UNIVERSITE LIBRE DE BRUXELLES

FACULTE DES SCIENCES

UNIVERSITE
LIBRE
DE BRUXELLES

Scalar boson decays to tau leptons : in the

standard model and beyond

These présentée par :

Cécile Caillol

En vue de 'obtention du grade de :

Docteur en Sciences

Bruxelles, avril 2016






Constitution du jury de thése :

Giacomo Bruno (UCL)

Barbara Clerbaux (ULB), promoteur

Sridhara Dasu (University of Wisconsin Madison)

Albert De Roeck (CERN)

Jean-Marie Frere (ULB), président

Abdollah Mohammadi (Kansas State University), co-promoteur
Pascal Vanlaer (ULB), secrétaire






Abstract

This thesis presents a study of the scalar sector in the standard model (SM), as well as
different searches for an extended scalar sector in theories beyond the standard model
(BSM). All analyses have in common the fact that at least one scalar boson decays to a
pair of tau leptons. The results exploit the data collected by the CMS detector during
LHC Run-1, in proton-proton collisions with a center-of-mass energy of 7 or 8 TeV.

The particle discovered in 2012, H, looks compatible with a SM Brout-Englert-Higgs
boson, but this statement is driven by the H — ~y and H — ZZ decay modes. The
H — 7777 decay mode is the most sensitive fermionic decay channel, and allows to test
the Yukawa couplings of the new particle. The search for the SM scalar boson decaying to
tau leptons, and produced in association with a massive vector boson W or 7, is described
in this thesis. Even though a good background rejection can be achieved by selecting the
leptons originating from the vector boson, Run-1 data are not sensitive to the small pro-
duction cross sections predicted in the SM for the scalar boson. The combination with
the gluon-gluon fusion and vector boson fusion production searches leads to an evidence
for the decay of the H boson to tau leptons.

Many BSM models, such as the minimal supersymmetric SM (MSSM) or models with
two scalar doublets (2HDM), predict the existence of several scalar bosons. The decays
of these bosons to tau leptons can be enhanced in some scenarios depending on the model
parameters, which makes the di-tau decay mode powerful to discover BSM physics. Four
searches for an extended scalar sector are detailed in this thesis. The first analysis searches
for a pseudoscalar boson with a mass between 220 and 350 GeV, decaying to an SM-like
scalar boson and a Z boson, in the final state with two light leptons and two tau leptons.
Second, a search for the exotic decay of the new particle H to a pair of light pseudoscalar
bosons, which is still allowed by all measurements made up to now, in the final state with
two muons and two tau leptons is performed. Third, a mass region almost never explored
at the LHC is probed by the search of a light pseudoscalar, with a mass between 25 and
80 GeV, decaying to tau leptons and produced in association with b quarks. The last
analysis describes the search for a heavy resonance in the MSSM, decaying to a pair of
tau leptons. None of these analyses has found any hint of new physics beyond the SM,
but stringent limits on the cross section of such signals could be set.



Résumé

Cette thése présente une étude du secteur scalaire dans le cadre du modele standard
(MS), ainsi que la recherche d'un secteur scalaire étendu dans des théories au-dela du MS.
Ces analyses ont en commun la désintégration d’au moins un des bosons scalaires en une
paire de leptons taus. Les résultats sont basés sur les données collectées par le détecteur
CMS pendant le Run-1 du LHC, lors de collisions proton-proton & une énergie dans le
centre de masse de 7 ou 8 TeV.

La particule découverte en 2012, H, semble compatible avec un boson de Brout-Englert-
Higgs du MS, mais ce constat se base essentiellement sur I’étude des modes de désintégra-
tion H — vy et H — ZZ. Le mode de désintégration H — 777~ est le canal fermionique
le plus sensible, et permet de tester les couplages de Yukawa du nouveau boson. Cette
these décrit dans un premier temps la recherche du boson scalaire du MS se désintégrant
en leptons taus et produit en association avec un boson vecteur massif W ou Z. Bien
que les bruits de fond puissent étre réduits en sélectionnant les leptons provenant de la
désintégration des bosons vecteurs, les données du Run-1 ne sont pas sensibles aux petites
sections efficaces de production prédites dans le SM pour le boson scalaire. Cependant,
la combinaison avec les recherches du boson scalaire dans d’autres modes de production
montre avec évidence 'existence de désintégrations du boson H en leptons taus.

