV in the medium mass scenario.
Analogously with the semi-leptonic analysis, a signal-enriched triple-b jet and a double-b jet
control region samples are defined after tight CSV b tagging application. A compact variable
sensitive to the three-jet flavour composition is constructed on a per-vent basis depending on
the value of the secondary vertex mass of the three jets. For each jet, an index B; is set equal
to zero for jets with no reconstructed secondary vertex or where the secondary vertex mass is
below 1GeV, 1 if the vertex mass between 1 — 2GeV, 2 if larger than 2 GeV. The three indices
Bi, By, and Bj are combined in an event b-tag variable X3, defined as Xj23 = Xi2 + X3, where
X12 = 0,1 or 2 depending on whether By + B, < 2,2 < By + B, < 3or By + B, > 3, respectively,
and X3 = 0if B3 < 2, and X3 = 3 otherwise. By construction, the event b-tag variable X153 can
have six possible values ranging from 0 to 5.

Due to the unreliability of the simulated multijet background, a method based on control data
samples, similar to the one used in Ref. [59] is applied. The background model is constructed
from templates that are derived from the double-b tag sample. Events are divided into the
following categories depending on the number and the pr-ranking of the b-tagged jets in the
event. From these categories, nine background templates are constructed by weighting each
untagged jet with the b-tagging probability assuming that its true flavour corresponds to either
a light parton, a ¢ quark or a b quark. Similar templates are combined together, reducing
their number to five. Each background template is a distribution in the two-dimensional space
spanned by My, the dijet mass of the two leading jets, and the event b-tag variable X;3.

A signal template is obtained for each considered value of the Higgs boson mass by performing
the full selection on the events of the corresponding simulated signal sample. The signal is
extracted by simultaneously fitting the Mj, and Xj»3 variables a linear combination of signal
and background templates to data in the triple-b tag sample. The normalization of background
templates is a free parameters, but constrained to be positive. The M, and X3 projections of
the background templates after the fit are shown in Fig. 4.16.
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Figure 4.16: Dijet mass distribution, Mj, (left), and the distribution of the event b-tag vari-
able X3 (right) in the medium mass scenario, with the background-only fit, and including an
additional signal template for a MSSM Higgs boson with a mass of 200 GeV.
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4.8 SIGNAL EXTRACTION AND UPPER LIMITS

In the semi-leptonic analysis, the presence of a MSSM Higgs boson in the triple b-tagged data
sample is tested with a binned likelihood fit to the data using the background and signal tem-
plates. The background shape and normalization is obtained from the data-driven methods
described in Sec. 4.4 and 4.5, and the signal templates are obtained from the Monte Carlo sim-
ulation for different Higgs mass hypotheses. The most discriminating variable, used for the fit,
is the invariant mass of the two leading jets M;,, shown in Fig. 4.14.

No significant deviation from the background expectations is observed in either analysis, and
the CLg [105, 106] criterion is used to combine both results and determine the 95% confidence
level (CL) limit on the signal contribution in the data, using the ROOSTATS [107] package. To
avoid correlations, in the all-hadronic analysis the events common to the semi-leptonic case are
removed from the triple-b-tag samples. The fractions of events removed in the all-hadronic
data samples are 2.3% and 2.7% for the low and medium mass scenarios, respectively. The
requirement of a muon in the semi-leptonic analysis and the harder kinematic selections of the
all-hadronic analysis are responsible for such small overlap. Common events in the simulated
signal samples are also removed, although they are found to have negligible effect on the shape
of the signal templates. The all-hadronic signature has a generally larger signal efficiency, but
requires higher thresholds for jet energies, while the presence of a muon in the semi-leptonic
signature allows for lower thresholds at the cost of lower signal efficiency. As a result, both
signatures are comparable in sensitivity.

The results are shown in Fig. 4.17 in terms of the product of the total cross section and the
branching fraction. There is generally good agreement between the observed and expected
upper limits within statistical errors, and no indication of a signal is seen. The observed upper
limits range from about 312 pb at me = 90 GeV to about 4 pb at me = 350 GeV. The individual
observed limits of the all-hadronic and semi-leptonic analyses are also displayed separately.

These limits can be interpreted as exclusion limits in the m,, tan B parameter space of the
MSSM model. The combined values of cross section times branching ratio are converted in the
corresponding tan 8 value, for the m]"** benchmark scenario as described in Sec. 4.1, and are
shown in Fig. 4.17. The upper limits for the semi-leptonic and all-hadronic individual analyses
are shown as well; the sensitivity of the two is comparable, but the semi-leptonic is slightly
more stringent.

Figure 4.18 shows the results in the scenario with y = —200 GeV, together with previous limits
set by the Tevatron experiments [59] in the multi-b jet final state, and by LEP [56], as described
in Sec. 2.6 and 2.5. In particular, no excess over the expected SM background is found for high
values of tan § and for a resonance in the 100 — 150 GeV mass range, as previously reported by
CDF and DO0. The result of this work, using only the data collected in 2011 at the LHC with a
center-of-mass of /s = 7 TeV, extends the sensitivity for MSSM searches in the ® — bb decay
mode to much lower values of tan , excluding the region where the excess was reported, and
provides the most stringent limits on neutral Higgs boson decay in the bb channel, produced
in association with b quarks.
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Figure 4.17: Left: observed and expected upper limits for the cross section times branching frac-
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individual all-hadronic and semi-leptonic results and for the combination of the two.
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Search for the A — Zh — ££bb process

After the discovery of the Higgs boson in 2012, the perspectives for studies of a BSM Higgs sector
changed considerably. Searches for this extended sector can be performed either by measuring deviations
in the expected values of the couplings of the discovered h boson to other SM particles, or via direct
searches in final states disfavored by the SM. An interesting way to probe this kind of new physics is to
search for bosons that decay into final states that contain the SM-like boson found in 2012, whose mass
has already been measured. This chapter describes a search for a heavy pseudoscalar Higgs A, decaying
into a Z and a h boson, both on-shell, with the Z decaying into a pair of £*¢~ leptons (electrons or
muons, i.e. { being e or u), and the h into a pair of bb quarks [108]. The presence of three reconstructible
resonances provides the opportunity to make use of several analysis techniques to increase the signal
sensitivity. This channel is particularly constraining for the 2HDM and MSSM Higgs sectors in the
low tan B regime, allowing to perform a search complementary to the search in the bb®bb channel,
which is instead sensitive to the high tan f region.

5.1 INTRODUCTION AND ANALYSIS STRATEGY

This search for an heavy pseudoscalar boson A, decaying into a Z boson and a light h boson
in the £/bb final state, is performed on almost 20 fb~* of data collected by CMS during 2012.
The A — Zh — /(bb analysis strategy is to reconstruct the Z, h, and A boson candidates
from the visible decay products in the event. The final state is relatively easy to select using
the online trigger since there are two high-pr leptons, and easy to reconstruct because of the
presence of well-measured decay products. The signal is expected to manifest itself as a peak
in the four-body invariant mass (14;,) spectrum over the SM expected continuum. The main
standard model backgrounds are due to Z boson production with at least two accompanying b
jets (genuine or mistagged), and tt — WW — (v/vbb decays. These backgrounds are evaluated
and normalized directly using appropriate control regions in data. The standard model h boson
produced in association with a Z boson also yields a potential background, but it differs from
the signal because the 1, mass is not resonant. Signal sensitivity is improved by pursuing
two different strategies:

1. exploit the signal topology and features to achieve optimal signal (S) efficiency and back-
ground (B) rejection using a multivariate analysis technique

77



78 CHAPTER 5. SEARCH FOR THE A — Zh — ££bb PROCESS

2. improve the resolution of the reconstructed ms, invariant mass, exploiting the known
value of the h boson mass to perform a kinematic fit on the jets.

In most 2HDM formulations, the A boson is produced predominantly through gluon-gluon
fusion and decays to on-shell Z and h bosons provided ma 2 my, + mz ~ 220 GeV. This channel
can be fruitfully studied for ma < 2m;y,, and in the low-tan B region of the parameter space,
where the decay A — Zh is generally dominant, but, depending on the model, it can still be
sizable for higher values of m4. The h — bb decay has the advantage to have large branching
fraction for most of the parameter space in 2HDM and MSSM. The expected sensitivity of the
analysis, obtained by extrapolating the results of the standard model h — bb search, is shown
in Fig. 5.1. The expected exclusion region in the MSSM parameter space is obtained within a
customized benchmark scenario, obtained by trading the information on the light Higgs mass
for the radiative contributions of SUSY sparticles [109]. The A — Zh — £{bb channel seems to
be promising, being more stringent than the H — hh — bbbb and the H —VV searches in the
low-tan B region and below the top quark kinematic threshold, in a portion of the parameter
space where the ® — bb and ® — 77 searches are not sensitive.

50

LHC sensitivity
7+8 TeV/ 25 fb1

H/A — 77 pos
H—VV pumm |
A — hZ s
H — hh

H/A — tt monm—

200 400 600 800 1000

M A [GeV]
Figure 5.1: Expected sensitivity for different channels in the MSSM low-tan 8 region. The
benchmark scenario is custom-defined, fixing the radiative corrections to my. The A — Zh —

£(bb analysis reach is obtained by projecting the results of the standard model search in the
same final state [109].

Preliminary studies for this channel at CMS can be found in Ref. [110].

5.2 SIGNAL, BACKGROUND AND DATA SAMPLES

5.2.1 SIGNAL

The pseudoscalar boson A is assumed to have a narrow width, and to be produced via the
gluon-gluon fusion process. Since no full next-to-leading-order (NLO) generator capable of
handling the virtual loop diagrams as the ones shown in Fig. 5.2 is available for the considered
process, an approximated gluon-gluon-(pseudo)scalar vertex has to be introduced within the
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Higgs Effective Field Theory (HEFT) in the 2HDM. The A boson is forced to decay into on-shell
Z and h bosons, and the Z boson is forced to acquire a transverse polarization with respect to its
flight direction in order to preserve to total angular momentum. The Z is forced to decay only
into electrons or muons, and the h into a pair of b quarks. Other decay modes are negligible
after the applied analysis selections. The contribution from Z — 77 — £ 4 X is estimated to be
5 orders of magnitude smaller than the prompt Z — ¢¢ decays. Because of the steeply falling
sensitivity to the MSSM as tan j increases, the focus of the present analysis is on the gluon-
gluon process alone, which is largely dominant for tan 8 < 3 over other production processes;
associated production with b quarks plays a role only for tan 2 4. In Fig. 5.3 production cross

sections via the gluon-gluon fusion and associated production are compared for different tan S
values.

8 b
L g
h - b
A
z -
8
8 I

Figure 5.2: Feynman diagrams of the two main pseudoscalar Higgs boson processes. On the
left is shown the gluon-gluon fusion, and the A decay into a Z and h bosons, in the £/bb final
state. On the right is the associated production with b quarks, dominant for high tan j.
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Figure 5.3: Left: production cross-section for the pseudoscalar boson A in the gluon-gluon
fusion (solid lines) and associated production (dotted lines). Right: branching ratio Br(A —
Zh) calculated by FEYNHIGGS in the m]"** MSSM scenario with y = 600 GeV.

The newly-discovered SM-like Higgs boson is assumed to be the lightest scalar through the
analysis, introducing the second resonance with a known mass in the decay and adding an
additional constraint to the event kinematics. In the generated signal samples the light Higgs
boson mass is fixed at m = 125GeV and its width to few MeV, as predicted by the SM.

The A — Zh — ¢/bb channel has its maximum sensitivity in a restricted interval of m 4 masses,
ranging from ma =~ mz + my, where the Z boson becomes on-shell to about ma ~ 2 - mypp
where the branching ratio Br(A — Zh) sharply decreases because of the opening of the A — tt
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channel. In this mass interval, a total of 6 signal samples were produced, at mass intervals
separated by the typical experimental resolution of the 4-body invariant mass, which is of about
25 GeV. Additionally, since in some scenarios the A boson couplings with up-like quarks are
suppressed, three more mass points are simulated to test the sensitivity to higher masses. In
summary, nine mass points with 500 000 events each are simulated: 225, 250, 275, 300, 325, 350,
400, 500 and 600 GeV.

Other than the mass, another important property of the pseudoscalar boson is its width. Gener-
ally speaking, it fully depends on the model considered and its parameters. However, since A
does not decay into vector bosons, the width of the pseudoscalar is generally smaller than the
one of the scalar Higgs(es), even for higher masses, at least until the tt decay threshold; in this
case, a strong dependence on the model parameters is present (see Sec. 5.2.1.2). For ma < 2my,p,
the typical A width ranges from some MeV to a few GeV. For this reason, the A natural width
is assumed to be smaller than the experimental resolution (narrow width approximation), and it
is kept fixed to an average value 'y = 0.1 GeV.

Signal samples are generated with MADGRAPH [111], and the parton showering and hadroni-
zation are performed with PYTHIA using the Z5 tune [112]. The CTEQ6L [113] parton distribu-
tion functions are used in all simulated samples. The generated Monte Carlo events, including
the pileup interactions, are processed through a full detector simulation based on GEANT4 [114]
and reconstructed with the same algorithms used for real data. The PYTHIA generator has been
excluded, since it does not take into proper account the polarization of the Z boson.

5.2.1.1 ASSOCIATED PRODUCTION

Even if the present analysis is designed around the gluon-gluon fusion production process,
for certain regions of the 2HDM /MSSM parameter space the A production is association with
b quarks can be sizable. The presence of an additional b quark in the final state can further
enhance the signal sensitivity, and reduce the background yield. However, this analysis aims
primarily to detect the A — Zh — (¢bb decay chain, trying to be as model-independent as
possible on the A production mode. The associated production is studied by producing a
specific sample with the MADGRAPH generator, with only 10 000 events for the ma = 300 GeV
mass point. The pr and # distributions of the four b quarks at generation level are reported in
Fig. 5.4. The plots show that the associated b quarks are generally produced with a softer pr
spectrum and at higher pseudorapidity than the b quarks from the Higgs decay, and only in
a small fraction of events the leading spectator b quark (and even less for the sub-leading) is
above the kinematic and geometrical thresholds, implying that in the majority of the events the
additional b jets can not even be reconstructed or identified.

5.2.1.2 WIDTH

If the A boson natural width is smaller than the experimental resolution the exclusion upper
limit does not directly depend on the width of the resonance. In order to check the validity
of this assumption, a scan of the width I'y is performed within Type-I and Type-II 2HDM
and in the MSSM parameter space. The result is that for ma < 2my,, the width is smaller
than the experimental resolution (=~ few GeV) for almost any parameter of the theory. For
ma > 2myop, with the accessibility of the A — tt channel, I'y shows sharp variations near
the kinematical threshold. Figure 5.5 and 5.6 report the A width above 2mmiop, which becomes
strongly parameter-dependent and can easily be about 10 + 30 GeV or even larger in some
particular regions, e.g. very low tan f < 1, or cos(f — «) ~ 1.
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Figure 5.4: pt (left) and 7 (right) distributions at generation level of the b quarks from h decay
(black and gray lines) and from associated production (blue and azure lines).
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5.2.2 BACKGROUNDS

All physics processes yielding two opposite-charge, same-flavour isolated leptons accompa-
nied by at least two jets have to be considered as possible sources of background. The most
relevant ones are described in the following and summarized in Tab. 5.1, and the cross sec-
tion used to normalize SM backgrounds are measured by CMS or calculated at (N)NLO by the

Standard Model Cross Section Working Group [12].

