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Introduction

The Compact Muon Solenoid (CMS) is one of the two general purpose de-
tectors currently working at the Large Hadron Collider (LHC). Since March
2010, when the experiment’s operation took off, the CMS collabration has
been giving notable contributions to high energy physics, publishing hundreds
of physics papers in internationl journals. Huge effors have been spent to
probe the standard model (SM) of particle physics, whose predictions have
been found to be in fair agreement with experimental evidences. In this con-
text, the discovery of the Higgs boson is the most remarkable cornerstone, but
the SM robustness is backed up also by a number of analyses involving different
processes.

Nevertheless, it’s a widely shared opinion that the SM should be considered
as an effective theory valid only at presently accessible energies. As a mat-
ter of fact, the need for an extended particle theory arises from various hints.
For instance, the SM does not describe the gravitational force, it does not ex-
plain the pattern of fermion masses and its particle spectrum does not include
any possible dark matter candidate. In addition, among the SM pitfalls, one
should mention the so called unification and hierarchy problems. The search
for new physics beyond the SM is then one of the primary purposes of the LHC
detectors.

The wide range program of searches for new physics include investigation of
possible extentions of the Higgs sectors. Many theoretical scenarios, including
Supersymmetry, or more generally the two Higgs doublet models (2HDM),
predict the existence of extra Higgs states.

Charged Higgs bosons have been looked for in a number of final states both
at LEP and Tevaton and at the LHC, in a mass range spanning from the W
mass to several hundreds GeV.

This thesis deals with the search for a light charged Higgs boson, having
mass lower then the top quark. In this mass range, charged Higgs bosons can
be produced via top quark decay, and thus they can be looked for in top quark
pair events.

Searches for charged Higgs in top quark decay have been published so far
both by ATLAS and CMS and are focused on the 7v and ¢s final states. No

1
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signal has been observed, and the observed upper limits on the branching ratio
of the top quark into H™ are at the level of percent.

Recently, the first attept to search for a charged Higgs in the cb has
been made public by CMS. In the Minimal Supersymmetric Standard Model
(MSSM), this channel has similar branching ratio with respect to the ¢s final
state. Both channels are relevant in a particular region of the SUSY parameter
space, defined by low values of the tanf parameter. The branching fractions
are at the level of some percent for tanf =~ 2—3 and can grow roughly to ~10%
as tanf approaches 1. In addition to that, the ¢b decay mode is particularly
enhanced in the so called flipped-2HDM scenario for the high and intermediate
tanf regime, where it can reach branching fractions of 60-80%.

The H* — ¢b and Ht — ¢5 analyses were carried out with a similar
strategy, consisting in looking for semileptonic ¢t events with one top decaying
to H*b instead of Wb and subsequently going to cb or ¢3, while the other top
decays leptonically in the electron or muon final state ( # — W~b — [vb). The
final state then consists of one lepton, missing energy and four jets, with three
or two b-tagged jets. The main observable used in the analysis is the invariant
mass of two jets indentified as the products of the charged Higgs decay. This
dijet pair is selected from the jets in the event by a kinematic fitter.

The main source of background is due to semileptonic ¢t pair production
for both the final states. However, since the branching ratio W — ¢b is far
suppressed with respect to W — ¢5, the cb final state can reach higher sensi-
tivity, since the main ¢ background can be constrained applying an additional
b-tagging with respect to the cs analysis.

The full Run I dataset collected in proton-proton collisions at a centre-
of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.7
fb~! was considered. No signal for the presence of a charged Higgs boson was
observed in the cb final state and upper limits ranging from 1.1 to 0.4% were
set on the branching fraction of the top quark to H™b in the 90-150 GeV mass
range.

Tuesday August 2 I presented the results to the CMS Collaboration. The
analysis has been approved and results were presented at the International
Conference of High Energy Physics held in Chicago in August 2016.

This thesis aims at presenting my personal contribution to the study, con-
sisting in the development of a full and independent analysis flow for the search
of charged Higgs to ¢b in the muonic final state. The study includes all the
analysis steps, from Monte Carlo generation and sample processing to event
selection, charged Higgs mass reconstruction, statistical analysis and evalu-
ation of systematic uncertainties. The work was developed in a completely
independent way with respect to the CMS result, thus providing a cross-check.
Moreover, it allowed a better understanding of the SM background, in partic-
ular for the ¢f pair production in association with additional jets.

The thesis is organized as follows:
After a brief introduction about the SM of elementary particle physics,
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Chapterl presents the extended Higgs sectors in the MSSM and 2HDM. A
summary of the current status of charged Higgs searches is included.

Chapter2 describes the experimental setup, the design and operational pa-
rameters of the LHC and the CMS detector.

Chapter3 reports the CMS track reconstruction.

Chapter4 presents the search for a light charged Higgs boson decaying into
a charm quark and a bottom antiquark, including the analysis strategy, the
event selection, background estimation, the kinematical technique used for the
charged Higgs mass reconstructon, statistical interpretation of the results and
systematic uncertainties.
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Chapter

The Charged Higgs Boson

1.1 The Standard Model of particle physics

1.1.1 Fundamental particles

Our understanding of matter and energy dynamics lies on a set of fundamental
theories grown up during 1960s and 1970s. This description, called "Standard
Model” (SM) reduces all the known phenomena (except gravity) to simple
interactions between elementary particles.

In the current view, all the visible matter is made up by fermions, particles
with half spin, that interact through the exchange of bosons, particles with
integer spin, as a result of gauge-invariant theories.

Fermions can be divided into two main groups, leptons and quarks accord-
ing to their different behavior with respect to fundamental interactions. Their
classification is given in Table 1.1 and 1.2. Both leptons and quarks fall nat-
urally under three generations. All the stable matter around us is made by
fermions belonging to the first one, while due to their high masses, second
and third generation particles can be produced just in accelerators and in the
extreme conditions in primordial universe.

The SM theory describes three fundamental forces:

e The electromagnetic interacton, mediated by the massless and chargeless
spin-one photon. Since the mass of the photon is zero, it can mediate
interactions to infinite distances.

e The weak interaction between fermions, mediated by the charged spin-
one W+ and the neutral spin-one Z bosons, discovered at CERN in 1983.
Since they carry mass, the weak interaction is short range.

e The strong interaction, responsible for actractive force between quarks.
It is mediated by the massless, chargeless spin-1 gluons. Due to the
asymptotic freedom of strong interactions, whose intensity decreases with
the energy, quarks are never observed in free state, but only in bound



1. The Charged Higgs Boson

states of two (mesons) or three (baryons) quarks, and any attempt to
isolate single quarks give rise to a new quark pair.