De nombreux modeéles au-dela du MS, tels que 'extension supersymétrique minimale
du MS (MSSM) ou les modéles avec deux doublets scalaires (2HDM), prédisent 1'existence
de plusieurs bosons scalaires. La désintégration de ces bosons en leptons taus peut étre
favorisée dans certains scénarios en fonction des paramétres du modéle, ce qui rend ce
mode de désintégration treés puissant dans la recherche de nouvelle physique. Quatre
recherches d’un secteur scalaire étendu au-dela du MS sont présentées dans cette thése.
La premiére analyse recherche un pseudoscalaire avec une masse entre 220 et 350 GeV, se
désintégrant en un boson scalaire similaire & celui du MS et en un boson 7, dans I’état final
avec deux leptons taus et deux leptons légers. La deuxiéme analyse explore la possibilité
d’une désintégration exotique de la nouvelle particule, H, en deux bosons scalaires plus
légers, ce qui est toujours autorisé par toutes les mesures faites a ce jour, dans 1’état
final avec deux muons et deux leptons taus. Dans le cadre de la troisiéme analyse, une
région en masse quasiment inexplorée auparavant au LHC est testée par la recherche
d’un pseudoscalaire avec une masse entre 25 et 80 GeV, se désintégrant en leptons taus
et produit en association avec deux quarks b, dans le contexte des 2HDM. La derniére
analyse recherche une résonance lourde se désintégrant en une paire de leptons taus dans
le contexte du MSSM. Aucun indice de nouvelle physique n’a été trouvé dans aucune des
analyses décrites ci-dessus, mais des limites strictes sur les sections efficaces des différents
signaux ont été déterminées.
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Introduction

The standard model (SM) of particle physics describes the elementary particles and
their interactions through the electromagnetic, the weak and the strong forces. Experi-
mental results from various high-energy experiments, such as the Large Electron-Positron
Collider (LEP) at CERN between 1989 and 2000, the Tevatron at Fermilab between 1983
and 2011, and the Large Hadron Collider (LHC) at CERN from 2010, have shown up
to now an amazing agreement with the predictions of the SM. The latest triumph of the
theory is the discovery of a new scalar particle, compatible with the Brout-Englert-Higgs
boson of the SM, in July 2012. This particle, the cornerstone and last missing piece of the
SM, was introduced as a consequence of the electroweak symmetry breaking, in order to
explain how elementary particles could obtain a mass without violating the gauge invari-
ance of the theory. The physicists Francois Englert - working closely with deceased Robert
Brout - and Peter Higgs were awarded the 2013 Physics Nobel Prize in acknowledgment
of "the theoretical discovery of a mechanism that contributes to our understanding of
the origin of mass of subatomic particles, and which recently was confirmed through the
discovery of the predicted fundamental particle, by the ATLAS and CMS experiments at
CERN’s Large Hadron Collider". The data collected by the ATLAS and CMS experi-
ments at CERN in 2011 and 2012, during the LHC Run-1, have permitted to study more
precisely the properties and couplings of this new particle; all measurements indicate up
to now that it is compatible within uncertainties with the scalar boson from the SM.

The discovery of a particle compatible with the scalar boson of the SM happened almost
fifty years after its prediction in 1964, and was made possible by the high performance
of the LHC, and of its two general-purpose experiments, ATLAS and CMS. The LHC,
situated under the French-Swiss border, is a twenty-seven kilometer long circular proton-
proton (pp) collider. Its Run-1 extended from 2010 to 2012, and permitted to collect
roughly 25 fb™! of data at a center-of-mass energy of 7 and 8 TeV; whereas Run-2 started
in summer 2015 at a center-of-mass energy of 13 TeV after a long shutdown of the LHC.
The search for the SM scalar boson was the main objective when designing the experiment.