Drell-Yan: The production of single Z/v* bosons in association with one or more partons

Top:

or gluons in the final state, resulting in two or more reconstructed jets, is topolog-
ically similar to the searched signal, but its final state objects feature a generally
softer pr spectrum, a non-resonant and rapidly falling dijet mass distribution, and
other less distinctive characteristics (effective spin and colour radiation) that should
theoretically distinguish it from the signal. Before b tagging, the contribution from
light jets (initiated by udsc quarks or gluons) dominates, while after the application
of b tagging the primary contribution in the signal region is from Z + bb. Simu-
lated Drell-Yan events are rescaled to the measured cross section [115]. The MAD-
GRAPH Z + bb cross section is rescaled to the 76.75pb value calculated with the
MCFM software [116] treating b quarks as massive particles [12] by multiplying Z + b
and Z + bb normalization by a factor &~ 1.3. Since the Monte Carlo is produced in
the 5-flavour scheme (m, = 0), Z + b events are Z + bb events where one b-quark
has pr < 10GeV and does not pass generation cuts, and are treated as the same
physics process. In order to increase the Monte Carlo statistics in certain regions of
the phase-space, specific exclusive Drell-Yan samples are generated with different
intervals in the number of partons involved in the hard interaction (from 1 to 4), pr
of the Z (50 — 70, 70 — 100, > 100, > 180 GeV) and sum of the pr of the involved
partons (200 — 400, 400 — 600, > 600 GeV). These datasets are merged with the in-
clusive sample, taking into account the event population in each interval, in order to
minimize the statistical uncertainty in the final sample.

Production of tt pairs represents a particularly challenging background at the LHC,
given its large production cross section. These events always contain two energetic
b jets and two W bosons that may decay to high pr, isolated leptons. The primary
handles to reduce the tt background are topological, exploiting the larger jet multi-
plicity and the presence of missing energy. Both semi-leptonic and fully-leptonic tt
decays have been considered, the latter being much more important than the former
for the final state considered. Other top quark production processes, not dominant
for the purposes of this analysis, are the following:

Single Top : Single top events can be more difficult to reject with respect to
tt events, but fortunately their cross section is low enough that they are
no cause of concerns. Several production processes are present, but only
those involving two real W bosons in the final state produce a sizable
yield of dilepton plus dijet events.

t-channel : top is produced after a quark-gluon interaction with the
exchange of a virtual W. For t-channel single top, the total
cross section has been measured [117], while the t over f ratio
is taken from MC.

s-channel : top is produced in association with an anti-bottom, after
the annihilation of a pair of quarks in a weak vertex.

tW-channel : top is produced in association with a charged vector
boson in a weak process, from a gluon-bottom pair in the ini-
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tial state. This channel has the largest background contribution
among single-top channels due to the presence of two real W
in the final state.
Top+V : the associated production of top pairs and a vector boson (V=W, Z)
may lead to a final state including many leptons and jets, but the cross
section of such processes is very small.

Dibosons: The production of two vector bosons in the SM is a rare process, with a similar
kinematics to that of the signal; the boost of the bosons is generally high. Three
processes are considered [118-121]:

WW : very few events survive the data preselection, since both W should de-
cay leptonically and their invariant mass fall in the Z mass window; the
request of two jets results in a very low efficiency.

WZ : similar to the previous case, there is a low probability that such events
can contaminate the signal region, because the hadronically-decaying W
jets have to be both mistagged.

ZZ : even if its cross section is small, ZZ production is an important back-
ground because one Z can decay leptonically, while the other into b jets,
leading to a final state very similar to the signal. The only difference is
the value of the dijet invariant mass, that peaks at the Z mass instead of
the h mass.

Other backgrounds are :

W +jets: consisting in the production of single W vector boson [115] in asso-
ciation with quarks or gluons, which includes an additional real or fake
lepton that fires the trigger and mimics the final state signature. Despite
the large cross section, very few events pass analysis cuts.

QCD: despite its enormous cross section at LHC, the probability to produce
two real or spurious high-p isolated lepton candidates is very low. The
QCD dataset is enriched in its muon content via a filter at generation level
and a cut on the p of the hard-interaction pr > 20 GeV. Few events sur-
vive lepton selection, none of them make it to the signal region. Even
if specific lepton-enriched samples are used, the knowledge of this back-
ground is limited by the finite MC statistics.

SM Higgs: the recently discovered SM-like scalar boson has to be included as
background too, since its production in association with a Z boson is topo-
logically very similar to the searched signal, as it features an on-shell Z
and a couple of resonating b jets at my, = 125GeV. The Zh cross section
is estimated to be o = 408 £ 4 pb, while its branching ratio to h — bb is
Br = 0.566 =+ 0.003 for a 125 GeV Higgs [12].

All simulated events are produced with the MADGRAPH [111] matrix element generator, with
the exclusion of the multijet QCD sample and the diboson samples, simulated with PYTHIA [124].
For SM Higgs production associated with a Z boson and single top processes, the POWHEG [125]
generator is used. As the signal samples, all datasets are processed using GEANT4 [114] with
a detailed CMS detector simulation, including the pileup events. The simulated distribution
of the expected number of interactions in the same bunch crossing is reweighted to the one
observed in 2012 data.
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Process Measured (pb) Calculated (pb) Source

W-Hets 35643 = 560 36703 £424  [115]
Z+ets (my > 50) 3503 + 171 353194394  [115]
Z-+ets (my < 50) 13123 + 640 11050 £ n.d.  [115]

tt (semi-leptonic) 105.2+5.6 93.64 +2.18 [122]
tt (full-leptonic) 2532 +1.34 23.64 +0.52 [122]
t (t-channel) 49.9+9.1 56.4 +2.4 [117]
F (t-channel) 28.8+55 30.7 +1.2 [117]
t (s-channel) - 3.794+0.15 [12]
t (s-channel) - 1.76 = 0.08 [12]
t (tW-channel) 11.7 +2.7 11.1+0.8 [123]
f (tW-channel) 11.7 +2.7 11.1+0.8 [123]
WW 69.9+7.0 55.48 + n.d. [121]
Wz 246 +1.7 21.91 £ n.d. [120]
77 7.7+09 7.7 +n.d. [119]
tt+ W - 0.232 +0.03 [12]
tt+Z - 0.2057 £0.02  [12]
ZH - 23.3-1073 [12]

Table 5.1: The cross section for the considered backgrounds, multiplied by their branching
ratios when meaningful. Each different sample notation includes all the decays taken into
account in the calculation. Measured cross sections were used when available, (N)NLO calcu-
lations otherwise. The bold numbers are those effectively used in the analysis.

5.2.3 DATA

The data sample used in this analysis has been collected during 2012, at a center-of-mass energy
of 8TeV, and the total integrated luminosity amounts to [ £dt = 19.7 £0.5 fb~! [126]. The
analyzed events have been selected by two different trigger paths:

HLT _Mul17_Mus8: requires two muons with pr larger than 17 and 8 GeV, respectively, within
|| < 2.4 and without any selection on muon isolation;

HLT_Ele17 CaloldT _CalolsoVL_TrkldVL_TrkIsoVL_Ele8_CaloldT _CalolsoVL_TrkldVL_ TrkIsoVL:
demands two isolated electrons with pr larger than 17 and 8 GeV, respectively, sat-
istying online quality and isolation requirements.

The trigger paths are simulated in Monte Carlo events, and required to be fired as in the data
sample. Trigger scale factors are applied to take into account residual efficiency differences with
the trigger simulation, and to cope with the different efficiency of the trigger menus during the
2012 data taking period. The data samples used are listed in Tab. 5.2.

5.3 EVENT SELECTION AND BACKGROUND CONTROL REGIONS

5.3.1 PRESELECTION AND SIGNAL REGION

Data and Monte Carlo events have to meet certain requirements to be considered suitable for
the analysis. A basic screening, called preselection, selects only events firing the double-muon
or double-electron trigger. At least two opposite-sign, same-flavour leptons, have to be re-
constructed within geometrical acceptance (|| < 2.5 for electrons, |y7| < 2.4 for muons); the
pr threshold is set to 20 GeV for the lepton with largest pt, and to 10 GeV for the lepton with
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Double-muon Double-electron
Period Events L(fbY) Events L(fb )
Run A 1340460 0912 1162721 0.876
RunB 12251486 4511 5868916 4511
Run C 13894075 7.017 9306031 7.055
RunD 12536714 7369 6178749 7.369

Total 39961200 19.67 £0.51 22516417 19.71 £0.51

Table 5.2: Summary of data samples used in this analysis. The trig-
gers  considered are HLT Mul7 Mu8 for the double-muon dataset, and
HLT _Ele17_CaloldT_CalolsoVL_TrkldVL_TrklsoVL_Ele8_CaloldT_CalolsoVL_TrkldVL_TrkIsoVL

for the double-electron one.

next-highest pr. The Z boson candidate is formed from the two highest-pr, opposite-charge,
same-flavour leptons, and must have an invariant mass larger than 50 GeV. In addition, at least
two jets are required with pr > 20GeV, within |y| < 2.4, and with angular separation relative
to each lepton of AR > 0.5.

A signal-enriched region (henceforth called signal region or SR) is selected requiring two leptons
and at least two b-tagged jets, identified with the CSV b-tagging algorithm, with the tight work-
ing point on the leading CSV jet (also denoted as CSVT, or CSV> 0.920) and the loose (CSVL,
or CSV> 0.405) on the subleading one. The h candidate is built from the two jets that have the
highest b tagging CSV value. With this choice, the jets originating from the Higgs decay are
correctly selected in about 80% of the events after preselection cuts, and > 97% in the signal
region. The fraction is lower, ~ 60% and ~ 80%, for events produced in the b quark associ-
ated production due to the higher b-jet multiplicity in the event. Additional jets are ignored,
and any event not fulfilling these conditions is discarded. Finally, the invariant masses of the
lepton and jet pairs should be compatible with those of the Z and h boson (80 < my < 100
and 90 < my, < 140 GeV respectively), and a small missing energy (E?s* < 60 GeV) has to be
observed in the detector.

The data reduction with the selections described above is summarized in Tab. 5.6 and Fig. 5.7.
The multijet events are suppressed effectively by the requirement of two leptons, and reduced
to a negligible level by the Z selection, like the W +jets. The requirement of two b-tagged
jets reduces strongly the large Z +jets background. The most important background after the
analysis cuts are Z + bb, Z + b, tt, Z+jets, while few single top and VV events, mostly Z Z, still
survive.

5.3.2 BACKGROUND CONTROL REGIONS

Dedicated control regions (CR) are defined to check both the normalization and shape in crucial
kinematical distributions of the most important backgrounds by inverting the selections that
enhance signal. Drell-Yan backgrounds are considered separately as a function of the number
of b jets, distinguishing Z +jets (no b jets), Z +b (1 b jet) and Z +bb (2 b jets), and their corre-
sponding control regions selected by requiring the proper number of b-tagged jets. The tight
and loose working-point selections can be used to tag the leading and next-to-leading jets in
the event. In the Z +b control region, a b tag veto is applied to jets other than the b-tagged jet.
Additional kinematic selections include a cut on the dilepton invariant mass around mz, low
EMisS and a dijet invariant mass veto close to the Higgs boson mass. The tt control region is
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Figure 5.7: Events reduction for data and background after selections. Also three signals sam-
ple, with m, =250, 300, and 350 GeV are shown: the signals are normalized to a cross section
times branching ratio of 25 fb. The Final label identifies the event yield after the final selections
for the intermediate mass cut-based analysis.

defined by inverting the m, and EXS cutoffs, dropping the dijet veto, and requiring at least
two b-tagged jets.

Control Region Z mass (GeV) hmass (GeV) CSV; CSV, EMiss(GeV)

Z +0 b-jets 80 << 100 < 90,> 140 - - -

Z +1 b-jets 80 << 100 <90,> 140 Tight notLoose < 40
Z +2 b-jets 80 << 100 <90,> 140 Tight Loose < 40
Top < 80,> 100 - Tight  Loose > 40

Table 5.3: Control regions selections. Signal is avoided by vetoing m, close to the Z mass, or
Mpp Within resolution with my,.

Corrective scale factors for normalization, reported in Table 5.4, are obtained from a simulta-
neous likelihood fit to the difference between data and simulation in the four control regions,
and are applied in the following steps of the analysis. Scale factors account for not only cross
section discrepancies, but also for potential residual differences in physics objects selection ef-
ficiencies. The tt and Z +jets scale factors are dominated by the corresponding control region,
the former since it is the only control region where its presence is dominant, the latter given
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the larger statistics of the corresponding control region. The Z +bb and Z +b ones are instead
determined both by Z +bb and Z +b regions.

The yield, and distributions of less significant backgrounds from diboson, single top quark,
and Vh events, are taken from simulation, using measured cross sections.