The main parameters of the electromagnetic, weak and strong interactions
are summarized in Table 1.3

Table 1.1: The three families of leptons (spin 1/2). Numerical values are taken
from [1]. Neutrino masses are extremely small, and for most purposes can be

taken to be zero

Generation | Flavor Charge Mass
first e (electron) -1 511 keV
Ve (e neutrino) 0 <2eV
second 4 (muon) -1 105.6 MeV
v, (p neutrino) 0 <2eV
third T (tau) -1 1.78 GeV
v, (T neutrino) 0 <2eV

Table 1.2: The three families of quarks (spin 1/2). Numerical values are taken

from [1]

Generation | Flavor Charge Mass

first d (down) -1/3 4.8 MeV
u (up) +2/3 | 2.3 MeV

second s (strange) | -1/3 95 MeV
¢ (charm) +2/3 | 1.275 GeV

third b (bottom) | -1/3 | 4.18 GeV
t (top) +2/3 | 173.2 GeV

Table 1.3: The elementary bosons of the SM. Numerical values are taken

from [1]
Force Mediator Charge | Mass (GeV) | Couplng Constant
Strong g (8 gluons) 0 0 ag =0.1184
Electromagnetic | v (photon) 0 0 a=1/137
Weak W= (charged) +1 80,385 ay = 1.02 x 107°
Z (neutral) 0 91.187 aw = 1.02 x 107°

1.1.2 The Standard Model

The SM is a quantum field theory based on the symmetry groups SU(3)c X
SU(2)r, x U(1)y. The electroweak theory (EW) describes the electromagnetic

6




1.1. The Standard Model of particle physics

and weak interactions between quarks and leptons. It is a Yang-Mills the-
ory based on the gauge symmetry group SU(2);, x U(1)y of weak left-handed
isospin and hypercharge [2, 3, 4]. Quantum chromodynamics (QCD), describ-
ing strong interactions between quarks and gluons, is based on SU(3)¢c gauge
symmetry [5].

The SM before electroweak symmetry breaking In the SM formal-
ism [6], the matter fields are represented by three generations of left-handed
and right-handed chiral quarks and leptons f;, r = %(121275) f1. The left-handed
fermions are in weak isodoublets, while the right-handed fermions are in weak
isosinglets

u

Ve _
Ll = ( _) y€ER; = eRan = <d) yUR, = UR,de = dR
€ /L L

. C
y MRy = MR?Ql = s yCRy = CR,SR; = SR
L

Uy _ t
Ly = < _> TRy = T, Q1= (b) tr, = tr,br, = br
T /L L
(1.1)

The fermion hypercharge Y, defined in terms of the third component of
the weak isospin [ ? and the electric charge () in units of the proton charge
+e, is given by:

Yy =2Qy — 2I3. (1.2)

The SM lagrangian, without mass terms for fermions and gauge bosons,
reads:

1 1 _
L= — Wi, W = BB + LiD,y"Li + epiDiy'er,.  (1.3)

where:

e B, is a real vectorial field corresponding to the generator ¥ of the group

U(l)y

e W7 is areal vectorial field triplet corresponding to the generators of the
SU(2)r, group T,

"Here 5 stands for one of the Gamma matrices [7]. 1(1 F ~5) are the left- and right-
handed projector operators
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e the covariant derivative D, is defined as:

. S ¢
D;ﬂ/} s (a,u - ZQBTaG“ - Zgl?qB,u)w7 (14>
being g1 , g2 and g3 the coupling constants of the SU(3)c, U(1l)y and
SU(2)1, groups respectively.
The lagrangian 1.4 is invariant under local gauge transformations of the
SU(2)r, x U(1)y group of the form:

Li _)eiaa (I)TaJriﬁ(:B)YLi
€R; %eiﬁ(m)%elﬂ (15)

L o,a(x) — @ (@) x Wa(e)

B, —B, — "

However, it can be seen that this invariance is broken if one tries to incor-
porate mass terms for the weak vector bosons 3 Mg W, W*. In addition, if one
tries to include a mass term —m 1), for each SM fermion f in the lagrangian,
the result is manifestly not invariant under isospin symmetry transformations.
Therefore, apparently, there is no way to account for the mass of the weak
bosons and fermions, without giving up the principle of exact unbroken gauge
symmetry.

The EWSM mechanism and the SM Higgs boson A cornerstone of the
SM is the mechanism of spontaneous symmetry breaking (EWSB) proposed in
1964 by Higgs, and independently by Brout and Englert, Guralnik, Hagen and
Kibble. The theory allows to generate the weak vector boson masses without
violating the SU(2) x U(1) invariance.

The trick consists in introducing a new SU(2) doublet of complex scalar

fields with hypercharge +1:
ot
o= (¢_),Y¢ = +1. (1.6)

The gauge invariant lagrangian for this field reads:
Ls = (D"®)*(D,®)) - V(),V(®) = 1*|2|* + N*|2|". (1.7)

As indicatively shown in Figure 1.1, if the mass term p? is positive, the
potential V(®) is also positive and L becomes simply the lagrangian of a spin-
zero particle of mass p. In turn, for p? < 0, the neutral component of the
doublet field ¢ develops a non-zero vacuum expectation value. The minimum
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1.1. The Standard Model of particle physics

V(o)

p? >0 Vi) +u

Figure 1.1: The potential V of the scalar field ¢ in the case p? > 0 (left) and
p? < 0 (right)

of the V(@) potential can be arbitrarly chosen among all the points satisfying

the condition:
2 2

+2 2 H v
=——=— 1.
67+ lgol = -5 = 7 (1.9
for instance one can take
0
< Py >=< 0|P[0 >= ( 1 ) (1.9)
EU
Redefining ® in terms of a small vibration H around ®,
<P >= ( 0 ) (1.10)
(v + H(x)) |

in the Lg lagrangian, one gets terms that are bilinear in the fields W=, Z,
A:

1 1
My W,FW = + §M§ZﬂZH + §M§AﬂAﬂ (1.11)
with | |
MWI§Ug2’MZZ 3¢ G+ g3, My=0 (1.12)

The electroweak SU(2);, x U(1)y symmetry is spontaneously broken to the
electromagnetic U(1)c symmetry. Three of the four degrees of freedom of the
doublet scalar field are absorbed by the W+ and Z weak vector bosons to form
their longitudinal polarizations and to acquire masses.

The fermion masses can be generated introducing in the lagrangian a new
Yukawa interaction with the same scalar field ® and its conjugate field:

LF = —)\E(L)(IDGR — )\d(Q)(I)dR - )\U(Q)(I)UR + h.c. (113)

9



1. The Charged Higgs Boson

The remaining degree of freedom corresponds to a scalar particle, the Higgs
boson, whose lagrangian reads:

Ly = %(5“}])2 — W H? — WwH? — 21{4 (1.14)

Elementary particles couple to the Higgs boson with a strenght that is
dependent on their mass, the coupling constants being 2% for fermions and

. M2
—2i=* for gauge bosons.

The Higgs boson mass is given by m?, = 2\v? = —2u2. Besides the lack
of prediction from the SM theory on its value, the Higgs mass can be con-
strained from EW precision measurements. As a matter of fact, the Higgs
boson contributes to radiative corrections on the top quark and W boson
masses. Therefore, precision measurements of electroweak parameters, like
the top quarks and the W and Z vector boson masses can be combined to
perform a Ax? fit on the Higgs boson mass (Figure 1.2). The preferred value
for the Higgs boson mass results 87 GeV, corresponding to the minimum of
the fitting curve, with an uncertaity of +35 GeV ad -26 GeV at 68% of CL.

6 _Pugust2p09 M imit '=.157 GeV
| )

5 3 B Ay = |

i i —0.02758+0.00035

1 % % - 0.02749£0.00012

4+ i s« incl. low Q° data —

('\I>< 3 ]
<

2 _

14 _

0 Excluded W Preliminary
30 100 300

my, [GeV]

Figure 1.2: Ay? fit to the Higgs boson mass from electroweak precision mea-
surements. The blue band represents the LEP exclusion up to a Higgs mass of
114.4 GeV, the yellow band to the right represents the Tevatron exclusion of
Higgs masses between 162-166 GeV. Both exclusions are made at 95% [8].