In the SM, the scalar boson is produced via different mechanisms. Its largest produc-
tion cross section at the LHC corresponds to the gluon-gluon fusion, whereas vector boson
fusion production and the production in association with a vector boson have smaller cross
sections. Although the gluon-gluon fusion production dominates, studying the other pro-
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duction modes is important to test the compatibility of the discovered boson, H, with the
SM scalar boson. Subdominant production modes can moreover have a larger sensitivity
to the presence of a signal in the case where the H decay products are difficult to identify.
For a mass of 125 GeV, as measured by the CMS and ATLAS experiments, a large variety
of decay modes is opened, which provides experimentalists with a wide range of physics
signatures to study. The discovery of the H boson in 2012 was led by the study of bosonic
decay channels (H — vy, H — W*WT and H — ZZ*), but searching for its decay to
fermions, essentially H — 777~ and H — bb, is important to test if the H Yukawa cou-
plings are in agreement with the predictions of the SM. Fermionic decay channels, despite
their large branching fractions, are less sensitive than bosonic decay channels because of
the difficulty in identifying and reconstructing tau leptons and b quarks, and in separating
the signal from large backgrounds.

Tau leptons are the only leptons heavy enough to decay semi-hadronically. In about two
thirds of cases, tau leptons decay to a combination of charged and neutral hadrons, and to
a tau neutrino. Muons and electrons produced in leptonic tau decays along with neutrinos
cannot be distinguished from other muons or electrons produced promptly. Hadronically
decaying tau leptons, 75, are reconstructed and identified in CMS with the Hadrons Plus
Strips (HPS) algorithm, which combines trajectories measured in the tracker detector and
energy deposits in the electromagnetic calorimeter to form 7, candidates. The algorithm
also provides handles to distinguish hadronically decaying taus from jets, electrons and
muons; it typically identifies successfully 60% of hadronically decaying taus, while less
than 1% of quark and gluon jets are misidentified as 7.

Although the SM is a remarkable theory that is not contradicted by the precision mea-
surements made up to now, evidence for new physics beyond the SM (BSM physics) exists.
Theorists have proposed models to address the shortcomings of the SM; many of these
models predict the existence of an extended scalar sector. The minimal supersymmetric
extension of the SM (MSSM), which addresses the hierarchy and the coupling unification
problems among others, introduces a second scalar doublet in addition to the one predicted
in the SM. This results, after symmetry breaking, in five scalar eigenstates: two charged
Higgs bosons H*, a light and a heavy CP-even (scalar) bosons h and H, and a CP-odd
(pseudoscalar) boson A. One of the free parameters of the theory at tree level is the ratio
of the vacuum expectation values of the two Higgs doublets, tan 5. At large values of tan (3,
the most sensitive channel to uncover an eventual MSSM scalar sector is by far the decay
of a heavy neutral scalar to a pair of tau leptons: ® = H/A/h — 777, At low tan /3, the
phenomenology is richer and different channels can contribute with comparable sensitiv-
ities. One of them is the decay of the heavy pseudoscalar A to a Z boson and the light
neutral scalar h, where the h boson decays to tau leptons: A — Zh — ¢*¢~77~. More
generic BSM models that include the MSSM, are two-Higgs-doublet models (2HDM).
In such models, the pseudoscalar A could be lighter than the neutral scalar h, making
bbA — bbrT 7T~ with low my4 a high-potential channel to discover an extended scalar sec-
tor. Finally, some models authorize the SM-like h boson to decay exotically to non-SM
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particles, which is still allowed by all LHC measurements. A powerful channel is, under
some assumptions, h — aa — ptp~ 7777, where a is a light pseudoscalar boson.