Z +jets Z +b Z +bb tt
Scale Factors 1.069 +0.002 0.945+0.012 1.008 +0.020 0.984 +0.010

Table 5.4: Rescaling factors for control regions obtained for the four main backgrounds. The
uncertainties correspond to just statistical contributions.

s A-Zh_lbb (I=e,p) L=19.7fo" (8 TeV) A - Zh-llbb (I=ep L=19.7fb" (8 TeV)
=10 B e e A I > A e L e o e o e I
8 Z+jets Control Region ; g;“;iggs E 8 E Z+b Control Region ; ga‘iﬁggs e
0 inary Multijet b T or Multijet ~
»n 0 Z+jets " [ 0 Z+jets N
< Bl Z+b 7 c L Bl z+b N
S B z:bh _ S [__F20T
w tt (+V) E| w, 5 tt (+V)

Single Top 10° = singleTop o
Bl W+jets

107

10
2 1 25 Data/MC = 1.000 + 0.001 K-Si=0.000, x2/ndf = 320.2/7 | l, 2 1.5F Data/MC = 1.000 £.0.004 K- _ﬁm 2/ndf. =.83,9/4¢ 3
o 1.2F e o F +:
g e SRS T ot NN 2 4F *¢+++T++++++++ prpd W b JL\L‘?
I A ML U I B FHITTTRRT
0.8F ¥ A 0.5 t ]

0 50 100 150 200 250 300 350 400 0 2b 40 60 80 100 120 140 160 180 200

z P, [GeV] Jet2 P, [GeV]
A~ Zh-llbb (I=e ) L=19.7 o (8 TeV) A~ Zh-llbb (I=e ) L=19.7 fb* (8 TeV)
>80T T T T T T T T T T T T T T T > L B L B B B
$ L CMS Z+bb Control Region ——Data A ¢ L cMs t Control Region ——Data_
8700 F  Preliminary - f/l’\Lll‘“Hijlglgs 3 8 - Preliminary - smﬂggs
Z - I Z+ets m 2200 O I Z+ets i
i< C Bl Z+h 3 1 L W Z+b 4
c = = — c =
20 =i Soool- mioy_
w O Single Top — - Single Top -
C B W+ets . L B W+ets -
500 =W - F =W n
IMc stat 800— I mc stat
600—
400—
200—
o) Y N IS R AN AR Bt
ata/MC = 1.000 + G.011 K-S =0.019, x?/ndf = 68.7/53 E 3 12 ; Data/MC =1.0004 0.016 K- :4‘@7 17, X*MadT:="23.9/28
: iy S |
gttt bt by L T 8 ST by e et LT L% ol T
¢ H o & NS S BNNESE o
E| 0.8E T ‘ 3
900 200 300 400 500 600 0 50 100 150 200 250 300 350 400 450
M,,, [GeV] M, [GeV]

Table 5.5: Comparison between data and simulation for some of the most important kinematic
variables in the four control region. Top left: Z candidate transverse momentum in the Z +jets
control region. Top right: sub-leading jet pr in the Z +b control region. Bottom left: four body
invariant mass (11;) in the Z +bb control region. Bottom right: dijet invariant mass in the top
control region.
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Figure 5.8: MC yield before (left) and after (right) the likelihood fit, with scale factors applied.

5.3.3 MULTIJET ESTIMATION

Multijet contamination in control and signal regions is evaluated with data, due to the very
small selection efficiency for this kind of background.
The yield is predicted with the ABCD method, inverting
lepton isolation criteria in the plane of the two variables,
sketched in Fig. 5.9, enhancing the QCD contribution
with respect the other physics processes. The method is
applied to either control regions (Z +bb, tf) or the signal
region. The predicted yield in the region D, where the
multijet contribution is estimated, is given by the ratio
of the number of QCD events observed in the regions
A, B, C by the simple relation Np = N4/Np x Nc. PFiso cut

lepton, PFiso

Due to the lack of simulated samples with an adequate
statistics, the QCD contribution is considered as the dif-

ference between data and the electroweak backgrounds. Figure 5.9: Graphical represen-
Results using the QCD simulation are considered only tation of the regions used in the
as a cross check, and are fully compatible with the data- ABCD method.

driven method, although with a larger statistical error. .
The multijet contamination is estimated to be 6.5 - 2.3 in the Z +bb control region, and 3.0 1.7
in the signal region, and the contribution of this background is considered negligible.

5.3.4 SIMULATION MISMODELINGS

The simulated Drell-Yan backgrounds show some disagreement in few variables when com-
pared to data in the corresponding control regions. The first variable to be considered is the
pseudorapidity of the two b-tagged jets, which show an nonphysical peak around 0, not visible
in data. Investigations evidence that the peak is present only for b partons, treated as massless
by MADGRAPH but massive in PYTHIA. Since no exact method for removing the peak has been
found, the Monte Carlo is reweighted to match the data, and the difference is considered as a
shape systematic uncertainty on the simulated background.

lepton, PFiso



5.3. EVENT SELECTION AND BACKGROUND CONTROL REGIONS 89

The second, and most important effect is the disagreement, observed in the Z +bb control re-
gion, of some distributions such as the cos 6* angle and centrality of the four main objects in
their rest frame (defined in Sec. 5.4), which reflects also on other key variables, like the 4-body
invariant mass. In particular, the centrality distribution exhibits a clear linear trend, visible in
all Drell-Yan and tt control regions. A per-event weight is calculated as the ratio of the central-
ity in data over simulation in the Z +bb control region using a first degree polynomial, and it is
employed to correct the Drell-Yan and tt backgrounds. The difference between the unweighted
and weighted simulation distributions is not negligible, and is taken as a source of MC mod-
eling systematic uncertainty. After the reweighting, an improvement in simulation agreement
is observed in all distributions; the linear trend observed in the ma distribution disappears as
well, as visible in Fig. 5.10.
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Figure 5.10: 4-body invariant mass in the Z+heavy flavour control region before (left) and after
(right) the reweighting.
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Dataset Trigger Lep > 2 Zcand Jets > 2 Z mass bJets>1 DbJets>2 hmass mw%m Final
Data 62486296 14024408 12750833 1198888 1021320 47 491 18863 4979 4400 1108
VvV 64289 39903 33237 12836 10890 897 491 152 149 50
Wjets 574 850 2285 941 232 41 — — — — —
Single Top 123266 6751 4496 2656 466 241 117 33 11 3
tt (+V) 238 632 60837 39548 37271 6627 4347 3087 889 368 152
Z+bb 76722 45332 38739 19250 17482 11233 8824 2368 2332 537
Z+b 360589 226791 199773 63 834 57952 22965 4407 1166 1150 245
Z+jets 21818907 13964489 12394090 1062179 939520 8205 1993 495 491 89
Multijet 32377032 87741 3526 911 127 — - — - —
SM Zh 190 125 115 98 91 56 38 28 27 14
All Bkg. 55634480 14434255 12714468 1199268 1033197 47 944 18957 5131 4529 1092
ma = 250 GeV 351 217 202 176 163 104 72 53 52 11
ma = 300GeV 370 256 238 211 195 127 87 63 62 42
ma = 350GeV 381 278 259 232 215 141 98 71 69 60

Table 5.6: Event selection for data and background after preselections (top) and analysis cuts (bottom). Also three signals samples, with 1
=250, 300, and 350 GeV are shown: the signals are normalized to a cross section times branching ratio of 25 fb. The Final label identifies the
event yield after the final selections for the intermediate mass cut-based analysis. The Final label identifies the event yield after the final
selections for the intermediate mass cut-based analysis.
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5.4 DISCRIMINATING VARIABLES

The A — Zh — (/bb decay yields a very characteristic signature with respect to the irreducible
backgrounds. The possibility to reject the latter, besides the information on the mass of the
resonances, relies in finding characteristic variables of the signal process. Two approaches can
be attempted: the first and most immediate one is to consider variables which are natural from
an experimental point of view, such as the final objects transverse momenta, invariant masses,
pseudorapidity and azimuthal separation, and many more. This can be thought of as a type of
bottom-up parametrization, and the full set of variables can be found in Sec. 5.4.1.

The alternative is a top-down parametrization, motivated by the physical process. A good
starting point are the variables that characterize the pseudoscalar production, such as the polar
angle, and follow the decay chain up to the final objects (leptons and quarks) in their rest
frame. This procedure is described in Sec. 5.4.2. Additional useful information can be carried
by event variables, built from all the objects reconstructed in the event (Sec. 5.4.3); in Sec. 5.4.4
also radiation-specific variables are investigated, exploiting the colour properties between the
quarks originating the two jets.

5.4.1 KINEMATICS

The basic step is to use the final objects” four momenta in the lab frame and see if any visible
difference between the backgrounds and the signal samples are present. Different four-vectors
can be combined if the resulting variable does not loose too much information. A good starting
point is the kinematic of the reconstructed A candidate, namely the object composed by the four
observable objects (leptons and jets). The pr tails are usually larger for the signal with respect to
backgrounds, making it interesting for a possible search in the high-pr regime. Unfortunately,
the signal yield is so small that the advantage of such an approach is not clear. Some differences
can be observed if looking at the pseudorapidity, the signal being produced in a more forward
region, but this quantity heavily relies on details of the PDF in non-well-constrained regions of
parton x and Q2.

More interesting are the A decay products, the Z and h candidates. The pr of these objects, espe-
cially the Z, is particularly effective at discriminating backgrounds, provided the A is massive
enough to give the daughters the required momentum. Indeed, the Z pr spectrum is steeply
falling in Drell-Yan processes, initiated by a g7 state resulting the vector boson to be produced
at smaller transverse momentum. On the other hand, also the h boost is equally effective, ex-
cept at low ma where is overwhelmed by Z +jets events. Also the angular separation between
the two intermediate candidates is investigated, but it is strongly correlated with A pr.

While a real, on-shell Z boson is present almost always in both signal and background, there
is a stronger motivation to look at the dijet system more carefully, since its origin is completely
different in signal and background. In signal, the two b jets come from a single, massive object,
but in Drell-Yan processes they come from additional gluons or quarks involved in the hard
scattering and are largely uncorrelated. The simplest variables are:

o the pr of the two jets, since the Z 4 bb irreducible background has usually a softer
pr1 spectrum

o Ay = |1 — 12| because signal tends to emit b jets with a closer angle with respect
to the DY +jets backgrounds

o Appp = T — ||@p1 — @i2| — 71|, for the same reason as above

o ARy = /Ayl + A@l; gives the separation in the 17 — ¢ plane, and it is quite corre-
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lated to the h candidate boost

Taking ARy instead of Anp and A, is often advantageous for different reasons, but it entails
a loss of useful information. To overcome this issue, another polar angle, called twist, can be
introduced. Thinking of Ay, Ag as 2D Cartesian coordinates, the polar coordinate is the well-
known AR, while the azimuthal one is the twist angle 7, defined as:

A
T =tan"! £9

At
Twist is a longitudinal boost-invariant version of the rotation of the h bb plane with respect to
the beam-h plane, and it is zero when the particles are separated along the cylinder in 7, and
71/2 when separated around the cylinder in ¢.
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Figure 5.11: A, vs Agy; for the Higgs boson signal (left) and the gg initiated Zbb background
(right). These distributions are obtained at the parton level, and for a moderate h boost (pr > 50
GeV) [127].

The twist angle has an additional advantage. While AR, is strongly correlated with the Higgs
boson pr, twist, being orthogonal to AR, j; ends up being very uncorrelated with p¥, becoming
useful even at high Higgs boson pr. Twist is also uncorrelated with myy,, since myy, is basically
determined by AR, and p¥, so it makes a nearly ideal complimentary discriminant to ARyj.
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Figure 5.12: pt balance (left) and twist angle between the two jets (right).



5.4. DISCRIMINATING VARIABLES 93

5.4.2 ANGULAR VARIABLES

There are several features in the signal A — Zh — /(/bb decay kinematics which can help
discriminate against the background. In fact, five helicity-dependent angular observables fully
describe kinematics ina 2 — 1 — 2 — 4 decay [128]; they are independent on the three
invariant masses of the particles involved (my, mz, my) and on the longitudinal and transverse
momenta, but typically they have weaker discrimination power and rely on process production
dynamics. These variables are largely uncorrelated and are more attractive to be used in a
collective discriminator rather than independently.

Figure 5.13: Diagram of the A — Zh — ¢/bb decay and the definition of the five helicity angles.

The five angles are sketched in Fig. 5.13; two of them are production angles (6*, ®;), the re-
maining three decay angles (61, 6, ®). Their normalized distributions are shown in Fig. 5.14
and are defined as:

0*: angle between the Z flight direction and the beam in the A rest frame
01: angle of the negatively charged lepton and the Z flight direction in the Z rest frame

f,: same as 61, but for h and jets. Since there is no unambiguous way to know the charge
of the b parton, this variable is symmetrized, and the most energetic jet is chosen by
convention

®: angle between the Z and h decay planes

®;: angle between the Z decay plane and the plane of the Z flight direction and the
beams.

A likelihood discriminant is constructed starting from the signal and background probability dis-
tribution functions s; and b;, parametrized by proper functions. A likelihood has been chosen
for its simplicity and robustness with respect to other multivariate methods, and because vari-
ables have a low correlation. The likelihood ratio discriminator is defined as:

D [Tisi(x;)
[Tisi(x;) + T bi(xi)
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The training of the likelihood has been performed with simulated events in the signal region,
and a single signal sample, ma = 350GeV, is selected; the other signal samples do not dif-
fer significantly. The five angular variables for background and signal samples, and the final
discriminator output are shown in Fig. 5.14.

Due to the relatively small discrimination power, the Likelihood discriminant is used only in
the cut-based analysis; being almost all the discrimination due to cos 8* and cos 81, these two
angles are directly used as input of other multivariate methods in the final steps of the analysis.
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Figure 5.14: Signal (red) and background (blue) probability distribution functions for the five
angles. Bottom left: angular discriminator output in the signal region.

5.4.3 EVENT SHAPE

Beside the 4-momenta of the four main objects, additional information could be carried by
variables calculated with all objects in the event. The most natural ones are:
Hr: scalar sum of Et of all hadronic objects in the event passing a pt threshold > 20 GeV
St: scalar sum of Hr, leptons pr and EI[niSS
Centrality: defined as ) pr/E,is the sum of the pr of all objects divided by the visible
energy

In addition to these, other event shape variables can be calculated. These involve the eigenval-
ues of a tensor, the Sphericity Tensor, composed by objects” 3-momenta [127]:

1 PxPx PxPy PxP:
W Z PyPx  PyPy PyPz
NP \pzpx pzpy P2P:
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The eigenvalues of this matrix are computed, then ordered and normalized A1 > A; > A3 with
A1+ Ay + Az = 1. The event shapes are then defined as in Ref. [129].

Sphericity: S = 3 (A2 + A3) where 0 < S < 1. A 24et event has S ~ 0 while an isotropic

one has S ~ 1.

Aplanarity: A = 3 A3 where 0 < A < 1/2. A planar event has A ~ 0 while an isotropic

onehas A ~ 1/2.
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Figure 5.15: Centrality calculated in the A rest frame (left) and Aplanarity (right).
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Figure 5.16: Circularity (left) and Sphericity (right).

5.4.4 RADIATION

One peculiar difference between signal and background lays in the fact that the two quarks
produced by the Higgs decay are colour-connected to each other (the Higgs is a colour singlet),
while in the background they are often colour-connected to the proton remnants that travel
down the beam pipe. This is shown schematically in Fig. 5.17. This difference is independent
on the event kinematics, and, if observable, it is complementary to kinematical variables and
can add useful information in a multivariate search.

Since colour flow is physical, it can be possible to extract the colour connections of an event
only if they have an observable effect on the distribution of the observable hadrons. The pull
vector is an observable quantity at hadron colliders specifically designed to measure the colour
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Figure 5.17: Colour connections for signals (left) and backgrounds (right).

flow [130]. It is a pr weighted moment vector that tends to point toward the colour-connected
partner of the jet’s initiating quark, and it is defined as:

79 "’1|
Z T

icjet PT

where 7 = (Ay;, Ag;) = C; — ] with | = (y1, @y) is the location of the jet and ¢; is the position
of a particle with transverse momentum p.. For 7; and f calculation, only the charged particle
flow objects used in the jet reconstruction are used.