The experimental observation at the LHC of a new resonance compatible
with the Higgs boson was finally announced in July 2012 by the CMS and
ATLAS collaboration [9, 10]. The mass of the observed Higgs state, around
125 GeV, is fully compatible with expectations from the electroweak fit.
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1.2. Experimental tests on the SM at the LHC

1.2 Experimental tests on the SM at the LHC

The SM has been extensively studied at colliders in the last decades and it
has been prooved to be an extremely successful theory, whose predictions can
explain the whole set of measurements performed at LEP, Tevatron, LHC and
elsewhere within the uncertainties.

Figure 1.3 shows a summary of cross sections measured at CMS with LHC
data collected at center-of-mass energy of 7 and 8 TeV. Full agreement with
SM expectations is observed over the whole range of processes, including pro-
duction of electroweak bosons W and Z, diboson VV | top quark and Higgs
boson.

July 2015 CMS Preliminary

g E 3 7 TeV CMS measurement (L < 5.0 fb) §

— 5l io-ei $ 8 TeV CMS measurement (L < 19.6 fb™)
@) 10 ? e — 7 TeV Theory prediction .?
N C Lo jetls) ‘ — 8 TeV Theory prediction =

c 10°E’ iow z %CL limi
) = 20 jetfs) CMS 95%CL limit E:
"‘3 SR < | =
® 10°E o = |
1)) BT tagd ” 3
@ 1%k ;1 7 L -
@ "“Eily 3 =
O N T .Q.'L 5. {'é A éT ¥
2 F = gt i
2 1 =T
g = 5 Z. 3 “3: 3
O - b 7 il =
2 10"k ™ =g
o = & =1
=3 z9 =
1072 E - T 3
10°°
]wlz'w,lzyIvm'\vzlzzlg“;\‘v[g:’zl"',}v;]mwlwv,lulvwlwlxu,ln-,|nwlnz]9ml‘n'$lvnlml

Th. Ao, in exp. Ao

All results at: http://cern.ch/go/pN;j7 Wookr 2ol e

Figure 1.3: Summary of the SM cross sections measured at CMS and compar-
ison with theoretical expectation. [11].

Concerning the production of electroweak bosons, Figure 1.4 shows a sum-
mary of the total W+ W~ W and Z cross sections times branching fractions
as a function of the center-of-mass energy for CMS and other experiments at
lower-energy colliders. The predicted behavior of the cross sections as a func-
tion of the center-of-mass energy is in remarkable agreement with experimental
measurements done at different colliders, in a broad energy range.

Figure 1.5 shows cross section for the Drell-Yan process at a fixed center-
of-mass energy of 8 TeV as a function of the invariant mass of the dilepton
system. The dilepton invariant mass spectrum is in fair agreement with theory
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1. The Charged Higgs Boson

expectation over a wide energy range spanning three order of magnitues from
~ 10 GeV to 1 TeV.

2 — e CMS,18pb",8TeV W -
— O CMS, 36 pb™, 7 TeV W+

M 10 = CDFRunll W =

X — O DORunl -

b A UA2 ]

v uAt ]

B Z |

1= y =

107 —

— heory: NNLO, FEWZ and MSTW08 PDFs

[ 1 L 1 1 1 | 1 1 1 1 L L 1 | ]

10 20
Center-of-mass energy [TeV]

Figure 1.4: Total W+, W, W and Z production cross sections times branching
fractions in the center-of-mass energy for CMS and experiments at lower-energy
colliders [12].

SM predictions have been confirmed not only wih measurements of inclusive
cross sections, but also studying differential production processes. Measure-
ments of differential jets production rates in association with W and Z bosons
can provide a test of perturbative-QCD calculations and are sensitive to the
possible presence of new physics. To reduce systematic uncertainties associ-
ated with the integrated luminosity measurement, the jet energy scale, the
lepton reconstruction and trigger efficiencies, the V 4 n jets cross sections can
be measured relatively to the inclusive W and Z production cross sections, as
o(V+ > njets)/o(V). This measurement performed with CMS data collected
at center-of-mass energy of 7 TeV is presented in Figure 1.6. The results are
again in agreement with SM calculations.

Measurements of diboson production processes have been also performed
and can provide stringent tests for the SM. Under the assumption that the new
physics scale A is greater than the energies currently accessible at the LHC,
the effects of the presence of BSM particles can be described by operators with
mass dimensions larger than four in an effective field theory (EFT) framework.
The higher-dimensional operators of the lowest order from purely electroweak
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19.7 b ee and uu (8 TeV)
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Figure 1.5: The Drell-Yan cross section as a function of the invariant mass
of the dilepton system measured at CMS in the combined dilepton channel
compared to next-to-next-to-leading order calculation. [13].
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Figure 1.6: Left: The ratios o(W+ > n jets)/o(W) (top) and o(W+ > n
jets)/o(W+ > (n — 1) jets) (bottom) in the electron channnel. Right: The
ratios o(Z+ > n jets)/o(Z) (top) and o(Z+ > n jets)/o(Z+ > (n — 1) jets)
(bottom) in the electron channnel. [14].
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1. The Charged Higgs Boson

processes have dimension six, and can be written in the form:

7CWAVZW Owww = CWAVZW TT[WWWWW# ]
Cw Cw v
FOW = F(D%)*WMV(D P) (1.15)
C C v
A—B;OB — A—BQ(D“CI))TBW(D D)

These operators generate anomalous trilinear gauge couplings at three level
and modify the V'V production cross section including the W*W~ one. In
particular, the invariant mass of the two leptons produced in the W~ decay
would be sensitive to these anomalous terms and can been used to extract
constraints on the anomalous coupling constants [15]. Figure 1.7 shows the
results of these kind of fits performed using CMS data at center-of-mass energy
of 8 TeV. The fit values for the anomalous coupling are consistent with the
SM hypothesis.

CMSs 19.4 fo™' (8 TeV) CMS 19.4 fo' (8 TeV)

e 80,"'”‘"'l‘"‘l‘"'l""""'l""l"';cq\ 80—
'> [ — Observed 68% CL 4 Best Fit 7 '> [ — Observed 68% CL ¢ BestFit ]
(L 60f —-Observed95%CL ¢ StandardModel — D  QO| —=-Observed 95%CL ¢ Standard Model
~ [ — Expected 68% CL 1~ [ —— Expected 68% CL ]
o | — - Expected 95% CL RS | — - Expected 95% CL -
< - 4 < - ]
< 4o0f 1S 40p |
o L 10© L ]
20~ - 20 o

0~ E o~ .

20 1 ;
40}~ 4 a0 =

I~To | N P B B I B B anl .1 Ll | I A
6920 -15-10 5 0 5 19 15 220 6915 -10 -5 0 5 ) 10 215
cy/A° (TeV™) Con/A° (TEV™)

Figure 1.7: Two-dimentional observed (thick lines) and expected (thin lines)
68% and 96% CL contours for anomalous coupling constants cyyw /A% X ey
and cy /A x cp [15].

The discovery of the Higgs boson at the LHC provided another proof of
the SM success and is considered a milestone in particle physics, since at the
LHC it is now possible to probe with direct investigations and measurements
the SM Higgs sector, which was not accessible at other colliders. At now, all
the measurements performed are in agreement with the SM predictions within
uncertainties.