The Run-1 of the LHC not only led to the observation of a new particle compatible with
the scalar boson of the SM, but also permitted to explore large regions of the parameter
spaces of many BSM theories. The measurement of the properties of the new particle has
not shown any disagreement with the predictions of the SM, and the ATLAS and CMS
Collaborations have joined their efforts to determine the mass of this new particle with a
great precision: 125.09 £ 0.21 (stat.) £ 0.11 (syst.) GeV. No evidence for the existence
of an extended scalar sector has been observed, but some intriguing excesses (H — p*7¥
flavor violating decays, ttH production, ...) need more data to be confirmed. The Run-2
has permitted to collect about 3 fb~! data at 13 TeV center-of-mass energy in 2015, which
is not sufficient to equalize the sensitivity reached in Run-1 for scalar studies. The large
amount of data collected at the LHC and High-Luminosity LHC (HL-LHC) in the coming
years will allow for a large range of precision measurements and direct searches for new
physics beyond the SM, and different future collider options are already being studied to
take over from the LHC.

This thesis is devoted to the study of the scalar sector of the SM, and to the search for
an extended scalar sector, with tau leptons in the final state. While Chapter [T] presents the
SM, Chapter [2] introduces the motivations for BSM physics as well as some BSM models
with an extended scalar sector. Some statistic tools useful to interpret the results of
physics analyses are described in Chapter[3] The LHC and the CMS detector are presented
in Chapter [4 and the simulations and physics object reconstruction in Chapter 5] The
HPS algorithm, which reconstructs and identifies hadronically decaying tau leptons, is
detailed in Chapter [6] and its performance is measured in data. Searches for the decay of
the SM scalar boson to tau leptons are presented in Chapterm (Z H associated production),
Chapter [§| (WH — e*p*7}) and Chapter [9] (combination of all production modes). The
next chapters detail searches for BSM scalars decaying to tau leptons: MSSM pseudoscalar
A — Zh — (t0 777~ in Chapter exotic decays of the 125-GeV scalar h — aa —
ptp~ 77~ in Chapter [L1], light pseudoscalars in 2HDM bbA — bbr+7~ in Chapter [12]
and heavy MSSM resonances ® = A/H/h — 777~ in Chapter [L3] The thesis ends with
a discussion about the status of high energy physics after the first run of the LHC and
the plans for future collider experiments, in Chapter All the physics analyses detailed
in this thesis exploit data collected by the CMS detector during Run-1, whereas the HPS
algorithm performance is measured in data collected in both Run-1 and Run-2.






Part 1

Theoretical bases






Chapter 1

The standard model of particle physics

The standard model (SM) of particles physics @ describes the elementary par-
ticles and their interactions at the most fundamental level. It is a gauge theory
based on the SU(3) x SU(2) x U(1) symmetry group.

1.1 Elementary particles and forces

All interactions can be described by four forces: the strong force, the electromagnetic
force, the weak force and the gravitational force. These forces are mediated by particles
with an integer spin, bosons. The gravitational force, which can be neglected if the energy
is lower than the Planck scale (1.22 x 10! GeV), is not included in the SM. The mediators
of the strong interaction are eight gluons, while the photon mediates the electromagnetic
force, and the W and Z bosons the weak force. The forces and some of their character-
istics are detailed in Tab. L1l

’ Interaction ‘ Range ‘ Relative strength Mediators
Strong 107 m 1 8 gluons (g)
Electromagnetic 00 1073 photon ()
Weak 1071¥ m 10714 Wr, W-, Z
Gravitational 00 1043 gravitons?

Table 1.1: Range, relative strength with respect to the strong force, and mediators of the four fundamental
interactions. The gravitational force is not included in the SM, and gravitons are hypothetical particles.

The first elementary particle that was discovered is the electron [8]. The electron e
belongs to the first generation of leptons, together with the electronic neutrino v,. The
muon /, and the muonic neutrino v, constitute the second generation of leptons, whereas
the tau 7 and the tauic neutrino v, form the third generation. The masses of the charged
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leptons differ by four orders of magnitude between the first and third generations. Ta-
ble summarizes the leptons and their properties. The leptons are fermions and are
constituents of matter. They do not interact strongly.