The most effective way to use the pull vector is to calculate the pull angle, which is the angle
between the pull vector and some other vector in the event, since its magnitude has no physical
meaning. For signal, the pull vectors are expected to point towards each other, thus for each jet
the pull angle is defined as the angular separation between the pull vectors and the connecting
direction between the two jets in the y, ¢ 2D-plane. In background the pull vectors should
point along the closest beam, so two additional angles can be defined. All four pull angles are
sketched in Fig. 5.18.
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Figure 5.18: A single parton-level signal event showered millions of times (left) and a single
parton-level background event with identical kinematics but different colour connections. The
colour scale shows the average showered pr density in the y, ¢ plane. The colour connections
are shown with the thin lines, and examples of pull vectors (defined in a per-event basis) with
arrows. The angles a1, and B, are illustrated as the angles of the pull vectors with respect to
the signal and background-like connection lines.
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Figure 5.19: Colour angles for the leading jet: pull angle (left) and beam angle (right).

5.5 CUT-BASED ANALYSIS

Before starting a fully-optimized analysis with complex multivariate techniques, a simpler and
more robust cut-based analysis has been developed. It is meant as a baseline benchmark useful
to compare the gain obtained with every analysis improvements (kinematic fit, multivariate
algorithms, two-dimensional fit), as well as performing an almost model-independent search
for general my, resonances, being less dependent on signal properties. Even if the results of
the cut-based are not the best and definitive ones, they can give realistic results since the cut-
based represents a self-consistent analysis, complete with the proper systematic uncertainties.

The cut-based analysis is developed on top of the selections described in Sec. 5.3, separately
for three different signal mass ranges: low (ma = 225, 250, 275 GeV), intermediate (ma = 300,
325, 350 GeV), and high mass (ma = 400, 500, 600 GeV), due to the difference in the kinematic
regimes. The cut-based analysis aims to optimize the significance of an hypothetical signal by
applying cuts to the most discriminating variables, namely the boost of the boson candidates
Z and h, the angular discriminator output D, the AR between the two jet and lepton pairs and
the St, all defined in Sec. 5.4. Starting from the signal region, several combinations of cuts
are tested, counting the number of signal (S) and background (B) events within the my,;, peak
resolution after the selections. The figure of merit chosen is Q = 2 - (/S + B — v/B), which
gives more appropriate significance values when S and B are small [131]. The resulting list
of cuts is reported in Tab. 5.7; the distributions for p%, ARy, and St in the signal region are
shown in Fig. 5.20. The distributions of the invariant mass #1y;, for the three mass region for
background and a signal with o x Br(A — Zh — £(bb) = 25 fb are shown in Fig. 5.21; Tab. 5.8
reports the expected number of signal and background events.

5.5.1 RESULTS OF THE CUT-BASED ANALYSIS

After the final selections, the distribution of the four body invariant mass m, is exploited in
the search for a possible signal. The mass templates for signals and backgrounds are fitted to
the data, and a 95% CL upper limit is obtained using the CLs method [105, 106]. The four main
backgrounds, dibosons and other minor backgrounds are considered separately, and signal
templates for mass values between the simulated mass points are obtained through the his-
togram interpolation technique, explained in App. A.2. All the normalization and shape system-
atic uncertainties, described in Sec. 5.8, are taken into account. As a cross-check, an exclusion
limit with simple cut-and-count is extracted, giving comparable but ~ 5 < 30% worse results.
The 95% CL upper limits on the total o x Br (Fig. 5.22) are reported in Tab. 5.9.
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Low Mass Intermediate Mass High Mass

myp (GeV) 80 < myp, < 100

Ccsv; Tight

CSV, Loose

Mpp (GeV) 90 < myy, < 140

EF"8 (GeV) < 60

D > 0.30

p%(GeV) - > 60 > 80
ARy <325 <325 <250
St(GeV) > 200 > 250 > 275

Table 5.7: Selections for the cut-based analysis, separately for each mass region.

Low Mass Region Intermediate Mass Region High Mass Region
Dataset Events Fraction Events Fraction Events Fraction
Data 2409 =49 - 1108 =33 - 565 £ 24 -
\A% 98.0+1.7 4% 503 +1.2 4.6% 334+1.0 6%
Wjets 0+0 0% 0+0 0% 0+0 0%
Single Top 73+1.8 0.3% 34412 0.31% 1.8+0.9 0.32%
tt (+V) 290 £3 12% 152.1£25 14% 693 +1.7 12%
Z+bb 1260 £ 11 52% 537 +5 49% 281 +4 50%
Z+b 555 7 23% 245+ 3 22% 1189 £22 21%
Z+jets 204 +5 8.4% 89.0+1.9 8.2% 46.0+1.2 8.2%
Multijet 0+0 0% 0+0 0% 0+0 0%
SM Zh 2238+£0.11  092% 1473 £0.09 1.3% 10.72 £0.07 1.9%
All Bkg. 2437 £15 - 1092 +7 - 561 £5 -
mp =225GeV  29.06 £0.18  6.20%
mp =250GeV 4256 +£0.21  9.05%
mp =275GeV  51.10£0.23  10.9%
mp = 300 GeV 42.87 +0.21 9.15%
mp = 325GeV 53.58 +0.24 11.4%
mp = 350GeV 60.21 £0.25 12.8%
mp = 400 GeV 63.04+£026 13.3%
mpa = 500 GeV 7719£029  16.3%
mp = 600 GeV 8221+030 17.3%

Table 5.8: Expected and observed events for the Low, Intermediate and High Mass cut-based
selections. Together with the number of expected events also the event fractions are reported

for backgrounds, while for signal the selection efficiency. The signal yield is referred to a o x
Br(A — Zh — {(bb) = 25 fb.
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Figure 5.20: Distribution for p% (top left), AR, (top right), St (bottom left), and the Angular
Discriminator (bottom right) for signal and backgrounds in the signal region.

ma (GeV) 225 250 275 300 325 350 400 500 600
Observed (fb) 240 394 363 413 337 178 506 738 3.55
Expected (fb) 474 454 381 294 217 165 10.0 523 327
Expected —1c0 (fb) 33.8 325 273 21.0 155 117 7.09 3.65 223
Expected —20 (fb) 253 244 205 157 11.6 873 527 269 1.62
Expected +1c0 (fb) 672 64.0 53.8 416 308 234 144 7.63 4.85
Expected +20 (fb) 915 86.8 73.0 56.7 419 321 20.0 10.7 7.02

Table 5.9: Expected upper limit for the cut-based analysis.
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Figure 5.21: Four-body invariant mass 11, for the low (top left), intermediate (top right), and
high mass region (bottom) after the final cut-based analysis selections.
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Figure 5.22: Expected and observed upper limit with the cut-based analysis.
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5.6 KINEMATIC FIT

This search has a final state with two resonances of known mass, Z — ¢¢ and h — bb. The
mygpp resolution is dominated by the dijet resolution, as leptons are better measured than jets.
An important feature of the signal is that the two b jets originate from the decay of the h boson,
whose mass is known with better precision than provided by the bb mass resolution [33]. A
kinematic fit, performed with the TKINFITTER software [132] based on Lagrange multipliers,
varies the jet pr, 77, and ¢ values within their resolution, to constrain the dijet invariant mass to
my, =125 GeV.

The pt resolution of the two jets Apt/pr, shown in Fig. 5.23, is studied in a MC sample and
parametrized separately in the barrel and endcaps regions with a second degree polynomial.
The procedure for jet 7 and ¢ is analogous. The kinematic fit leaves the jet invariant mass
unchanged, and the jet energy is varied accordingly. The resolution is computed using the
4-momentum of the generated particles (with the exclusion of neutrinos, if present) clustered
with same jet algorithms of reconstructed jets.
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Figure 5.23: Relative resolution on pr for b jets (Apr/pr) (left) and its dependence on pr for
barrel (left-top) and endcap region (left-bottom) with functional fit

The goodness of the kinematic fit is tested by defining a x? of the constrained vs unconstrained

jets 4-momenta:
xw/ o KinFit XW/ KinFit \ 2
¥ = Z i i
Ox

x=pr,i,¢ i
i:jet1 ,jefz

The x? distribution is shown in Fig. 5.26, for data and background and signal MC samples,
together with the unconstrained bb invariant mass as a function of the x? of the kinematic fit.
The x? is larger for events with an unconstrained bb invariant mass far from the nominal m,.
Since the dijet invariant mass does not carry any further information after the kinematic fit, the
X2 is used in subsequent steps of the analysis as a discriminant in place of 71y,

The impact of the kinematic fit on the four-body invariant mass m,;, before and after the
kinematic fit are compared in Fig. 5.25 and 5.28. The results of a Gaussian fit on the bulk of the
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Figure 5.24: Invariant mass of the two b jets before (left) and after (right) the kinematic fit.
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Figure 5.25: Four-body invariant mass ;¢ for backgrounds and signals (enhanced), for three
mass points (ma =250, 300, and 350 GeV) before (left) and after (right) the kinematic fit on bb

system.

signal distribution are reported in Tab. 5.10. The kinematic fit improves the relative four-body
invariant mass resolution from 6.3 and 4.0% to 1.2 and 1.9%, respectively, for the smallest and
largest values of m,, reducing thereby the mass offset, and centering the peaks around their
nominal values. Although both the background and signal m,;, distributions are modified
by the kinematic fit, the signal significance in a mass window close to the peak increases by a
factor 2 at lowest mass and by 34% at highest mass. The resulting jet three-momenta redefine

all the kinematic variables in the event.
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Figure 5.27: Pulls of jet pt against the generated jet pr (left) and generated parton pr (right), for
signal. For the signals (red lines), the generated jet pull is off-center, while the one computed
against the parton is well centered, confirming that the kinematic fit recovers the original b
quark pr. The corresponding pulls for background are not meaningful, given the use of a

wrong hypothesis for these samples, and are not shown.
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Figure 5.28: Simulated distributions for m,;, before (dotted lines) and after the kinematic fits

(solid lines). Histograms are normalized to unit area.

ma (GeV) 225 250 275 300 325 350 400 500 600
+ Mean (GeV) 2129 2375 2627 287.6 3128 338.1 3884 4895 5909
US Width (GeV) 1353 1459 1553 1631 17.17 17.78 1896 2141 2341
Z Res (%) 635 614 591 567 549 526 488 437 3.96
= Mean (GeV) 2250 249.8 274.6 299.5 3241 349.1 3985 4974 595.9
¢ Width (GeV) 266 364 445 499 581 617 729 892 1147
4 Res (%) 118 146 162 167 179 177 183 179 193

Table 5.10: Results of the Gaussian fits to the m1y;,;, peaks, with and without the kinematic fit.
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5.6.1 RESULTS WITH THE KINEMATIC FIT

The kinematic fit can improve substantially the sensitivity, thanks to the better resolution of
the myg,;, mass peak. The cut-based analysis, described in Sec. 5.5 is repeated using the b jets
momenta after the kinematic fit instead of the original ones. Quantities derived from the b
jet, as the ARy, St, Hr, E‘T“iss, are recalculated as well. Since the myy, selection is not effective
anymore, it is replaced by a x> < 10 cut.

The distributions for myy, after the final selections in the three mass regions (low, intermediate,
and high), together with a signal with o x Br(A — Zh — ¢{bb) = 25fb, are shown in Fig. 5.30.

Upper limits at 95% CL resulting from a fit on the four-body invariant mass distributions after
the kinematic fit are presented in Fig. 5.29, and numerical values are reported in Tab. 5.11. The
comparison of the results without kinematic fit shows that the improvement on the expected
upper limit, as well as on the expected sensitivity, goes from < 2 at low mass, to ~ 10% at high
mass, where the my;, resolution is dominated by p of the bb system, and not by its invariant
mass.

A — Zh - llbb L=19.7 fo! (8 TeV)
E! 70 T T T T TT T L..T.T | P | S O B T T T T
=, 28 CMS Cut-based with KiniFit
=) Pre'ﬁmmgry Observed
a 40 4 ’7\\ ----- Expected
_T 30 /.m U * Cut-based
< /\ '\.,,’- f’.\ Observed
N 20 \*vf" \/\ Expected
: I\ WA
%10 %
o AR = i oo
\ AT AC N~
& LT \ \\
S \;' \
2
1
0.8

200 250 300 350 400 450 500 550 600

m, [GeV]
Figure 5.29: Expected and observed 95% CL upper limits with cut-based analysis using the
kinematic fit, compared to the analogous result without the fit. The sensitivity improvement is
clearly visible in the low mass region.

ma (GeV) 225 250 275 300 325 350 400 500 600
with the kinematic fit

Observed (fb) 145 167 249 166 22 195 6.81 6.27 3.88
Expected (fb) 248 268 239 203 157 123 7.78 417 295

without the kinematic fit

Observed (fb) 24 394 363 413 337 178 5.06 738 3.55
Expected (fb) 474 454 381 294 217 165 10 523 327

Table 5.11: Expected upper limit on o x Br(A — Zh — {(bb). Previous results without the
kinematic fit (Tab. 5.9) are reported in the bottom for comparison.



5.6. KINEMATIC FIT 107

A~ Zh - llbb (I=e,p) L=19.7 fo (8 TeV) A-Zh - llbb (I=e,p) L=19.7 b (8 TeV)

> L B L R B R R B > B L L L L I L L B ) L B
8§ E cm Low Mass Cut-based ; g;‘iﬁggs ] 8  cwms Intermediate Mass Cut-based i ga’f"‘_"ggs B
@ 30— Multijet - & 12 Preliminar Multijet —
c C Z+jets 7 c = Z+jets —
g I Z+b ] s . Z+b 4
w + L__F2IT - ] r P2 B
25— 1T (+V) — 10— G —
C Single Top ] [ Single Top -

L B W+jets ] ~ B W+jets B

- v — r v B

20— I MC Stat - 8— [ MC Stat

C m,=225 GeV n r %44 m,=300 GeV 1
ceeim,=250 GeV ] r 2 =325GeV

444m,=275GeV r 444 m,=350 GeV |

G xB(A ~ zh - Ilbb) = 25 fo—| G xB(A — Zh - llbb) = 25 f—]|

‘ T ta/MC = 1,029 + 0.02 T | lf—s =0.992 x2/nd$= 240.1/98
|

e Liot | 1
: AillAwpngest
T ! ‘ T % L T

M%m“%ﬁ‘*ﬁﬁwﬂ b Ly

LA Htiry it

0

200 250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
M\Ibb [Gev] Mllbb [GeV]

ill Tt
A - Zh - llbb  (I=
LI B e Ly

[ CMs
=  Preliminary

TNTNE FYON TN A1 AT

/MG = o§i31 o0z |
|

ittt L
A AL il (1

11 L 6,063 2 ] = 208,798
|

ALl TSI

+

e, 1) L=19.7fo" (8 TeV)
L L B B B
i - ——Data ]
High Mass Cut-based B SM Higgs
Multijet
Z+tjets -
B Z+b —
P20 ]
1t (+V)
Single Top
Il W+jets —]
vy B
EZMc stat b
%44 m,=400 GeV
444 M, =500 GeV
%44 m,=600 GeV _
o xB(A - Zh - \Ibb):25!b‘

(2]

Events / GeV
1
N T

[NTIE PSS AT AT

“H o la/MC:l.‘OZOtO‘OA, ‘Y [] 7 O[30, i < 263 1/ |
B A
T

200 250 300 350 400 450 500 550 600 650 700
M, [GeV]

-l
.l
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termediate (top right), and high mass region (bottom) after the final selections, including the
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x- < 10 cut.
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5.7 MULTIVARIATE ANALYSIS

The sensitivity of the analysis can be further improved by using multivariate (MVA) tech-
niques, fully exploiting the correlations between discriminating variables in signal and back-
ground events. The selected MVA algorithm is a Boosted Decision Tree (BDT) [133], implemented
in the TMVA package [134].