The experimental value of the Higgs boson mass, obtained from a combi-
nation of the results of the ATLAS and CMS experiments, is [11]:

My = 125.09 & 0.21(stat) + 0.11(sys)GeV/c?
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—_—T 77— T [ T T
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CMS H—yy === 124.70 £ 0.34 (£ 0.31£0.15) GeV
ATLAS H—ZZ -4l — 124.51+0.52 (+ 0.52 £ 0.04) GeV
CMS H—ZZ—4l —=— 125.59 +0.45 (+0.42+0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 £0.29 (+0.25 £ 0.14) GeV
ATLAS+CMS 41 I-—I‘E—'I 125.15 +0.40 (+0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?ﬂ 125.09 +0.24 ( £0.21+0.11) GeV
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Figure 1.8: Summary of Higgs boson mass measurement from individual Runl
analyses of ATLAS and CMS and in the H — v and H — 41 final states and
their combination [16].

The Higgs boson cross sections in the different production modes measured
at CMS are included in Figure 1.3. Results for the gluon gluon fusion, the
vector boson fusion and associated production are in agreement with calcula-
tions for a Higgs mass value of 125 GeV. A small, non-significative deviation
is observed only in the ttH production mode. The experimental Higgs signal
strenghts, obtained in a combination of ATLAS and CMS results are shown in
Figure 1.9. For each decay channel the result is consistent with SM expecta-
tions, though the large experimental uncertainties, of the order of &~ 10% leave
room for BSM effects that could be highlighted by probing the Higgs couplings
with increasing precision.

1.3 Beyond the SM

1.3.1 Motivation for physics beyond the SM

The high-precision measurements carried out at LEP, SLC, Tevatron, LHC
and elsewhere have provided a decisive test of the SM and firmly established
that it provides the correct effective description of the strong and electroweak
interactions. Nevertheless, the SM is widely believed to be an effective theory
valid only at presently accessible energies. Besides the fact that it does not
include the gravitational force and the fermions masses are just free parameters
of the theory, it has at least three issues that still require explanation:

e The SM is based on the SU(3)c x SU(2). x U(1)y gauge symmetry, the
direct product of three simple groups with different coupling constants
and, in this sense, does not provide a true unification of the electroweak
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Figure 1.9: Best fit values of the Higgs boson couplings for the combination of
ATLAS and CMS data, and separately for each experiment, for the parame-
terization assuming the absence of BSM particles in the loops [16].
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1.4. Extended Higgs sector in the MSSM

and the strong interactions. Therefore, one expects the existence of a
more fundamental Grand Unified Theory (GUT), which describes the
three forces within a single group, such as SU(5) or SU(10), with just
one coupling constant. However, given the high-precision measurements
at LEP and elsewhere, the coupling constants fail to meet at the GUT
scale [17] (see Figure 1.10).

e Astronomical observations show that a large contribution to the critical
density of the universe, about 25%, must be due to some kind of non-
baryonic, non-luminous matter [18]. A particle that is stable, massive
electrically neutral is required. The SM does not have any dark matter
candidate.

e In the SM, when calculating the radiative corrections to the Higgs boson
mass squared, one encounters divergences quadratic in the cut-off scale
A at which New Physics should appear:

A2 A
AMZ = Nf8—7;;[—/\2+6mfl0gm—f — 2my]. (1.16)

If the cutoff scale A is set to the GUT scale ~ 10'® GeV, or the Planck
scale, ~ 10'® GeV, the Higgs mass would prefer to be close to very
high scale, and thus huge. The existence of the Higgs boson with a
mass of approximately 125 GeV embodies the problem of an unnatural
cancellation among the quantum corrections to its mass [17] . This fine
tuning could be solved assuming the existence of a number Ng = 2N of
scalar particles with a symmetry relating their couplings \g to the ones

of standard fermions: A2 = —\g. The correction 1.16 would become:
A2 A m
2 _ f 2 2 2 S
AM; = Nf4—7T2 [(mF — mSlog(—S) + 3mflog(—f)}. (1.17)

and quadratic divergences would disappear. The logaritmic divergence
would still be present, but even for values A ~ Mp of the cutoff, the
contribution would be rather small. It would disappear under the as-
sumption that the fermion and the two scalars have exactly the same
mass.

1.4 Extended Higgs sector in the MSSM

Many extentions of the SM have been proposed in the last years, in order to ad-
dress its open questions. Most of BSM theories would introduce modifications
in the EWSB mechanism of the SM. The observed 125 GeV Higgs boson may
be part of an extended Higgs sector. In the following paragraph, the two most
compelling classes of BSM theories will be briefly presented: the Composite
Higgs models and two Higgs doublet model. Both of them can accomodate
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1. The Charged Higgs Boson

the observed 125 GeV Higgs boson, and predict the existence of additional

resonances. In particular, the 2HDM spectrum includes charged Higgs states
H*.

1.4.1 Composite Higgs model

A light Higgs boson could emerge as the bound state of a strongly interacting
sector, rather than being an elementary field. A composite Higgs would solve
the hierarchy problem of the SM, as its mass is not sensitive to virtual effects
above the compositness scale, in the same way as the mass of the QCD pion
does not receive corrections at the Planck scale [19].

The starting point of composite Higgs theories consists in considering a
strongly interacting sector with a global symmetry GG dynamically broken to
H, at the scale f. The subgroup Hy C G is gauged by external vector bosons.
The global symmetry breaking G — H; gives rise to n = dim(G) — dim(H,)
degrees of freedom. Calling H the unbroken gauge group H = Hy N Hy, a
number ng = dim(Hy) — dim(H) of the n degrees of freedom are absorbed
to give mass to as many vector bosons. The remaining n — ngy are pseudo
Nambu-Goldston bosons.

This construction introduces new massive states with the quantum numbers
of (t,W, Z). Diagrams with these particles cancel the usual diagrams that give
quadratic divergences in the Higgs mass.

Composite models can be probed at the LHC both in direct and in indirect
searches. Indirect constraints can be derived by measurements in the field of
flavor physics (e.g. BB mixing, angular observables in B — K*uu, BR(B, —
o, rare B decays, etc.), Z decays (e.g. with precision measurements of
its branching ratios), SM Higgs production and decay. On the other hand,
compositness would give rise to new resonances that could decay to fermions,
weak vector bosons W and Z, or in the SM Higgs boson.

ATLAS and CMS are following an extensive program for the search of new
resonances. No evidence for new physics has been found so far. Figures 1.11
and 1.12 show the current state of the art for searches of heavy resonances
decaying to weak vector bosons pair or SM Higgs pairs with CMS data.

1.4.2 2HDM models

The simplest way to extend the SM Higgs sector, and the most extensively
studied at colliders, consists in adding to the SM lagrangian two doublet of
complex scalar fields instead of one [22, 23]. A broad class of models can
be framed within 2HDMs, Supersimmetry (SUSY) is an example. SUSY has
been for long considered one of the most attractive extentions of the SM, as
it could potentially solve the dark matter, unification and hierarchy problems
simultaneously.
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Figure 1.11: Summary of the exclusion limits set by CMS in di-higgs searches
with 8 TeV data [20].

The 2HDM formalism consists in defining two Higgs doublets

o — L (cb? + ia?)
V2 \ V24
o, — L ( V263 )
V2 \ ¢ + iaj
with hypercharge ¥ = —1 and Y = 1 respectively. The Higgs potential
reads:

(1.18)

V =m0 d) + m2dld, — m2(dTioy®, + h.c.)

1 1
+ 5A1(<1>§<1>1)2 + 5Az(cbgcbz)? + A3(DT D)) (DL D)

1 (1.19)
+ )\4|@?’L’02<D2|2 + 5)\5[(@%—‘@'02@2)2 + hC]
where m? = p? + m%,i, with p being the supersymmetric Higgsino mass pa-

rameter and my, (for i=1,2) the Higgs doublet soft supersymmetric breaking
mass parameter, mi = B, is associated to the B-term soft SUSY breaking
parameter and \; are the Higgs quartic coupling.