’ Generation Particle ‘ Charge ‘ Mass (MeV) ‘ Lifetime (s) ‘
First electron (e) Qe 0.51099 00
electronic neutrino (v,) 0 ~ 0 00
Second muon (u) -Ge 105.67 2.20 x1076
muonic neutrino (v,,) 0 ~ 0 00
Third tau (1) e 1776.99 2.91 x10713
tauic neutrino (v;) 0 ~ 0 00

Table 1.2: Properties of the leptons in the three generations. g, represents the Coulomb charge. Neutrinos
are known to have a tiny mass compared to the other SM particles, but non-zero. ||§|

Quarks, like leptons, are fermions and can be categorized in three generations. The six
quarks can interact via strong interaction and carry color charges. The top quark, which
was discovered in 1995 at the Tevatron, is the heaviest SM particle, with a mass close to

173.2 GeVEl @ﬂ The quarks and their properties are shown in Tab. .

’ Generation Quark ‘ Charge ‘ Mass ‘
First up quark (u) 2/3 qe 2.310T MeV
down quark (d) | -1/3 ge 4.870% MeV
Second charm quark (¢) | 2/3 ¢ 1.275 £ 0.025 GeV
strange quark (s) | -1/3 g, 95 + 5 MeV
Third top quark (t) 2/3¢q. | 173.21 £0.51 £0.71 GeV
bottom quark (b) | -1/3 ¢ 4.66 £ 0.03 GeV

Table 1.3: Quarks and their properties. g, represents the Coulomb charge. Up, down and strange quark
masses correspond to current quark masses with u = 2 GeV, whereas other quark masses correspond to
running masses in the MS scheme. IEI

Ordinary matter on earth is essentially composed of particles from the first generation:
up and down quarks in the nucleus, and electrons in the electron cloud.

Finally, the last piece of the SM is the scalar boson, discovered in 2012, and responsible
for the masses of the W* and Z bosons, and of the fermions.

1. In this thesis all masses and energies are expressed in natural units, where the speed of light and h are taken as equal
to 1.



1.2. STANDARD MODEL LAGRANGIAN

1.2 Standard model Lagrangian

The SM is a theory based on the SU(3)¢c x SU(2), x U(1)y gauge symmetry, where
SU(2), x U(1)y describes the electroweak interaction and SU(3)¢ the strong interaction.
The index C' refers to the color, L to the left chiral nature of the SU(2) coupling and Y
to the weak hypercharge.

The gauge field associated to the symmetry group of electromagnetic interactions is
By, which corresponds to the generator Y. Three gauge fields, W, W7 and W} are
associated to SU(2); with three generators that can be expressed as half of the Pauli

matrices: . . .
0 1 0 —2 1 0

The generators T* satisfy the Lie algebra:
[T, T% = ie®™T, and [T*,Y] = 0, (1.2)

where €% is an antisymmetric tensor. Finally, in SU(3)¢, eight generators correspond to

the eight gluon fields G;®. Unlike SU(2), x U(1)y, SU(3)¢ is not chiral.

Quarks and leptons are described by matter fields that are organized in weak isodou-
blets or weak isosinglets, depending on their chirality. There are three generations of
matter fields. Under SU(3)¢, quarks are color triplets while leptons are color singlets;
quarks therefore carry a color index ranging between one and three, whereas leptons
do not take part in strong interactions. Each generation ¢ of fermions consists of these
left-handed doublets and right-handed singletsﬂ:

lr, = (iﬁ) , €R, QL = (Zi) , Ugr, dp. (1.3)

After electroweak symmetry breaking, SU(2), x U(1)y is reduced to the U(1)gps symme-
try group. The weak hypercharge Y carried by the matter fields is related to the electric
charge @@ and the weak isotopic charge T with:

Y =Q-T° (1.4)

The fermion content of the SM is summarized in Tab. [I.4] together with its representation
under the different groups of symmetry.

The SM Lagrangian density can be decomposed as a sum of four different terms:
Loy = ﬁgauge + ﬁf + Lyur + £¢, (1.5)

which are related respectively to the gauge, fermion, Yukawa and scalar sectors. The four
Lagrangian terms are detailed below.