The MVA algorithm is trained and applied to events passing the signal region selections,after
relaxing the cuts on the missing energy (E™s5 < 100GeV) and the dilepton invariant mass
(90 < my, < 140GeV). Even if BDTs offer a relatively fast and accurate response, with sim-
ilar performances than the most performing Neural Networks, their strongest point is a rela-
tive robustness to the most common flaws of multivariate methods, such as overtraining, fine
parameters tuning and performance deterioration with small statistical samples. However, a
systematic optimization is still required.

The first step is the variable choice. More than 40 different variables can be defined to describe
the signal and background process (see Sec. 5.4). However, only a subsample of these is able to
carry enough information, the others being highly correlated or weakly discriminating. Start-
ing from the initial nine considered for the cut-based analysis (Sec. 5.5), variables are added
one by one starting from the most promising ones, and checking the discriminating power of
the BDT. Unlike the cut-based analysis, where the signal efficiency and background rejection
can be evaluated in a single working point, MVA algorithms offer a continuous output, which
results in many combinations of efficiency/rejection depending on the cut on the discrimina-
tor. These points form a curve (the ROC curve) in signal efficiency vs. background rejection
plane, and the area under the curve (AUC) is proportional to the discriminating power of the
multivariate method, as it is thus considered as a figure of merit for these tests.

The final 16 variable list are reported in Tab. 5.12 and shown in Fig. 5.32 with a brief description.
It is also verified that assuming the same list of variables for all mass points does not negatively
affect the performance. In Fig. 5.31 the correlation matrix for signal and background are shown.

Variable Description
CSV;  highest CSV value between the two jets
CSV, second-highest CSV value
myy  invariant mass of the lepton pair
p%  pr of the Z candidate
pL  pr of the dijet pair (h candidate)
ARy, angular separation of the two jets in the 7 — ¢ space
Ty, twist angle between the two jets T = tan~! Agp/ A7y (Sec. 5.4)
EITniSS sign Missing energy significance (Sec. 3.2.12)
x> x? of the kinematic fit
St scalar sum of the pr of jets, leptons and ET* in the event
nJets number of jets with pr > 20 GeV in the event
Centrality ~Centrality of the four decay products in the A rest frame (Sec. 5.4)
Aplanarity event Aplanarity calculated with the four decay products (Sec. 5.4)
cos 0* polar angle between the direction of flight of the Z boson
and of the beam in the A rest frame
cosfly Z decay angle w.r.t. its flight direction in the Z rest frame
Pull Angle angle of the pull vector of the highest-pr jet (Sec. 5.4)

Table 5.12: List and description of all the variables included in the BDTs.
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Correlation Matrix (signal) Correlation Matrix (background)

Linear correlation coefficients in % Linear correlation coefficients in %

100 100

Pull Angle 1 Pull Angle 1 1
cos 6, cos 6, -1 100! 80
cos 6% cos 6* -1 100 1
Aplanarity | <] 17 10 3 -1 1 2248100 Aplanarity 7:.-3 2 -913 5 1 ‘100 60
Centrality | 3581 5 6 2110024 BT 5 12 17 -1 16250l 0 5 2 19100[83 1
S, 81 119 67 -1100)21 S 4 764 16657 4188 61 110019
log(x?) | = 2 10005 1 el 2 3 5 1 1-12 5 -3 -3100-1 2 1
mber of Jets 10 -5 -4 5100 67 -6 -1 mber of Jets 2:21 18-15 -2 9100 -3 61 -5
%, Sign | 2512710100/ 5 2719 5 3 #, Sign 8 21 -4 3844 8100 9 3186 9 5
™ 1 5 6 272110010 4 118110 20 1 3 513 26111008 2 5 413
LM -3 511 1-83100§28:27 -5 -2£31:35-17 [aW 7 946 -87100 11-44-15-12-57 25 -
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Figure 5.31: Correlation matrix for signal (left) and background (right).

A custom optimization to the specific case of the most relevant BDT parameters often leads to
improvements in the BDT general behavior and discrimination power. Only four of the most
important are considered:

Number of trees: a large “forest” offers better discrimination power, but an excessively
large number of trees may lead up to overtraining the BDT. Ten different values
are tested, ranging from 200 to 6000 trees (default is 800). While the AUC reaches
saturation with a very high number of trees (> 4000), the training is stopped for a
value of 1000 trees, since the error fraction vs. the tree numbers begins to show some
instability if the forest is allowed to grow beyond 1100 — 1200 trees.

Depth: analogously to the previous case, performance reaches a plateau for a high depth
(> 6 — 8, default is 3). Growing trees beyond this value has the double drawback of
reducing performance and of increasing training and testing time, due to the com-
plexity of the BDT. Furthermore, it is found that letting the trees grow in depth leads
very quickly to overtraining; the first signs are clearly visible for depths > 6, and can
be spotted by looking for a disagreement between the training and testing outputs
for signal and background. As a consequence, the maximum tree depth is limited
to 5. With this setting, no signs of overtraining are present, and training and testing
samples are in good agreement.

Minimum number of events: the minimum number of events in each leaf is also varied, but
the BDT final result has very little dependence on this parameter. 5 different values
are considered, and the best is taken (200 events).

Number of cuts: the number of steps during node cut optimization is tested as well, but
as in the previous case, this parameter does not really affect the BDT power. It is
verified that the default value (20) is confirmed the best choice.

Before looking at data in the signal region, the BDTs are tested in the control regions, specifically
the tt and Z +bb control region (Fig. 5.33). A fair agreement is observed, especially in the region
closer to one, where signal is expected. Small trends can be observed in the background region
close to 0, but shape uncertainties (described in Sec. 4.6) cover most of the discrepancy.
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Figure 5.32: BDT variables distributions normalized to unity for the four main backgrounds (Z + jets, Z + b, Z + bb, tt) and the nine signal
samples.
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5.8 SYSTEMATIC UNCERTAINTIES

5.8.1 BACKGROUND NORMALIZATION

An important part of the analysis resides in the data-driven determination of the four most
important backgrounds, performed in appropriate control regions. The statistical uncertainty
returned by the control regions fit due to the limited population is a primary source of un-
certainty. However, the control regions could be quite far in the variables phase-space with
respect to the signal region, and the extrapolation from the control to the signal region can be
thus affected by systematic uncertainties, that should be evaluated and taken into account.

The uncertainty due to the extrapolation to the signal region is evaluated on data and simula-
tion yields in a number of additional regions, statistically independent from the signal region,
obtained by altering the selections used to define the four control regions (1y,y,, E%ﬁss, CSVip).
Since a large amount of combinations are possible, only the 20 regions closest to the signal re-
gion are considered (listed in Tab. 5.13), if they fulfill the requirement of at least one veto on
Mpp, OF E%‘iss to avoid signal contamination.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
¢svy T T T M T T T M T T T M M M T T T M M M
¢csv, L. M - ML M - ML M - L M - L M - L M -
mp < < < < > > > > < < < < < < > > > > > >
EMs < < < < < < < < > > 0> > > > > > > > > >

Table 5.13: Selection for the 20 auxiliary regions used to determine the extrapolation uncer-
tainty of the four main backgrounds. Different thresholds are applied to jet CSV (T is for the
tight working point, M for the medium, L for the loose), dijet invariant mass (< stands for
mpp, < 90GeV, > for mp, > 140GeV, since the region between could contain a fraction of
signal) and E%ﬁss (> or < 40GeV)

The total normalization uncertainty is evaluated through a simultaneous likelihood fit on the
data and simulation yield in the auxiliary regions, fixing the four background normalization
with their scale factors, but introducing four additional nuisance parameters 0 with Gaussian
constraints (one for each process k=Z +jets, Z +b, Z +bb, tt). The other backgrounds (diboson
and single top) are kept fixed. The likelihood formula is:

e Hyn
R
u=No+) (140 N
k

where N is the number of events for each k sample (N is for the yield of non-data-driven
backgrounds) in the i-th auxiliary region. The ¢} parameters returned by the fit should corre-
spond to the relative uncertainty for each background; results and their errors are reported in
Tab. 5.14. Z +jets and Z +b errors are larger than others, since they are evaluated in control
regions far away the signal region, and both differ from the latter for the b tagging application.
It is verified that these results do not change significantly altering the definition of the auxiliary
regions. As a cross-check, the RMS of the data over MC ratios with respect to the mean value
(Fig. 5.34) can give an indication of the total uncertainty on the backgrounds: a value of 3.78%
is found, while a mean value 1.016 4= 0.004 gives some additional confidence about the scale
factors.
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Figure 5.34: Monte Carlo and Data yield in the 20 auxiliary regions selected for evaluation of
the extrapolation systematic uncertainties.

Z+ets Z+b Z+bb tt
13.0£39% 11.8+3.1% 215+1.58% 6.24+1.61%

Table 5.14: Results from the likelihood fit for each background extrapolating from control re-
gions to signal region.

The other backgrounds have a 15% uncertainty on the calculated or measured cross section,
except the Z Z sample which has a smaller 9.2% measured uncertainty (see Sec. 5.2). For back-
grounds normalized to calculated cross sections, a further 2.6% uncertainty is assigned due to
luminosity [126].

5.8.2 LEPTONS

Systematic uncertainties for momentum scale and resolution are evaluated by rescaling the
corresponding quantities within their uncertainty and counting the yield difference in the sig-
nal region. The normalization is relevant only for the signal samples and for the other back-
grounds than Z +jets, Z +b, Z +bb, tt, the latter being normalized on data. After electron regres-
sion and smearing (described in Sec. 3.2.5) and muon calibration (Sec. 3.2.10), the energy scale
uncertainty is estimated to be 0.1% and 0.4% for electrons in the barrel and endcaps, respec-
tively [135]. For muons, the momentum scale is a flat 0.1% in the considered pr range [88]. After
lepton calibrations, the energy and momentum resolution in simulation show good agreement
with data, and the residual effects are negligible for the analysis.

Identification and isolation systematic uncertainties are evaluated by moving up and down the
scale factors for identification and isolation by their errors, determined from specific studies
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on the Z peak; this effect is small (0.1 — 0.3%). Trigger uncertainty is conservatively taken as
2.0% for both double-muon and double-electron triggers. Since lepton systematic uncertain-
ties are relatively small, a round number of 2.5% is taken regardless of the flavour. No shape
uncertainty is considered for lepton energy scale and resolution.

5.8.3 JETS

The main jet uncertainty sources are the jet energy scale (JES) and resolution (JER), and they are
evaluated similarly to the lepton uncertainties. The impact of b tagging uncertainty is instead
evaluated by moving the CSV scale factors in the reshaping procedure (described in Sec. 3.2.8).
An average systematic uncertainty of 6% per b jet, 12% per c jet, and 15% per fake tag (light
quarks and gluons) is used; the proper value is assigned for each jet as a function of its pt and
17 [86].

While for cut-based analyses only uncertainties on normalization are considered, for BDT and
2D analyses also shape variations due to JES, JER and CSV are taken into account. The proce-
dure is the following: after the variation of the selected uncertainty source, a new kinematic
fit is performed with the varied four-momenta, resulting in a different x? value. The compos-
ite candidates Z and h are then recalculated, and the BDT output discriminant is recomputed
from the shifted variables. The difference with respect the original output is taken as system-
atic uncertainty for that specific source. The kinematic fit sets aside most of the effect of the
JES and JER uncertainties, but second-order effects affect the m s, and the BDT distributions.
Variations in m and BDT output are considered simultaneously, taking into account the full
correlation between the two variables.
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Figure 5.35: Projection of the jet energy scale shape variations on the 4-body invariant mass
(left) and low mass BDT (right).

5.8.4 FACTORIZATION AND RENORMALIZATION SCALE

Uncertainties on the acceptance due to the truncated perturbative series, the factorization and
renormalization scale used for the event generation are varied in a correlated way by a factor
of 1/2 and 2 around the central value. For each shifted scale value Q’, events are assigned the
weight:
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_ 8(n,x,Q) <“s(Q’)>"
g(x1,x2, Q) \ as(Q)

where 7 is the number of extra partons in the process. Fig. 5.36 show the uncertainty band on
m 4 and the BDT for the Q? scale variations.
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Figure 5.36: Projection of the Q? scale shape variations on the 4-body invariant mass (left) and
intermediate Mass BDT (right).

5.8.5 MONTE CARLO MODELING

An additional systematic uncertainty has to be added due to the Monte Carlo mismodeling
corrected by reweighting the centrality distribution (see Sec. 5.3.2 for details), which affects
also myg, and the BDTs output. An uncertainty band is built by varying the scale factor weight
from zero to two, defining a 10 envelope centered around the corrected distribution. Fig. 5.37
shows the variation in the two-dimensional space of the two m,, and BDT variables.

5.8.6 MONTE CARLO STATISTICS

The effect of the limited background Monte Carlo statistics becomes non-negligible in the
signal-enriched BDT bins, where only a small fraction of the simulated events are present. This
effect is accounted by introducing additional coherent bin-by-bin shape variations for each pro-
cess equal to the bin statistical uncertainty [136]. Since the bin number is very high in the 2D
analysis, only the 30 most significant bins (ordered by the expected S/ B) are used; adding more
bins does not change the expected limit. Figure 5.38 shows the expected limit relative differ-
ence considering the Monte Carlo statistics, as a function of the number of bins considered. The
larger impact is for low masses, due to the narrowness of the peaks, accounting for about 4%
increase in the expected limit.

5.8.7 OTHER UNCERTAINTIES

The missing energy is a complex quantity, built from all the reconstructed physics objects, and
it is consequently affected by all the previous systematic sources, plus the contribution of par-
ticles and energy deposits that are not clustered into jets. The effect on the EF"** relative to
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Figure 5.37: Ratio between the nominal value and the £1¢ shifted template for the MC reweight
systematic in the 4-body invariant mass vs low Mass BDT plane.
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Figure 5.38: Expected limits as a function of the number of bins considered for the Monte-
Carlo-statistics systematic uncertainty, relative to the expected one without considering it, for
different m, values.

leptons and jets are already included in the specific uncertainty evaluation; no shape uncer-
tainty is considered.