After symmetry breaking, the two doublet fields lead to five physical Higgs
particles: two CP even states, h and H, a CP-odd scalar A and one charged
Higgs pair H* .
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Figure 1.12: Observed and expected exclusion limit at 95% CL on o(pp —
VI — WV/VH) as a function of the resonance mass obtained combining the
results of diboson analyses with CMS data at 8 TeV [21].
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1.4. Extended Higgs sector in the MSSM

Imposing the constraint of natural flavor conservation, that implies that
fermions with a common electric charge are generated through couplings to
exactly one Higgs doublet [24], there are four different ways to couple the SM
fermions to the Higgs doublet, as summarized in table 1.4.

Table 1.4: The four possible assignments of fermion couplings to two Higgs
doublets that satisfy natural flavor conservation. Here u, d, and [ represent
up- and down-type quarks and charged leptons, respectively

Model | Type I | Type II | Lepton-specific | Flipped
b, - d,l [ d
b, u,d,l u u,d u,l

1.4.3 The MSSM

SUSY is a symmetry relating particles of integer spin (spin-0 and spin-1 bosons)
and particles of spin 3 (fermions). The SUSY generators @ transform fermions
into bosons and vice versa

Q|Fermion >= |Boson >

1.20
Q|Boson >= |Fermion > (1.20)

When the symmetry is exact, the bosonic fields and the fermionic fields have
the same masses and quantum numbers, except for the spin. However, since
there are no experimental evidences for scalar particles having the same mass
as known fermions, SUSY must be a broken symmetry. Usually one assumes
SUSY-breaking to occur in such a way that the supersymmetric particles are
not too heavy, in order to solve the aforementioned problem about the unnatu-
ral fine-tuning in the quantum correction on the Higgs mass. For the radiative
corrections to be of the same order as the tree level Mj, the SUSY-breaking
scale should be around 1 TeV.

The Minimal Supersymmetric Standard Model (MSSM) [25, 26] is defined
as the SUSY minimal realization in terms of gauge symmetries and particle
content. SUSY demands the existence of two Higgs doublets such that one
doublet couples to up-type quarks and the other to down-type quarks and
charged leptons.

This Higgs-fermion coupling structure is the one identified as type-11 2HDM
and assures that masses for both up and down-type quarks can be generated
in a supersymmetric and gauge invariant way.

The Higgs sector is in principle described by 6 parameters, the masses of
the Higgs states, the angle o that diagonalizes the mass eigenvalue matrix h
and H and the [ angle, whose tangent is defined as the ratio of the Higgs
doublets vacuum expectation values tan5 = vy/v;. However, at tree level, the
parameters are related through the following equations:

M} = M3 + M, (1.21)
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1

M3 gy = SIM3 + MEF \/ (M3 + M3)2 — 4M3 M3cos2 (1.22)
1 M2 + M2

a= aarcmn(mnmﬁ), —g <a<0 (1.23)

It follows that only two parameters are needed to describe the system at
tree level. Usually one relies on the mass of the pseudoscalar M4, expected to
lie in the range between My and the SUSY breaking scale, and the ratio tang,
which is expected to take values in the range:

1 < tanf < my/my = 60 (1.24)

with 77, and 17, the running top and bottom quark masses in the (M.S)
renormalization scheme [27] evaluated at a scale close to the SUSY scale Mj.
Equations 1.21-1.22 imply a strict hierarchy on the mass spectrum, in partic-
ular:

My > max(Ma, Mz)
My, < min(Mz, Ma|cos2f|) < My

Thus at tree leel, the CP-even h boson mass is bound to be lighter than
the Z boson.

This simple pattern changes once radiative corrections are included. At
one loop level, 1.21 is still valid , while for the mass of the CP-even bosons
one has:

M3 MZcos?2(3 + e(M3sin?f + M%COSQﬁ)]
(M2 + M2 +¢€)?
(1.26)

1
M? = 5(J\LQHLJ\@JFE)[H:\/1 —4

where € is defined as:

3mi MZ X} X7
€= 55 [l0g7—§+—'52(1— v
2m2v?sin?f my Mg 12M¢

)], (1.27)
and X, is the so-called stop mixing parameter.

The radiative corrections to the Higgs mass can lead to a mass value of
at most 130 GeV. The observed mass of 125 GeV is very close to the upper
limit. It follows that if we want to interpret the observed boson as the lightest
Higgs state in the MSSM, we need to maximize the tree level A mass requiring
My >> My and large tanf values, and to be in the so-called maximal mixing
scenario X; = v/6Mg with the highest possible values of the SUSY breaking
scale to maximize the radiative corrections.

22



1.5. Searches for Charged Higgs boson H=

Table 1.5: The couplings of the neutral MSSM Higgs bosons, collectively de-
noted by @, to fermions and gauge bosons when normalized to the SM Higgs
couplings [28].

o Joua Jodd gevv Joaz/gor+w —
h | cosa/sinf | —sina/cosf | sin(ff — «) cos(f — a)
H | sina/sinf | cosa/cosf | cos(f — a) sin(f — «)
A cot3 tanf 0 0/

Couplings and decay pattern for the MISSM Higgs bosons The depen-
dence of the neutral Higgs couplings to the v and tanfs parameters is reported
in Table 1.5. Concerning the charged Higgs boson, the coupling to fermions is
given by:

i
Irr+ud = — 75— VualmatanB(1 —5s) + mycot (1 + 7s)]
Vau . (1.28)

i
JH+1 = —Emztanﬁ(l +75)

It follows that in the high tanf regime, the non SM-like Higges couple
strongly to b quarks and 7 leptons, while the couplings to the top quark are
suppressed. One is left with a SM-like light Higgs h plus three Higgs states
A, H, H* almost degenerate in mass. In particular A and H would have the
same couplings and branching ratios. The charged Higgs particles decay into
Tv, final states with a branching fraction of almost 100% for H* masses below
the tb threshold, and a branching fraction of only 10% for H* masses above
this threshold. The dominant channel in the latter case is H* — tb which
occurs with a &~ 90% probability.

These prediction have driven the searches for charged Higgs states at col-
liders, that have been mostly focused on the tb and 7v final states.

1.5 Searches for Charged Higgs boson H*

1.5.1 Charged Higgs production modes

At eTe™ colliders charged Higgs bosons can be pair-produced in the s-channnel
via 7y or Z boson exchange. This process is dominant in the LEP centre-of-
mass energies range i.e. up to 209 GeV. At higher centre-of-mass energies, other
processes can play an important role such as the production in top quark decays
viat — b+ H7' is myy < my —my or via the one loop process ete™ — WTHT,

At hadron colliders, charged Higgs bosons can be produced in decays of the
top quark t — b+ H™ if my+ < my — my. The production of top-quark pairs
results from ¢¢ annihilation and gg fusion, with the former (latter) process
being largely dominant at the Tevatron (LHC).
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1. The Charged Higgs Boson

The cross section times branching ratio o(pp — tt) x BR(t — bH™) for
the MSSM scenario is shown in Figure 1.13 as a function of the H* mass
for different values of tanf. As can be seen, for small (< 3) or large (2 30)
values of tanf, the production rates are huge if the charged Higgs boson is
light enough. For intermediate values (tan3 ~ 10) the H¥tb coupling is not
enough enhanced and the rates are rather small. The rate for H~ is the same
and the cross sections for the two process have to be added. In principle, if
the branching ratio was larger than 1%, the decay to bH™ would lead to more
than 10® charged Higgs particles in 100 fb~! of integrated luminosity at the
nominal LHC.