2. Right-handed neutrinos, vy, are sometimes also considered.
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’ Field H SU(3)¢ representation ‘ SU(2) [, representation ‘ y ‘ t3 ‘ q ‘
; > AERE
i ; > IR
lir, 1 2 7% 7% _
ViL 1 2 —% % 0
uir 3 1 210 | 2
dir 3 1 -1lo |-%
lin 1 1 1] o0 |
ViR 1 1 0 0 0

Table 1.4: Fermion content of the SM, with representations under SU(3)c and SU(2), hypercharge v,
isospin #3 and electric charge ¢. The index i refers to the fermion generation, while the indices L and R
represent the left-handed or right-handed nature of the particle.

— The gauge Lagrangian density Lgq,4e regroups the gauge fields of all three symmetry

groups:
S RS v P 0y
In this expression, the tensors are:
G, =0,G, — 0,G!, — gs [y GLGr, with i, j k=1,..,8; (1.7)
Wi, = 0.W, — 0,W, — geip W) W), with i, j, k=1,...,3; (1.8)
B, =0,B, — 0,By, (1.9)

where gg and ¢ are the coupling constants associated to the SU(3)¢c and SU(2).
symmetry groups respectively.

— The fermionic part of the Lagrangian density consists of kinetic energy terms for
quarks and leptons, namely:

L =iGr P + itirPuir + idigPdig + ilin Pl + i€;rPeir. (1.10)

The gauge-covariant derivatives are:

DFq;p, = (0" + %gngAa + %ng"ab + ég’B“)qiL, (1.11)
DFuig = (0" + %ggGgAa - %g'B“)uiR, (1.12)
Didip = (9" + %gSGgAa - %g’B“)diR, (1.13)

Dieyy = (0" + %gwgaa _ %g’B“)&L, (1.14)

10
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D*e;r = (0" —ig' B")eir, (1.15)

where ¢ is the coupling constant associated to the U(1)y symmetry group.

The Yukawa Lagrangian density describes the interactions between the fermions and
the scalar doublet ¢, which give rise to fermion masses. The doublet ¢ is composed

ot

. If one notes Y*, Y¢
¢0
and Y¢ three general complex 3 x 3 matrices of dimensionless couplings, the Yukawa
Lagrangian density can be written as:

Lyur = _}/I'?QZLUJRQE — YZ-?Q?Lde(? — K;EgLejRQb + h.c., (1.16)

of two complex scalar fields; it can be written as ¢ =

where ¢ is defined as: 3
¢ =ioy(d")". (1.17)
Without loss of generality, it is possible to choose a basis such that the Yukawa

coupling matrices become diagonal, at the cost of intoducing the Babbibo-Kobayashi-
Maskawa mixing matrix in the charged gauge couplings:

Y, =V YV, = diag(Ae, A, Ar), (1.18)
Y, = Vo YV = diag( Ay, Ae, Mo), (1.19)
Y, = Vi YV, = diag( Mg, As, \p). (1.20)

The Yukawa sector introduces a large number of free parameters in the SM.

The scalar sector will be described at length in the next section, but one can already
detail the Lagrangian density associated to the scalar sector, L,. It is composed of
a kinematic and a potential components:

Ly = (D"¢)' Do — V(9). (1.21)
The potential V(¢) has the most general renormalizablef] form invariant under
SU(Z)L X U(l)y

V(g) = 1*¢'o + A\(¢'¢)”. (1.22)
To obtain the spontaneous electroweak symmetry breaking necessary to give mass
to the W and Z bosons, the factor p? has to be negative; and unitarity requires that

it is real. Additionally, to preserve the vacuum stability, A is a positive real number.
The kinetic part includes the gauge covariant derivative, which is defined as:

Db = (au +igT W, + %BM> 6. (1.23)