An additional uncertainty source is the limited knowledge of the total inelastic cross-section,
used to estimate the expected number of interactions for pileup reweighting. A 5% uncertainty
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is assumed for the default value of 69.3 mb, and the pileup weights are varied accordingly. No
shape uncertainty is considered.

The impact of PDF uncertainty is evaluated following the recommendations of the PDFALHC [103]
working group. A per-event weight is calculated with different PDF sets (CTEQ66, MSTW2008nlo
and NNPDEF20) provided by the LHAPDF package [137]. The sum of the event weights in the
signal region corresponding to the relative change between the “generation” and “evaluation”
PDF is considered as systematic uncertainty.

A summary of all systematic uncertainties is listed in Tab. 5.15.

Table 5.15: Summary of systematic uncertainties for backgrounds and signals. The top table
shows uncertainties concerning shape, bottom normalization. The last two columns report
respectively the increase in the expected limit and the percentage decrease in the expected
limit spread when each single systematic source is frozen.

Main backgrounds  Other electroweak Signal Effect after freezing

(Drell-Yan, tt) (single-top, VV, Vh) exp. limit spread
Shape
Jet Energy Scale 0—4% 0—8% 0-1% 0-2%
Jet Energy Resolution 0—2% 0—4% 0-1% 0-—2%
b tagging 0—4% 0—8% < 1% 0—2%
Factorization and 0— 6% 6-10% 0-2% 0—4%
renormalization scale
Monte Carlo modeling 0—15% - 0—-6% 1—-8%
Monte Carlo statistics 1—-4% - 0—-4% 1-—4%
Normalization

Control region fit 0—24% - - < 1% 0—-1%
Extrapolation 2—-13% - - 0-1% 0—-2%
Lepton and trigger - 2.5% 2.5% <1%  <1%
efficiency
Jet Energy Scale - 5.7% 3.8 -0.2% < 1% <1%
Jet Energy Resolution - 3.2% 0.8 —0.5% <1% <1%
b tagging _ - 4.9% 3.6 —3.2% < 1% <1%
Unclustered ET"** - 1.9% 14 —-1.0% < 1% <1%
Pile—up - 0.9% 1.2% < 1% < 1%
PDF - 4.3% 4.0—-79% < 1% 0—-3%
Cross Section - 92—-15% - < 1% <1%

Luminosity - 2.6% 2.6% <1% <1%
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5.9 SIGNAL EXTRACTION STRATEGY AND RESULTS

The 4-body invariant mass peak in signal after the kinematic fit becomes very narrow, up to
few GeV for the low mass points. Combining all variables (including mx) to build a single
MVA discriminator would require a different training and testing for the whole mass range
in steps comparable to the peak resolution. Furthermore, since the discrimination power of
the 4-body mass is much larger than any other variable, the is the concrete risk for the BDT to
specialize only on that particular variable, assigning a very low weight to all the others. Two
solutions have been considered to overcome this potential issue, and to check the potential BDT
improvement over the cut-based analysis at the same time.

1. The first and easier step is to train the BDT without ma. A cut on the BDT output selects a
signal-enriched region, followed by a fit to the 4-body invariant mass. The discriminating
power of the MVA method is reduced due to the sharp cut on the output.

2. A more complex yet effective method can be built, fully exploiting the correlation be-
tween the BDT output and m, through a two-dimensional (2D) fit. This method has better
performance than the cut-based one especially for higher masses, and henceforth will be
considered as default for the signal extraction fits with the BDT.

Two-dimensional distributions are projected into subsequent 1D histograms, one each BDT bin,
with BDT bin 15 being the closest to 1 and the most signal-enriched, while BDT bin 1 contain-
ing the most background-like events. Events passing base BDT selection cuts are reported in
Tab. 5.16. The binning of the 114, mass histograms is variable as a function of the mass reso-

Dataset Exp. Events Fraction Signal  Exp. Events Efficiency

Data 5356 + 73 - Ma

VvV 1585 +£2.2 2.9% 225GeV 469 +0.2 9.98%
Wjets 0+0 0% 250GeV  55.2+0.2 11.8%
Single Top 37t4 0.68% 275GeV  61.0+£0.2 13.0%
tt (+V) 1022 +7 19% 300GeV  65.7+0.3 14.0%
Z+bb 2460 + 20 45% 325GeV  70.3+0.3 15.0%
Z+b 1211 +£13 22% 350GeV 741403 15.8%
Z+jets 516 +14 9.5% 400GeV  81.04+0.3 17.2%
Multijet 0+0 0% 500GeV  92.1+0.3 19.5%
SM Zh 2936 4+0.12 054% 600GeV 978 +0.3 20.7%
All Bkg. 5434 4+ 29 -

Table 5.16: Expected and observed events after the BDT selection cuts and the 90 < my,, <
140 GeV requirement. Together with the number of expected events also the event fractions are

reported for backgrounds, while for signal the selection efficiency. The signal yield is referred
toa o x Br(A — Zh — (fbb) = 25 fb.

lution. At lower masses the bin width is 2 GeV, increasing linearly to 8 GeV at the end of the
mass spectrum. Signal templates are generated every 1 GeV in the low and intermediate mass
regions, and 2 GeV in the high mass region, using the template morphing technique described
in App. A.2. In order to avoid empty bins for the background in the my, distributions in any
BDT bin, which might cause problem in the fit procedure, a single underflow and overflow
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bin is used at the lower and upper edges of the bulk of the m,;, distribution. Since the signal
is significantly present only at high BDT, and the background normalization is already con-
strained by the scale factors, the 2D fit is performed on the last 6 BDT bins only, namely only
for BDT> 0.6.

The BDT distribution for data and background are shown in Fig. 5.33. For illustration purposes,
the four-body mass distribution for the last 6 BDT bins, weighted by the S/(S+B) ratio in each
BDT bins, are shown in Fig. 5.41.

5.9.1 POST-FIT RESULTS

The signal extraction procedure allows the background to vary within its systematic uncertain-
ties modifying the corresponding nuisance parameters. The results are presented as histograms
(Fig. 5.39), where the bin values represent the pull values Ax/c;,, and its error bar the fit con-
straining on the Gaussian width of the nuisance parameter oy, /0;,, for both the background-
only and the signal+background fit. The pre- and post-fit histogram comparisons for the BDT
and myy, distributions for each bin of BDT are reported in Fig. 5.40 for the sample mass point
ma = 560 GeV.

—e— background-only fit —e— signal+background fit
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Figure 5.39: Values of nuisance parameters after the fit for ms =560 GeV in the high mass BDT
region. Uncertainties due to MC statistics are not shown.
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Figure 5.40: Pre- and post-fit distribution for background against data for ms =560 GeV. The
top plot shows the BDT projection, bottom plots the g, in each BDT bin used in the 2D fit
(BDT> 0.6).
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5.9.2 RESULTS

The results for the A — Zh — ¢¢bb search are computed with the CLs criterion [105, 106] im-
plemented in the ROOSTATS package [107]. The asymptotic approximation, described in App. A,
is used to calculate preliminary 95% CL upper limits with 1o and 20 bands using the CL; fre-
quentist calculation currently recommended by the LHC Higgs Combination Group [138]. The
profile likelihood method is used for significance and the background p-value; finally, a maximum
likelihood fit allows to get the signal best fitted ratio.

Results are shown graphically in Fig. 5.42 in term of ¢ x Br(A — Zh — ¢/bb), including all
systematic uncertainties described in Sec. 4.6, together with expected limit with £1 and £2¢
bands, as a function of the mass of A. Numerical values are reported in Tab. 5.17. An upper
limit as low as 20 fb for low mass and 2.0 fb at high mass is expected.
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Figure 5.42: Observed and expected (with +1, 20 band) 95% CL upper limit on o x Br(A —
Zh — (/bb) (top), significance of the excesses (bottom left), background p-value (bottom cen-
ter) and best fitted cross section (bottom right) as a function of m,, including all statistical and
systematic uncertainties.

The most significant excess, located at ms = 560 GeV, has a local p-value of 4.57 - 1073, cor-
responding to a significance of 2.6¢. Trial factors are calculated to take into account the prob-
ability of observing such an excess anywhere in the scanned mass range. In this case, the
upcrossing approximation is used [139]. The trial factor is 30, thus the global p-value is 0.139,
corresponding to a significance of 1.1¢. The local and global significance for the largest excess
in each mass region are reported in Tab. 5.18.
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ma (GeV) 225 250 275 300 325 350 400 500 600
Observed (fb) 179 16.8 148 195 101 884 329 335 261
Expected ( fb) 179 181 164 13.6 100 784 527 279 193

Expected —1c (fb) 12.7 128 11.7 950 698 544 359 186 1.27
Expected —20 (fb) 935 942 864 7.02 511 397 259 133 0.90
Expected +1c (fb) 259 259 236 19.7 147 11.6 7.89 427 3.03
Expected +20 (fb) 35.8 358 326 273 207 165 113 632 4.56

Table 5.17: Observed and expected (with +1(2)c band) 95% CL upper limit on ¢ x Br(A —
Zh — (/bb) as a function of ma, including all statistical and systematic uncertainties.

Local Global

Region s o Trial factors
significance p-value significance p-value

All 2.6 0.0046  1.1%03 0.196 30

Low Mass 1.9 0.0290 0.9"32 0.196 6

Int Mass 22 0.0123 0.9709 0.173 14

High Mass 2.6 0.0046 15793 0.066 15

Table 5.18: Local and global p-values and significance for the whole mass spectrum and each
mass region independently.

5.9.3 WIDTH SCAN

While the narrow-width approximation is generally valid for ma < 2m;y,p, the width of the A
boson heavily depends on the model parameters for higher masses. Upper limits are derived
also in the case the narrow-width approximation is not valid, thus looking for a resonance with
a given width larger than experimental resolution. Since generating signal samples scanning
a grid of A boson mass and width values would be extremely CPU expensive, an alternative
approach is adopted. The signal 4-body invariant mass histograms are smeared with a Breit-
Wigner function with a certain width, and the resulting templates are provided to the 2D fit
instead of the original ones. This procedure assumes that the variables other than my,;, are
not significantly influenced by the A boson width. Expected and observed limits are obtained
for the three mass points above 2m;,, (ma = 400,500,600 GeV) for I'y = 0,5, 10,20, 30,40 GeV,
as shown in Fig. 5.43. The region in the 2HDM parameter space with a larger width is neg-
ligible. Exclusion limits as a function of the mass in the high mass region are recomputed as
well, considering the A width fixed to a typical value of 'y = 30GeV. In this case, the local
significance of the ma = 560 GeV peak increases to 2.90, given the broadness of the excess; the
global significance, taking into account the look-elsewhere effect, is 1.5f8:ga.
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Figure 5.43: Observed and expected 95% CL upper limit as a function of ma for I'y = 30GeV
(top left), and as a function of I's for ma = 400 GeV (top right), 500 GeV (bottom left), 600 GeV

(bottom right).
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5.9.4 2D FIT CROSS-CHECKS

In order to validate the 2D fit, two different but complementary methods can be pursued. The
first one is to cut on the BDT output and perform a one-dimensional signal fit to the m1y,
shape, as described in the beginning of the section. A second alternative approach is to select
events in a myg,, mass window and then fit the 1D BDT shape. For the first test, a fixed cut at
BDT> 0.8 is applied for all mass points, while for the second one the widow width ranges from
5 GeV to 20 GeV depending on the generated mass point. The shape fits are performed with
all normalization and shape systematic uncertainties included. Fit results are then compared
with the expected limit obtained with the 2D fit. The maximum sensitivity is expected for the
latter, since cutting on the BDT or the mass does not allow to exploit the full shape information
of the two, but the expected limits should not show relevant differences. Fit results are listed
in Tab. 5.19 and shown in Fig. 5.44.

ma (GeV) 225 250 275 300 325 350 400 500 600
2D fit mp vs BDT

Observed (fb) 179 168 148 195 101 884 329 335 261
Expected (fb) 179 181 164 13.6 100 784 527 279 193

1D fit mp, BDT cut

Observed (fb) 254 180 209 285 160 926 632 472 3.59
Expected (fb) 21.7 21.0 19.6 151 127 103 6.78 436 299

1D fit BDT, cut mp

Observed (fb) 24.7 224 216 213 124 113 578 3.78 260
Expected (fb) 254 256 229 16.6 129 991 6.17 3.36 241

Table 5.19: Observed and expected limit for the 2D fit and for the cross-check 1D fits.
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Figure 5.44: Observed and expected limit comparison for the 2D fit cross-check.
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5.10 RESULTS INTERPRETATION

5.10.1 INTERPRETATION IN 2HDM

The A — Zh — ({bb analysis results can be interpreted in terms of the two Higgs doublet
models (2HDM), described in Sec. 2.2. Only Type-I and Type-II 2HDM are considered, since
Type-III and IV differs from I and II only for the coupling of the leptons, and the differences
are irrelevant for the current analysis. In order to reduce the number of free parameters, the
following assumptions are made:

e the lightest Higgs boson is the SM-like, recently discovered by LHC with m;,, =
125 GeV

e my = myx = my, since A searches are not strongly dependent on my and myy+, and
a large mass splitting would break the custodial symmetry and give large contribu-

tiontop # 1
o mi, = mi; ﬁ:n% 5, o the discrete Z symmetry is broken as in the MSSM

e Ag7 = 0 to avoid CP-violation at tree-level.

The signal cross section, in both the gluon-gluon fusion and b quarks associated production
modes, and Br(A — Zh) and Br(h — bb) branching fractions are calculated with the SUSHI [140]
and 2ZHDMC [141] software, both at next-to-next-leading order (NNLO), using the MSTW2008L090CL,
NLO, NNLO [142] parton density functions. The b quark associated production cross section
(bbA) is rescaled by the different signal acceptance relative to the gluon-gluon fusion pro-
cess (ggA), as well as for the selection efficiency of the dijet pair due to the possible com-
binations arising from the presence of additional b quarks in the event. After the previous
assumptions, the remaining free parameters are one mass, mya, and the two angles, a, and
B. The results will be presented a given mass point m, in the plane tan § vs cos(p — a). In
the limit for cos(f —a) — 0, called alignment limit, the light Higgs boson h behaves as the
SM one, and the A — Zh branching ratio vanishes. The deep valley with Br(h — bb) ~ 0
present in Type-II models is due to the coupling of the down-type quarks to the Higgs bo-
son, which is proportional to (—sina/ cosp), vanishing for « ~ 0. For each mass point
(ma = 225,250,275,300, 325,350,400, 500,600 GeV), a cross section and branching fraction
scan is performed for 0.1 < tanf < 100 and —1 < cos(f —«) < 1, using the convention
0 < p—a < 7. The total cross section (§gA + bbA) multiplied by the Br(A — Zh) and the
Br(h — bb) branching ratios for the mass sample m, = 300GeV are shown in Fig. 5.45. Fi-
nally, in Fig. 5.46, the expected and observed limit for each mass point are reported in the tan
vs cos(p — a) plane.
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Figure 5.45: o(pp — A) x Br(A — Zh — ¢4bb) for Type-I (left) and Type-II (right) model, as a
function of tan B and cos(B — ), for ma =300. Both ggA and bbA processes are included.
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5.10.2 INTERPRETATION IN MSSM

An interpretation of the results within Minimal Supersymmetric Standard Model (MSSM) is
also possible, but the problem is to define a suitable benchmark point. As in 2HDM Type-II
models, the A production is important only at low tan 8, so a MSSM scenario where the light
Higgs mass my, is close to 125 GeV should be used.