If mpy+ > my — my, then charged Higgs boson production occurs mainly
through radiation from a third generation quark. Charged Higgs bosons may
also be produced singly in association with a top quark via the 2 — 3 par-
tonic processes gg,qq — tbH~ [1] (Figure 1.14). The cross sections for these
processes are shown in figure 1.15.

" : , , 100 . . . .
o(pp — t*t* - H™ + X) [pb] ] r o(pp — t*t* — H* + X) [pb] 1

30 Vs =2TeV Vs =14 TeV

0.1F

\ |
1
100 120 140 160 180 100 120 140 160 180
My [GeV] Mg: [GeV]

0.01 L !

Figure 1.13: Production cross sections for the charged Higgs boson from top
decays o(pp — tt) x BR(t — bH™") as functions of the H' mass for different
values of tanf at the Tevatron (left) and the LHC (right) [29].

1.5.2 Charged Higgs searches before LHC

Charged Higgs bosons have been searched for at the LEP, where the combined
data of the four experiments, ALEPH, DELPHI, L3 and OPAL, were sensitive
to masses of up to about 90 GeV in two decay channels, the 7v ad ¢s [30].
The exclusion limit independent of the admixture of the two above mentioned
branching fractions was 78.6 GeV.

The CDF and DO collaborations at Tevatron have also searched for charged
Higgs bosons in top quark decays with subsequent decays to 7v or to ¢5 in a
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Figure 1.14: Feynman diagrams for the processes bg — H~t and gg — tbH~
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Figure 1.15: The production cross sections for the charged Higgs boson at the
LHC as functions of the H i_mass for different values of tanf in the processes
bg — H~t (left) and gg — tbH~ (right) [29].

25



1. The Charged Higgs Boson

complementary energy range. The limits on BR(t — H*'b)) from CDF and
DO are about 20% in a mass window ranging form 90 GeV to 160 GeV and
assuming a branching fraction of 100% on each specific state [31, 32, 33].

1.5.3 Charged Higgs searches at the LHC

At the LHC, the sensitive mass domain is much larger and the variety of search
channels wider.

The CMS collaboration has exploited the full data sample collected in
proton-proton collisions at /s = 8 TeV corresponding to the luminosity of 19.7
fb~! to search for charged Higgs bosons in top quark decays for my+ < m,—my,
and in the direct production pp — tbH* for my+ > m;, — my [34]. The
H* — 7v and H™ — tb decay modes in the final states 7, + jets, ut, , [+ jets
and Il (I = e, ) have been considered in the search. No signal has been ob-
served and 95% confidence level upper limits have been set on the charged
Higgs production. A model-independent upper limit on the product branching
ratio BR(t — bHT)BR(H' — 1v) =1.2-0.15% is obtained in the mass range
mpg+=80-160 GeV, while the upper limit on the cross section times branch-
ing fraction o(pp — t(b)HT)B(H™ — 71)=0.38-0.25 pb is set in the mass
range my+=180-600 GeV. Assuming BR(H" — tb) = 1, an upper limit on
o(pp — t(b)H™) of 2.0-0.13 pb is set for my+=180-600 GeV.

In addition, a search for a light charged Higgs boson originating from the
decay of a top quark and subsequently decaying to a charm quark and a strange
antiquark was performed [35]. The search was done in semileptonic ¢t events
in the final state comprising an isolated lepton, at least four jets and large
missing transverse energy. No significant deviation was observed with respect
to SM predictions, and an upper limit on the branching fraction B(t — H™b)
ranging from 1.2 to 6.5% was set for a charged Higgs with mass between 90
and 160 GeV, under the assumption that BR(H" — ¢5)=100%.

Similar searches using the 8 TeV dataset have been performed by the AT-
LAS collaboration. The search for a charged Higgs boson in the 7v fully
hadronic final state [36] provided 95% confidence level upper limits on the
product branching ratios BR(t — bHY)BR(H™ — 7v) between 0.23% and
1.3% for the charged Higgs boson mass range 80-160 GeV. In the mass range
180-1000 GeV an upper limit on the production cross section times branching
ratio o(pp — t(b)HT)B(H* — 7v) between 0.76 pb and 4.5 fb was found.

For the tb final state, the production of a charged Higgs boson in association
with top quark was explored in the mass range 200 to 600 GeV using multi-
jet final states with one electron or muon [37]. Upper limits ranging from 7
pb to 0.25 pb were set on the gb — tH™ production cross section times the
branching fraction B(H* — tb). Additionally, the complementary s-channel
production, q7 — H™ was investigated. Final state with one electron or muon
were relevant for H* masses from 0.4 to 2.0 TeV, whereas the all-hadronic
final state was considered for the range 1.5 to 3.0 TeV. Upper limits of 6-0.09
pb were placed on the q¢ — H™ cross section times the branching fraction
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B(H" — tb).

An early search for charged Higgs bosons produced in association with a
top quark and decaying to 7v using a 3.2 fb~! dataset at \/s = 13 TeV was
presented by ATLAS [38]. The final state with both the 7 lepton and the
top quark decaying hadronically was considered. An upper limit on the cross
section times branching fraction o(pp — ¢(b)H*)B(H™ — 7v) ranging from
1.9 pb and 15 fb has been set in the mass range my+=200-2000 GeV.

The ¢35 final state was considered by ATLAS only with the /s = 7 TeV
2010 dataset, corresponding to an integrated luminosity of 35 pb~! [39]. Upper
limits between 25% and 14% were set on the branching ratio B(t — H™'b).

1.6 Charged Higgs to cb

Though the final state into cb has so far received less attention than the other
decay modes described before, it can be particularly interesting in the frame
of the low tang region of the MSSM and in the Flipped-2HDM.

1.6.1 Charged Higgs to cb in the low tanj3 region

The discussion presented in 1.4, leading to the requirement of high tang values
to accomodate a 125 GeV Higgs boson in the frame of the MSSM, holds if the
SUSY breaking scale is at the order of Mg ~ 1TeV, which is the natural choice
in order to exploit SUSY to solve the hierarchy problem. On the other hand, in
light of the fact that no evidence of any sfermions was found so far at the LHC,
also theories with higher breaking scale were proposed, such as split SUSY [40]
or high-scale SUSY [41]. These models can in principle accomodate a 125 GeV
h boson, provided suitable values are chosen for the Mg and tanf parameter.
The contours for the allowed regions in the [tan, Mg| parameter space are
shown in figures 1.16, under different assuptions for the SM-like Higgs mass
My,. As Mg grows, lower and lower values of tan(3 can be reopened.

It is then possible to distinguish two regimes, approximately corresponding
to high (= 3) or low (< 3) values of tanf respectively. The first one is the
most natural and the most extensively studied in the MSSM, though also the
latter can be envisaged for high values of the Mg scale. Since the couplings of
the Higgs states are dependent on tanf3, these regimes give rise to a different
phenomenology for the extended Higgs sector.

In the low tanf scenario, the decay pattern becomes more complex. The
branching fractions for the H/A/H* decays are shown in Figure 1.17 as a
function of their masses at tan = 2.5. For charged Higgs boson, the tb
final state is again dominant above the tb mass threshold. For light mass
values, although the 71, final state is still enhanced, other channels have sizeble
branching fractions. The H* — ¢5 and H* — cb have similar branching ratio
to the level of percent, that can grow to &~ 10% as tan approaches 1.
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Figure 1.16: Contours for fixed values of M, in the [tanf, Mg| plane in the
limit My >> My [28]
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Figure 1.17: The decay branching ratios of the heavier MSSM Higgs bosons
A (left), H, (center) and H* (right) as a function of their masses for tan3 =

2.5 [28].
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1.6.2 Charged Higgs to ¢b in the Flipped-2HDM

In the Flipped-2HDM, one doublet gives mass to up-type quarks and charged
leptons and the other doublet to down type quarks. This model is particularly
interesting for charged Higgs, since below the H™ — tb its decay pattern is
remarkably different with respect to the type-II scenario presented in previous
paragraphs. The MSSM couplings in equations 1.28 are replaced by [42]:

7
IH+ud = _Evud[mdtanﬁ<1 +75) + mycotB(1 — 7s)]
. (1.29)
i
JH+17 = —Emlcotﬁ(l +s5)

The consequence is that the usual 7v decay is replaced by decays to quarks
(cb and ¢5) in most of the parameter space. The branching fractions of the
charged Higgs in the flipped model are shown as a function of My+ in Fig-
ures 1.18-1.19 for different values of tan/. For comparison, the corresponding
branching fractions in the type-II model are also shown for tanf # 1. For
tanf = 5 decays to Tv reach at most ~5% in the flipped model, while they
dominate below the tb threshold in the type-II model. For tan = 50, the
branching fraction to leptons is below 107*. Instead, the dominant decay
mode for tan3 > 3 is into cb with a branching fraction of about 2/3, followed
by ¢s with a branching fraction of about 1/3. The relative strenght of these
two decays at moderate to large tanf is controlled by the Vgmy,/Vesmg, that
is greater than 1.

0.1 Flipped 2HDM

tanp=1

0.01

BR

0.001

0.0001 —
80 90100 200 300 400 500 600

M+ [GeV]

Figure 1.18: Charged Higgs branching ratios as a function of M+ for tan =1
in the flipped 2HDM. Branching ratio in the type-II 2HDM are identical [42].

1.6.3 The first search for a light charged Higgs to cb

Recently, the first attept to search for a charged Higgs in the cb has been
made public by CMS [43]. T personally contributed to this study, that is
the topic of my thesis. The analysis consisted in looking for semileptonic ¢t
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Figure 1.19: Charged Higgs branching ratios as a function of M+ for tanf =5
in the flipped (left) and in the type-II (right) 2HDM).
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Figure 1.21: As in Figure 1.19, for tanf = 50
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events with one top decaying to H'b instead of Wb and subsequently going
to cb, while the other top decays leptonically in the electron or muon final
state (t — W~b — [vb). The full Run I dataset collected in proton-proton
collisions at a centre-of-mass energy of 8 TeV was used, corresponding to an
integrated luminosity of 19.7 fb~!. A first result, presented at the International
Conference of High Energy Physics held in Chicago in August 2016, shows no
signal for the presence of a charged Higgs boson and upper limits ranging from
1.1 to 0.4% were set on the branching fraction of the top quark to H*b in the
90-150 GeV mass range.
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Chapter

The CMS experiment

The Compact Muon Solenoid (CMS) experiment is one of two general-purpose
particle physics detectors at the Large Hadron Collider LHC. This chapter
introduces LHC and presents the general design of CMS and its subdetectors.

2.1 The LHC collider

The Large Hadron Collider (LHC) [44] is a proton-proton superconducting
accelerator and collider installed in the existing 26.7 km tunnel that was con-
structed between 1984 and 1989 to host the Large Electron Positron collider
(LEP).

The LHC lies between 45 m and 170 m below the surface and is divided in
eight arcs and eight straight sections, of which four house equipment needed
for the accelerator and the other four contain the interaction points where the
two beams are brought into collision in the four main experiments. ATLAS (A
Toroidal. ApparatuS) [45] and CMS (Compact Muon Solenoid) [46] are two
big independently designed general-purpose detectors designed to investigate
the largest range of physics possible. ALICE (A Large Ion Collider Exper-
iment) [47] and LHCb (Large Hadron Collider beauty experiment) [48] are
medium-size experiments dedicated to specific phenomena.

In a circular collider of radius R, the energy loss per turn due to synchrotron
radiation is proportional to (E/m)*/R, where E and m are respectively the
energy and mass of the particles accelerated. Protons, due to their higher mass
with respect to electrons, imply a smaller energy loss for synchrotron radiation.

The high beam intensity required by the experiments excludes the use of
antiproton beams, and hence excludes the particle-antiparticle collider config-
uration of a common vacuum and magnet system for both circulating beams,
as used for example at Tevatron. Colliding two counter-rotating proton beams
requires opposite magnetic dipole fields in both rings. The LHC is therefore
designed as a proton-proton collider with separate magnetic fields and vacuum
chambers in the main arcs and with common sections only at the intersection
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Figure 2.1: The CERN accelerator complex.

34



2.1. The LHC collider

regions where the experimental detectors are located.

The existing CERN infrastructure, shown in Figure 2.1, is used for injecting
the protons into LHC (Linac, Booster, Proton Synchroton (PS), Super Proton
Synchroton (SPS)). The SPS accelerates protons to an energy of 450 GeV,
and the remaining acceleration is done by the LHC during the first 20 minutes
after beam injections.

The machine has 1232 dipole magnets and is designed to have an energy
per proton beam of 7 TeV, which results in a center-of-mass energy of /s =
14 TeV, 2808 bunches per ring, and a 25 ns time between two bunch crossings
in an impact point (IP), which spaces the bunches about 7.5 m apart along
the beam axis.

In the years 2010 and 2011 the LHC was operated with proton beam ener-
gies of 3.5 TeV. In 2012, the beam energy of 4 TeV was reached, resulting in
a proton-proton (pp) center-of-mass energy of 8 TeV and a bunch spacing of
50 ns. This LHC running period is called Run-1. In spring 2013, the LHC was
shut down for about 2 years to allow consolidation and upgrade of numerous
machine systems.

In July 2015 LHC started to collide proton beams with a center-of-mass
energy of 13 TeV (LHC running period called Run-2). After a short period of
50 ns operation (Run2015B), the machine collected data with a bunch spacing
of 25 ns (Run2015C and D, Run2016A to G).

2.1.1 Luminosity and design conditions

At the LHC, the number of events per second generated in the collisions is
proportional to the cross section oeyent:

Revent = Oevent X E, (21)

where L is the machine instantaneous luminosity, defined as the number of
collisions per unit time and cross-sectional area of the beams:

_ NlNanfrev

£ A

(2.2)
N; and Ny are the number of particles in the two colliding bunches, A is the
overlap area of the two bunches transverse to the beam, n; is the number of
bunches in one beam, and f,., is the revolution frequency of one bunch (with a
design value of 11245 Hz). At the LHC proton-proton collisions Ny = Ny = N,
and, since the area of overlap is difficult to measure directly in an accelerator,
for a Gaussian beam distribution £ can be written as :

Y
L= N? —F 2.
pnbfrev4 Enﬁ* ( 3)

where + is the relativistic Lorentz factor, €, is the normalized transverse beam
emittance (with a design value of 3.75 pm), 5* is the so called betatron function
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at the IP [49], and F' is the geometric luminosity reduction factor due to the
crossing angle at the IP.

The maximum number of bunches per beam and the revolution frequency
are defined by the circumference of the LHC. In order to get as many events of
interest as possible, one can either increase the number of particles in a bunch
or focus the two beams on a smaller area for the interaction.