The widely used m;'™* scenario, for instance, is well known to allow for a light Higgs with the
correct mass only for a limited region of the phase space, more precisely for a narrow band in
the plane m-tan p with tan g ~ 5 [143, 144]. Modification of these benchmark scenarios, such
as mZZ"di extend the allowed region to higher values of tan 8, but fails to do the same also for
low tan . Scenarios with larger Mg;sy, of the order of 10-100 TeV, have been studied [109],
and can accommodate a proper mass for the h also for very low values of tan 8, as shown in

Fig. 5.47, but no actual benchmark point has been proposed so far.
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Figure 5.47: Left: dependence of the light Higgs mass in MSSM on tan  and Mg;sy, for various
my. The plot comes from [109]. Low values of tan 8 can produce a correct my, in case Mgysy
is large enough. Right: region in the ma-tan p plane where m;, = 125 £ 2(3) GeV in the MSSM
m}"** scenario. The lower tan f region is already excluded by LEP [145].

To quantify the problem of the interpretation of the current analysis in MSSM, the results ob-
tained within m;""* are presented even if this benchmark is not the best choice for the current
analysis. The MSSM branching ratios are computed with FEYNHIGGS [146-150], using the
parameters as defined in Sec. 2.3.

Fig. 5.48 shows the expected limit for this analysis, in the ma-tan 8 plane. The sensitivity
reaches tan B =~ 2, very far from the region where the benchmark scenario foresees a proper
my. Since the value of my, is an input of the analysis itself, the m]"** scenario leads to an incon-

sistent interpretation of the results in the MSSM.

In Fig. 5.49 expected limits for two MSSM scenarios alternatives to m]'** are presented: m}’fo‘”

and light stop, as described in [143, 144], respectively. The mZde“ scenario allows for a light
Higgs boson of the right mass also for values of tan § higher than those permitted in m]"**, but
not lower. The light stop foresees a correct my, for even higher regions of tan 8, equal or larger
than tan g 2 10.
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Figure 5.48: Expected limit in the m-tan B plane for this analysis, in the MSSM m'** scenario,
with the parameter u set to the default value of 200 GeV (left), and with y = 600 GeV (right).
The region below the limit is excluded.
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Figure 5.49: Expected limit in the ma-tan 8 plane for this analysis, in the MSSM m["* (left)
and light stop scenario (right). The region below the limit is excluded.

In these benchmark scenarios, proposed before the start of LHC, the Mg;sy is rather low, in the
order of the TeV, leading to light sparticles below the experimental limit of direct and indirect
searches [151]. The mass of charginos and neutralinos, and their couplings to the Higgs bosons,
depend on the MSSM parameters p and M, (the Higgs-Higgsino and SU(2) gaugino mass
parameters) and the decay A — xx can be dominant, reducing the sensitivity of the analysis.
Large values of y and M, are more favorable for the observation of the A — Zh channel.
The analysis results are then evaluated both in the m]"** benchmark scenario (where y is set to
200 GeV, see Sec. 2.3) and in a slightly modified scenario with = 600 GeV, where sparticles
are heavier and Br(A — x)x) is small. This solution, as shown in Fig. 5.48, allows to exclude a
region in the m-tan B plane where a light Higgs with mass my, = 125 GeV is accessible.
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5.11 FUTURE OUTLOOK

In the first months of 2015, after the Long Shutdown 1, LHC is scheduled to restart with an in-
creased center-of-mass energy of 13 TeV and instantaneous luminosity up to 2 - 10 cm 2577,
probing an unexplored phase space and beginning a new era for particle physics. The en-
ergy boost and the increased luminosity will be extremely profitable for searches of heavy res-
onances, due to the sharp increase of the partonic luminosity, especially for gluon-initiated
processes. The production cross section of heavy particles via gluon-gluon fusion, like the
g9 — A — Zh, will be enhanced with respect to /s = 8TeV collisions by approximately a
factor 3 and 4 for a pseudoscalar boson with mass 300 GeV or 600 GeV, respectively.

The main backgrounds, namely Drell-Yan processes, are expected to increase only by a factor
1.7, due to the fact that their initial state is q7. Instead, the top quark cross section will be
3.2 times larger, implying a change in the expected background composition, and possibly the
need to adjust the analysis strategy to have a better tt discrimination. The top quark back-
ground fraction will become ~ 1/3 instead of the present ~ 20%, while the Drell-Yan will drop
from 80% to about 60%. The S/B ratio at 13 TeV is then expected to be 1.5 times larger for
mup = 300GeV, and ~ 2 times larger for ma = 600 GeV. The sensitivity of the current analysis,
assuming that systematic uncertainties scale with v/£, will be overcome with less than 10 fb ™"
for a 300 GeV pseudoscalar, and only 7fb~! for a 600 GeV A boson. In the prospect of collect-
ing 300fb~ ' of data during LHC Run II, this channel can exclude a total ¢ x Br up to =~ 2 fb
for may = 300GeV, and ~ 0.2 for mp = 600GeV. Interpreting these projections in the MSSM
parameter space, the expected exclusion for m near the top quark threshold reaches tan  ~ 3
in the m;'™ scenario, or tan f ~ 5 ~ 6 if sparticles are heavy enough (e.g., with y = 600 GeV).

In the future outlook, an extension towards higher masses is worth to be considered. Beyond
the 600 GeV threshold, the A boson decay products are emitted with increasingly larger pr,
entering in the boosted regime. On the hadronic side, the two b quarks emerging from the
h decay are so close in angle that requiring two separately-clustered jets could result in an
important loss of efficiency. Jet substructure techniques allow to overcome this issue: a single,
“fat”-jet of charged and neutral particles is reconstructed in the detector, and inspection of the
internal jet substructure can lead to the identification of the two separate sub-jets. To reject the
backgrounds, the combined invariant mass of the fat-jet has to be compatible with the mass
of the Higgs boson, within resolution. Algorithms for sub-jet b tagging can be used to further
discriminate against the background.

LHC Run II will soon provide a large amount of collision at an energy never reached before.
The better S/B ratio, and the fact that the analysis is limited by the available amount of data and
not by systematic uncertainties, will make the A — Zh — 2fbb channel much more sensitive
to new BSM particles in the very next years.



Conclusions

The first years of LHC operation have been extremely profitable. The main objective of the
Run [, the discovery of the Higgs boson, has been fulfilled observing a new resonance with
mass my = 125GeV and properties fully compatible with those expected for a standard model
Higgs boson. The announcement was given simultaneously by the ATLAS and CMS experi-
ments, claiming the discovery with a statistical significance of 5 standard deviations for each
experiment.

The searches for an extended Higgs sector, already underway since the first collision data, re-
ceived a new boost from the discovery. This thesis focuses on two specific analyses aiming to
detect signals of beyond the standard model Higgs bosons. In the first one, performed with
2011 data before the Higgs boson discovery, we search for neutral BSM Higgs boson decays
into b a quark pair and produced is association with additional b quarks. The channel is pre-
dicted by the MSSM to be sensitive to a certain region of the parameter space, where the tan
parameter is large. Even though the best discovery chance in this phase-space belong to the
tau-decay channel, the search with b quarks was motivated by some excess observed by Teva-
tron searches in the same channel. We developed a characteristic analysis strategy based on
the presence of a muon from semileptonic b quark decays, relying on background prediction
techniques based on data. The results were combined with a separate analysis targeting the
same final state but carried out with a different strategy, greatly improving the Tevatron upper
limits, reducing sizably the allowed parameter space. For me ~ 120GeV and mg ~ 300 GeV,
the upper limits on tan 8 set by Tevatron were brought from 60 and 90 to 20 and 30, respectively.

After the Higgs boson discovery, we used the knowledge of the Higgs mass to increase our
reach for new physics searches. Among the largest recipients of this valuable information,
we chose to pursue a heavy pseudoscalar Higgs boson decaying into a cascade of a lighter
scalar h boson and a Z boson. The Z boson has been detected in the decay into a pair of
electrons or muons, and the light Higgs into b quarks. This analysis is quite complementary
to the multi-b Higgs search, being sensitive to low-tan 8 scenarios. Interpreting the light scalar
as the SM Higgs boson, the kinematic phase-space of the decay was considerably reduced.
We employed several analysis techniques to increase the sensitivity to signal, exploiting the
presence of three reconstructible resonances in the final state to improve the reconstructed peak
resolution and to discriminate against standard model backgrounds. With no significant excess
observed over expected backgrounds, we set model-independent 95% CL upper limits on the
product of the production cross section and branching fraction, excluding 10 to 30 fb for ma
near the kinematic threshold ms ~ 225GeV, ~ 81b for ma ~ 2my,p, and up to ~ 3 fb at the
high end (600 GeV) of the considered mass range. We presented the results also as a function
of the A boson width, and we interpreted them in the context of Type-I and Type-II 2HDM
formulations, reducing thereby the phase-space for extensions of the standard model.

131



132 CHAPTER 5. SEARCH FOR THE A — Zh — ££bb PROCESS




Statistical methods

A.1 STATISTICAL ANALYSIS

A.1.1 THE MODIFIED FREQUENTIST CLS LIMITS

The method chosen for extracting limits for the analyses described in this thesis is the modi-
tied frequentist construction (CLg) [105, 106]. The method is defined by the choice of the test
statistics and the treatment of the nuisance parameters. A summary of the CLs; method is
reported in this appendix, and a complete description is provided by the LHC Higgs Combi-
nation Group [152].

A preliminar step is the reinterpretation of the systematic error pdfs p(0|0) as posteriors arising
from a measurement 0, as given by the Bayes’ theorem:

p(016) ~ p(6]6) - 6 (0)

where 779(6) functions are hyper-priors for those measurements, chosen to be uniform distribu-
tions. This choice entails that if p(0|0) is Poisson, p(6|6) is a gamma distribution, and if p(6|6)
is normal, p is normal or log-normal. The assumption on the types of priors p(6|6) depend on
the source of the systematic uncertainty:

Flat priors : parameters unconstrained by any a-priori consideration or measurement

Gaussian distributions : parameters that can have both positive and negative values

Log-normal distributions : observables that can take only positive values (e.g., cross sec-
tions, luminosity, selection efficiencies).

Gamma distributions : uncertainties of statistical nature (e.g., statistical error associated
with a number of events simulated in MC or a number of observed events in a con-
trol region).

This approach allows the construction in a frequentist manner of sampling distributions for the
test statistic. Given the signal strength modifier y and the set of the nuisance parameters 6, the
likelihood L(data|u,6) used constructing the test statistic is:

L(data|u,0) = Poisson (data|u -s(8) +b(6)) - p(8]6)

where Poisson (data|pus(6) + b(6)) is the Poissonian probability to observe a certain value in
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data, assuming signal s(6) and background models b(8) that depend on the nuisance parame-
ters 0.

The test statistic is then defined as the profile likelihood ratio:

L(datal|u,0,)
L(datalf1,0)

where data can be the actual observation or pseudo-data, and with the constraint 0 < fi < p.
Both the denominator and numerator are maximized. In the numerator, y remains fixed and
only the nuisance parameters 6 are allowed to float; 0,, are the values at which £ is maximized.
In the denominator, both y and 6 are allowed to float in the fit, and i and 0 are the values that
maximize £. The lower constraint on /i (0 < 1) is imposed as the signal rate cannot be negative,
and the upper constraint ji < u forces the limit to be one-sided. The value of the test statistic
for the actual observation is denoted as q;’,hs.

gu = —2In

The values of nuisance parameters 3 and 9;175 are the best describing experimental data for
the background-only and signal+background hypotheses, respectively. Toy Monte Carlo pseudo-
data are generated to construct the test statistic pdfs for a signal with strength y, including
also the background-only hypothesis (4 = 0). The measurements 6 are also randomized in each
pseudo-data, using the pdfs p(8|0). For the purposes of pseudo-data generation, the nuisance
parameters are fixed to their data-driven best-fit values égbs or égbs, but are allowed to float in
fits needed to evaluate the test statistic.

After building the two pdfs, the two p-values p, and po relative to the observation for the
signal+background and background-only hypotheses are:

pu = P (qu = @ us(05) + b(05))

po = P (g = g 0(8"))
and the CLg(p) is simply ratio of these two p-values:
Pu
Po

The presence of an hypothetical particle is excluded at the (1 — &) Confidence Level (CL) if for
p = 1then CLs = a. To quote the 95% CL upper limit, the y value is varied until CLs = 0.05.

CLs(pu) =

The numerical differences between the three CLs formulations employed by LEP [105], Teva-
tron, and LHC experiments are quite small. The main is that both LEP and Tevatron used a
Bayesian-frequentist approach to handle systematic errors generating sampling distributions,
while LHC uses a pure frequentist approach. Additionally, LEP did not profile systematic er-
rors in the test statistic, which does not allow to take advantage of the constraints arising from
the data used in the statistical analysis. Both LEP and Tevatron used the test statistic with fixed
# = 0 in the denominator, which does not guarantee the desired asymptotic behavior, forcing
to generate large amounts of pseudo-data.

A more detailed discussion can be found in Ref. [152].

A.1.2 THE PROFILE LIKELIHOOD ASYMPTOTIC APPROXIMATION

If the requirement fI from the test statistics 4, is relaxed, as a consequence of Wilks’ theo-
rem [153] g, is expected to have half a x? distribution for one degree of freedom in the asymp-
totic regime. The value of y that makes g, = 1.35 corresponds to a one-sided CL;, = 0.05
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probability. Another common choice is 3g, = 1.92, that corresponds to CLy;, = 0.025 and,
hence, matches CL; = 0.05.

However, with the physical requirement 1 > 0, the asymptotic behavior of f(§,|s + b) does
not follow half the x? distribution, but the formula [154]:

—Gu/2 ‘ )
f(q |,u)_15([7 )_|_ 26 ;”qy lfo<q‘u§y2/0.2
" 2 OMn 1 _exp [_1M] 5, > 1207
Van(2u/o) 2 (2u/o) i
given o2 = qZ—ZA, with Gu,A being the test statistics evaluated with the Asimov dataset, namely

the expected Background and the nominal nuisance parameters without statistical fluctuations.