The values for the LHC machine parameters are listed in Table 2.1.

Design | Run 2015 |

Centre-of-mass energy [TeV] | /s 14 13
Luminosity [cm™2s™!] L 1034 103
Num. of bunches y 2808 2244
Bunch spacing [ns] 25 25
Num. of protons/bunch N, | 1.15x10'" | 1.1x10™
Norm. Rms. Emittance [um] | ¢, 3.75 3.5
pg* at the IP [m] B 0.55 0.8

Table 2.1: Machine parameters of LHC

During collisions, the number of particles in a bunch, and thus also the
instantaneous luminosity, decreases exponentially from the initial peak lumi-
nosity. The peak luminosity of the LHC in 2016 is shown in Figure 2.2. In
general, after about ten hours, the instantaneous luminosity has decreased so
much that it is more efficient to abort the fill and refill the machine with new
beams.

The integrated luminosity cumulated for all the pp fills collected during
2016 is shown in Figure 2.3

2.1.2 Proton-proton interactions

Several independent proton-proton interactions can take place in a bunch cross-
ing in the interaction point. The interaction of two protons forms a primary
vertex, from which the particles, that were created in the interaction, origi-
nate. The number of primary vertices created on average depends on the beam
parameters, e.g. how many particles are in a bunch and how small is the fo-
cusing area. In 2012 this number has been measured by the CMS experiment
and corresponds to, on average, 21 interactions per bunch crossing, as shown
in Figure 2.4. The presence of many primary vertices per bunch crossing is
a challenge for the event reconstruction, since the particles originating from
different primary vertices can be superimposed in the detector. Interactions
besides the interaction of interest are referred to as pileup interactions.

Different kind of processes can take place in an event.

In a large distance collision only a small momentum is transferred and
particle scattering at large angle is suppressed. The final state particles have
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Figure 2.2: Peak delivered luminosity per day for 2016 as measured by the
CMS experiment.
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CMS Average Pileup, pp, 2012, Vs = 8 TeV
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Figure 2.4: Number of reconstructed vertices per event for p-p collisions at
8 TeV centre-of-mass energy and 50 ns bunch spacing in 2012.

small transverse momentum (~ 10? MeV), so that most of them escape down
the beam pipe.

However, then two protons collide, two of their partons (quarks and glu-
ons) can also take part in a hard interaction with high transferred py. The
effective centre-of-mass energy of the hard scattering, v/§, is proportional to
the fractional energies x, and x; carried by the two interacting partons:

Vi = Vzamps | (2.4)

where /s is the centre-of-mass energy of the proton beams.

The probability density f,(z,, @?) to find a parton p, with the fraction x of
the longitudinal proton momentum in the proton-proton center-of- mass frame,
depends on the squared four-momentum transfer Q? between the partons of the
collision, and is described by the Parton Distribution Function (PDF). PDFs
are different for gluons, u and d valence quarks and low-momentum sea quark-
antiquark pairs of all flavours and depend on the energy scale at which the
interaction between the partons takes place; for higher exchanged momenta a
shorter distance scale is probed and the contribution of gluons and sea quarks
becomes higher.

PDFs are measured in Deep Inelastic Scattering (DIS) experiments of lep-
tons on hadrons and different models are available such as CTEQ [51, 52],
MSTW [53], or NNPDF [54].

An example for parton distribution functions is shown in Figure 2.5 for two
different values of the invariant momentum transfer Q2.

To probe physics at a certain energy scale, the value for Q? has to be
taken in the range of the squared effective centre-of-mass energy 42 of the hard
scattering which corresponds to the squared invariant mass M? of the system.

Since the two partons interact with unknown energies, the total energy of an
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Figure 2.5: Parton density functions, including the one sigma uncertainty
bands, for the partons in a proton for two different invariant momentum trans-

fers Q?=20 GeV? (left ) and @Q*=10* GeV? (right) [53].

event is unknown, because the proton remnants, that carry a sizable fraction
of the proton energy, are scattered at small angles and are predominantly
lost in the beam pipe, escaping detection. For this reason it is not possible to
define the total and missing energy of the event, but only the total and missing
transverse energies (in the plane transverse to the beams).

Secondary particles created in an hard interaction, which in turn can de-
cay, form the final state of an event that can be detected. The rate of hard
interactions, though, is several orders of magnitude lower than that of soft
interactions. The probability for one particular hard interaction in an event,
as expressed in Equation (2.1), depends on the cross section of that particular
process. Figure 2.6 shows the cross section for different SM processes as a
function of the centre-of-mass energies in pp collisions.

Before the two partons interact with each other they can radiate other
partons. Similar to this process also the decay products of the hard interaction
can radiate partons or photons. This radiation of particles is called initial state
radiation (ISR) when it happens before the hard interaction, and final state
radiation (FSR) if it occurs with the decay products of the hard interaction.
When quarks and gluons are involved in the ISR and FSR, one speaks also of
parton showering.

If the final state of a hard interaction contains particles that carry a colour
charge like e.g. quarks, they have to form new particles in order to become
colour neutral. This process is called hadronisation and results in showers of
particles that form a cone along the initial particles direction and are called
jets. The exception to this is the top quark, which has a lifetime shorter than
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Figure 2.6: Cross section of SM processes as a function of the center-of-mass
energy of proton-(anti)proton collisions. The vertical lines mark the center-of-
mass energies of the Tevatron and the LHC [55].

the timescale at which the hadronisation takes place, and, therefore, decays
before it hadronises. If the particles created in ISR and FSR carry a colour
charge they hadronise as well. After the hard interaction, the remnants of the
two protons are not colour neutral anymore and have to hadronise as well,
forming jets that fly along the beam axis.

Coordinate system

Since the two partons interact with unknown energies, the centre of mass
may be boosted along the beam direction. Therefore it is very useful to use
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experimental quantities that are invariant under such boosts.

We indicate the beam direction as z axis, referred to as longitudinal, and
the z —y plane, orthogonal to the beam line, is called transverse plane. Based
in these definitions, the momentum of a particle can be divided in two com-
ponents: the longitudinal momentum p, and the transverse momentum pr,

defined as
pr =/P: + D - (2.5)

The rapidity is defined as:

E+p.
E_pz ’

1
=—In 2.6
=3 (2.6)
and has the property of being additive under Lorentz boosts along the z di-
rection, i.e. it is simply shifted by a constant when subjected to such transfor-
mations. For ultrarelativistic particles (p > m) the rapidity is approximated
by the pseudorapidity:

n=—In tang : (2.7)

where 6 is the angle between the particle momentum and the z axis. The
pseudorapidity can be reconstructed from the measurement of the 6 angle and
can be also defined for particles whose mass and momentum are not measured.

The origin of the coordinate system of the detector lies in the center at the
nominal collision point. The x-axis points radially inward to the center of the
LHC ring and the y-axis points vertically upward. The coordinate system is
right-handed and so the z-axis points horizontally along the counter clockwise
beam direction. Since the products of the collisions will fly outward from the
collision point, it makes sense to use cylindrical coordinates for the description
(used by reconstruction algorithms) based on the azimuthal angle ¢, defined as
the angle measured from the z-axis in the x — y plane, the radial coordinate r
is also measured in the x —y plane and finally, the polar angle 6 measured from
the z-axis. Instead of the polar angle the pseudorapidity n is used, which is
zero in the x — y plane and goes to positive and negative infinity, respectively,
towards the positive and negative z-axis. The forward regions of the detector
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