From the similar asymptotic formula for f(§,|b) the median expected limits and their 1 and
20 bands can be derived without performing any toy Monte Carlo experiment. It can also
be demonstrated [154] that in the asymptotic limit the test statistics 4, and g, are equivalent,
leading to the same p-values. These formulae can be used to derive the asymptotic relations

for the CLs upper limit:
1-@
CLs; = 0.05 = (/)
@ (/& — /Tn)

where @1 is the quantile (inverse of the cumulative distribution) of the standard Gaussian.
The median and the error bands are given by

Hup+N = O'(q)il(l - “cD(N)) + N)

med

with & = 0.05 ( can be taken as p;;

is the same of the CLg limit:

in the calculation of 7). For N = 0, the median expected

it = 0@ 1(1 - 0.5)

The asymptotic is a good approximation of the full CLs method, but possible biases can arise in
application cases with a small number of events. In the analyses described in this thesis, both
the full CLs and the asymptotic approximation are tested for a certain number of mass points,
yielding very similar results, with differences usually smaller than 5%.

A.1.3 SIGNIFICANCE OF AN EXCESS

The approximate p-value is derived from the asymptotic properties of the test statistic based
on the profile likelihood ratio [153]:

= 1 / ;obs
obs

where g3 is the observed test statistic calculated for ;1 = 0 and with only one constraint 0 < fi,
which ensures that data deficits are treated differently than data excesses. The significance
value is associated to a p-value using the “one-sided Gaussian” convention:

|
2
= exp(—x~/2)dx
p /Z Worid )
The so-built significance is relative to only one counting-experiment channel, or in a local re-
gion in a continuous variable like the invariant mass of a particle. A more accurate character-
ization of the local p-value should take into account the effect of the choice in possible values
of invariant mass, known as look-elsewhere effect [139];.
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A.2 HISTOGRAM INTERPOLATION

The use of the kinematic fit in the A — Zh — ¢(bb analysis (described in Sec. 5.6) improves the
4-body mass resolution with invariant mass peaks narrower than 3 GeV in the low mass region.
An accurate scan of the whole mass spectrum considered (225 — 600 GeV) would require signal
templates separated by less than the peak width, but generated signal mass points are only
available every 25GeV up to ma = 350GeV, and every 100 GeV for higher masses.

The solution to this problem relies in the template morphing technique, consisting in a linear
interpolation of the signal template histograms to intermediate points. The implemented pro-
cedure is similar to the one used at LEP [155]. Given a generic variable x (ma in the specific
case), the interpolated value m and the two starting distributions, f(x) and fz( ) and their Cor-
respondmg mass values mj and my, cumulative distributions are built as F; (x f fi(x

and 5 (x) = [ fo(x')dx". The goal of the mterpolat10n procedure is to obtam a final dlStrl-
bution f(x ( ) with a cumulative distribution function F(x) = [*_ f(x")dx’, that has to fulfill the

requirement Fy(x1) = F2(x2) = F(x) for all the x, xq, x» Values such that x = ax; + bxy; aand b
are parameters between 0 and 1 defined as a = ﬁ and b = IZZ ’Z; This is achieved finding
the x position corresponding to a general y = F; »(x) value by interpolating linearly adjacent
points in the Fi(x) and F(x) distributions. Once E(x) is built, finding the final interpolated

distribution f(x) is straightforward.

In order to validate the method, a template for a known mass point (e.g. ma = 300GeV) is
predicted starting from the adjacent mass points, and the morphed histogram is compared with
the generated one. The result is shown in Fig. A.1-A.3: even if small differences are visible, the
Kolmogorov-Smirnov compatibility test p-value returned is close to 1, confirming the good
agreement with the interpolated shape. Also the values of the peak mean value, width and
integral derived with linear interpolation show full compatibility.
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Figure A.1: Morphing test, low mass: a known mass point (ms = 250GeV) is predicted by
template interpolation starting from the two adjacent mass points, ma = 225GeV and 275 GeV.
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Validations in a semi-leptonic top sample

An important process in data analysis is the validation of the techniques and objects used di-
rectly on data, to check against the introduction of potential bias sources. Many tests can be
performed directly on the Z boson decaying to leptons, but a known hadronic resonance de-
caying into jets is really useful for jet testing. The top quark is suitable for this kind of studies,
but requiring two isolated leptons in the final state as in the analysis selections does not allow
to study hadronic resonances. To overcome this problem, an almost-pure tt sample is selected
by reversing the isolation cut (Iso>0.12) on the sub-leading muon, exploiting the presence of
a soft muon coming from b quarks semi-leptonic decays. This procedure cannot be done with
the electrons, since isolation is required already at trigger level. The selected sample is enriched
by semi-leptonic top quark decays, where the isolated, high-pr muon comes from the leptonic
W — uv decay, while the other W decays hadronically into a pair of light jets, making possible
the full reconstruction of one W and one top quark candidate. This also results in a statistically
independent sample with respect to the main analysis.

To enhance tt composition, the pr cut on the leading muon is tightened to pf > 24GeV to
better discriminate against QCD events, while the sub-leading threshold is reduced to 8 GeV,
and if the two muons have opposite sign, a Z veto (75 < my, < 105GeV) and a cut to avoid
hadronic resonances (m,, > 12GeV) is applied. As final selection, two of the jets should pass
the CSV tight and loose working point, respectively, while light ones should have CSV values
not exceeding the loose working point. In order to select events with the correct jet choice from
the W, a mass window around its nominal value is imposed (60 < m;; < 100GeV). The final
selection includes the requirement of exactly 4 jets to avoid ambiguities in the jet choice, a b jet
veto for the two W jets, and large missing energy (ETs® > 40 GeV). After each cut, scale factors
are applied to simulated events when needed.
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Figure B.1: Number of events for the top quark test sample after each cut.
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B.1 JET ENERGY SCALE AND RESOLUTION

The mass peak of the W boson and the final top quark mass are clearly visible in Fig. B.2, show-
ing a good agreement between data and simulation. A Gaussian fit is performed on the bulk of
the distributions for both data and MC, giving the compatible results reported in Tab. B.1. Peak
means and widths agree within their error with data for both the W boson and the top quark,
confirming the good simulation of the jet reconstruction and measurement performances of the
detector. The fitted hadronic top quark mass slightly lower than the expected value, due to the
semi-leptonic B-hadron decay which entails the presence of a neutrino inside one of the two
b-tagged jets. This implies an undermeasured pr for this jet, shifting the mass peak to lower
values.
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Figure B.2: W boson mass peak (left) and top quark mass (right) mass peaks in the selected top
quark test sample; Gaussian fits to data and MC are superimposed to the histograms, and fit
results are listed in table B.1. The right plot includes multiple combinations.

W boson mass Top quark mass
Mean (GeV) Sigma (GeV) Mean (GeV) Sigma (GeV)
Data 83.6 £0.3 184 +04 167.6 £ 0.5 25.0+0.7

Monte Carlo  82.7+0.2 18.1+£0.3 1669 £0.5 25.7£0.6

Table B.1: Results of the Gaussian fit to the W and top quark mass peaks, as shown in Fig. B.2.
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B.2 KINEMATIC FIT

The A — Zh — ¢/bb analysis performs a kinematic fit on the two jets originating from the light
Higgs h, in order to enhance the signal significance by increasing the peak resolution. There is
interest to demonstrate that this technique is also valid for a generic resonance. The kinematic
fit is applied to the two jets identified as coming from the W boson to force the dijet invariant
mass of the my = 80.1 GeV. The parametrization of the pr, 77 and ¢ resolution is the same used
in the A — Zh — £(bb analysis. In Fig. B.3, the hadronic top quark mass is shown before and
after the kinematic fit; the increased peak resolution is noticeable, with the peak width reduced
from 25 GeV to 20 GeV, while the mean remains almost unchanged. The agreement with data
also improves, given the smaller x? and larger Kolmogorov Test p-value.
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Figure B.3: W boson mass peak (left) and top quark mass (right) mass peaks in the selected top
quark test sample; Gaussian fits to data and MC are superimposed to the histograms, and fit
results are listed table B.2

Before Kinematic Fit After Kinematic Fit
Mean (GeV) Sigma (GeV) Mean (GeV) Sigma (GeV)
Data 167.0 +0.8 255+1.3 165.7 £ 0.6 209 +0.7

Monte Carlo  166.3 0.5 252 +0.7 165.3 +£0.3 20.8+04

Table B.2: Results of the Gaussian fit to the W and top quark mass peaks, as shown in Fig. B.3.
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B.3 COLOUR VARIABLES

The BDT used in the main analysis is built on 16 variables, and some are used seldom in physics
analyses. One of them is the pull angle, a variable sensitive to the colour flow between the two
quarks originating from a colourless objects and described in detail in Sec. 5.4.4. Even if the
colour connection has been experimentally observed at LEP [156] [157], an additional cross
check is useful to check for the presence of possible biases. Furthermore, there is the need
to compare the Monte Carlo distribution with data before giving the variable as input to the
analysis discriminator. Considering the two jets identified as originating from the W boson, the
pull angle (the pull vector angle between the two jets in the y — ¢ plane) is calculated for both,
as well as the so-called beam angle (the pull vector angle between a single jet and the closest
beam in the y — ¢ plane). The pull angle distribution is expected to peak at 0, wile the beam
angle should have the opposite behavior. Plots in Fig. B.4 display this trend and show also a
good agreement between data and simulation. The leading jet has the most distinctive peak,
while the same effect in the sub-leading one is less discriminating; this is the reason because
only this first one is provided to the analysis discriminator.
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Figure B.4: Colour pull angles (top) and beam angles (bottom) for the leading (left) and sub-
leading (right) b-tagged jet in the event.
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Search for a standard model diboson
signal

C.1 EVIDENCE OF THE ZZ DECAY INTO LEPTONS AND B QUARKS

The Boosted Decision Tree is a powerful yet complex multivariate technique (MVA), and as
such has to be tested and validated on a dedicated and separate sample. The simultaneous
production of two Z bosons, with one of them decaying in a lepton pair and the other one in
a pair of b quarks, is an useful benchmark to extract a signal of a known resonance (Z — bb)
with a larger cross section but the same final state of the A — Zh — (/bb analysis. This search
has already been performed by CMS, adding the Z — vv and the W Z channels in the boosted
regime, yielding a significance of over 60 and a cross section in agreement with the standard
model expectations [158]. Since the present analysis is not performed in the boosted regime,
there is the interest to extract a signature of the Z Z production also in a low-pt range, in spite
the smaller expected sensitivity.

The BDT used for this purpose is the same of the main analysis, sharing the same preselections
and variables, except for the training, where the diboson process is considered as the signal.
Systematic uncertainties are computed as in the main analysis, and added as nuisances param-
eters in the signal fit. It is important to note that no cut on the Z pr (leptonic or hadronic)
is applied. The cut on the dijet invariant mass is set around the Z boson mass (60 GeV and
110 GeV). Figure C.1 shows the BDT output, and Table C.1 lists the expected and observed fit
results on the BDT shape. The results are in good agreement with the standard model expected
cross section, and the absence of the ZZ — ((bb signal is highly disfavored.

Even if the Z Z total cross section is several times larger than the expected A — Zh — ((bb
signal, diboson events lie in a quite different phase space, being a process initiated by a g7 state
while the A is produced via gluon-gluon fusion. The consequence is that background is more
difficult to discriminate, due to its similarity to the Z Z signal in several distributions but Zpt
and m;j;. The variables chosen are not optimized for the diboson search, and only moving to
the boosted regime can improve the signal over background ratio and increase the significance.
The kinematic fit is also applied to the h mass, which is different from the Z mass, and this
a source of bias; the fit x? is not as useful as mj; in this frame. However, this test does not
represent a proper Z Z cross section measurement, which is out of the scope on this analysis,
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being interested mainly in the BDT validation.

Even if in a boosted regime, the ZZ — (/bb signal can be extracted through a cut-based anal-
ysis. The event selection is the same as the signal region, defined in Sec. 5.3.1, but without the
mypp, cut and with the addition of a cut on the Z pt > 100GeV. This kind of event selection
selects a region of the phase space quite far from the analysis interest, but the simplest way to
look for such a signal. Without the boosting requirement, a cut-based approach could be not
feasible. Another important difference is that the cut selection does not introduce a bias on the
dijet invariant mass spectrum, and the Z — bb peak should be observable. Fig. C.1 shows the
dijet invariant mass after the selection cuts, and Tab. C.1 the numerical values returned by the
fit on the m;; mass.
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Figure C.1: Left: ZZ — ¢¢bb BDT output. The diboson process is trained as signal, and the
mpp mass cut applied is 60 GeV < my,, < 110GeV. The diboson process is displayed in light
blue. Right: dijet invariant mass spectrum in the signal region, without the my,, cut and with Z
pr > 100 GeV. The diboson process is displayed in light blue, and the SM Higgs in red.

o
a1
o

BDT analysis Cut-based analysis
Significance Best Fit 4  Significance Best Fit u
Observed 2.940 1057050 2.290 101194
Expected 2.960 1 0% 2310 1

Table C.1: Expected and observed significance and best fit for the ZZ — ¢(bb signal.

C.2 SENSITIVITY TO THE SM HIGGS BOSON

The same strategy can be applied also to the search of the standard model Higgs boson pro-
duced in association to a Z boson. The kinematic fit forces the dijet invariant mass to the nom-
inal h value, while the fit x can still discriminate against the other backgrounds. Also this test
search is performed in the non-boosted regime, while the standard analysis [159] starts from a
Z pt > 50GeV cut, and can an useful cross-check. The lower sensitivity with respect to the SM
search is mainly due to the following factors:
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e The present search is performed in the non-boosted regime, where the S/B is signif-
icantly worse than the boosted case

e The kinematic fit does not allow to exploit the power of the my,, variable, which is
the most discriminating for this kind of search

e There is no b jet energy regression
e The Z — vvand W — /v channels are not considered
e The variable choice and the BDT is not optimized for the SM search

The BDT is trained with the SM Zh — £/bb as signal, and a shape fit is performed on the BDT
output; variables and preselections are the same as the main analysis. The BDT shape is shown
in Fig. C.2, with signal fit results are reported in Tab. C.2. In spite a large statistical uncertainty,
some sensitivity to the SM Higgs boson is present. The observed significance exceeds 1c, an
excess not statistically significant, favoring the presence of the Higgs with respect to the null
hypothesis.
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Figure C.2: Zh — ¢¢bb BDT output. The BDT is the same as the main analysis, but trained with
the Vh process as signal.

Exclusion  Significance Best Fit y

Observed 411 1.280 1607143
Expected 2.5113%5 1313 0.850 1 "%

Table C.2: Results of the maximum likelihood fit on the Z h BDT output. Expected exclusion
upper limits are reported with the +1 and +2¢ band uncertainties.
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