3. Theories are usually defined as valid within certain thresholds. In quantum theories, because all particles can con-
tribute to a process as virtual particles, all scales contribute, even to low-energy processes. A cut-off is often needed in
the calculation. If the cut-off disappears from the final results (possibly by its absorption in a finite number of measured
constants), the theory is called renormalizable.
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.3 Scalar sector

Mass terms for fermions and gauge fields are not present in Lg,4. or L5, because only
singlets under SU(3)c x SU(2)r x U(1l)y could acquire a mass with an interaction of
the type m?¢'¢ without breaking the gauge invariance. Electroweak symmetry breaking,
leading to the Lagrangian term Ly, is introduced to give mass terms to fermions and

gauge fields [10H15].

1.3.1 Electroweak symmetry breaking
A scalar doublet is introduced in the SM:

. i P1 + 19
¢= V2 <903 +’i904) ' (1.24)

As described in the previous section, the field potential has the generic form V(¢) =
12otp + No'9)?, with pu? < 0 and \ a positive integer. This choice of parameters gives
the potential the shape of a "Mexican hat". While a local maximum of the potential is at
the value zero, its minimum corresponds to a non-zero field. The field can be developed
around one of its degenerate minima in an arbitrary direction of the electroweak symmetry
breaking (EWSB):

6= (p)+0= (%) + 9. (1.25)

where v is the vacuum expectation value (vev), measured to be about 246 GeV, and cor-

responds to \/77”2. This solution leads to a closed continuous surface of minima in the

radial direction. The second derivative of the potential in the radial direction is positive,
while it is zero in the transverse directions. One deduces the existence of one massive
particle, and three massless particles, called Goldstone bosons.

Given the existence of the field doublet ¢, one can write the Yukawa coupling of the
electron to this doublet with the following Lagrangian:

e = -Nldein+he 28 N zein+ b (1.26)
V2
A mass can now be given to the electron in the SM:
AU
m, = 2. 1.27
7 (1.27)
The covariant derivative of the ¢ field is given by:
Cta g
D¢ = (0, +igWiT, + 1§BH)¢ (1.28)
which leads to
2 g’ 1)2 242 5,9 2
DA = T (002 + W2+ (i + 1), (1.20)

12



1.3. SCALAR SECTOR

The vector bosons W' and W? therefore acquire a mass, given by:
qgu
EX
The third term of equation is a linear combination of Wi’ and B, and corresponds

to a heavy boson field that is called Z,,. Its massless orthogonal combination is called A,
and corresponds to the photon field:

(1.30)

mwi = Mwya =

Z, = W3 cos Oy — By, sin Oy (1.31)
Ay = W2sinby + B, cos by '
The third term of equation ([1.29)) can be recovered for:
/
tan Oy = L. (1.32)

9

The mass of the Z boson is thus related to the mass of the W bosons via the Weinberg
angle #y,, which can be determined experimentallyﬂ:

— = cos Oy . (1.33)

The three Goldstone bosons get absorbed to give a mass to the W and Z bosons. This
can be seen using the Higgs transformation:

1 ©1 + ZQDQ E(@). T 0
- P2) — N (e ) 1.34
©=7 (903+w4 e +h(z) (1.34)

V2
where one introduces the fields £(z) and h(z) that vanish in the vacuum. Given the local
gauge invariance, the following gauge transformation eliminates the degrees of freedom
associated to the Goldstone bosons:

_7;5(11)).7—“

¢ =e é. (1.35)
One can rewrite the potential as:
2\ 2 4
=\ ofp — i )\U_ 1.
v=a(do-5) - (136)
1 ,  v\? ot
_ - ) - A= 1.
)\(2(1}+h) 2) )\4 (1.37)
272 3, Ay vt
= M°h*+ \vh +Zh _)\Z’ (1.38)

where the degrees of freedom associated to the three broken generators &, () have disap-
peared. The last equality gives rise to the mass of the A field:

my = 2% = —2p%. (1.39)

4. sin? Oy ~ 0.231. E]

13



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

The down quark can, like the electron, acquire a mass through Yukawa couplings to
the ¢ doublet:

LS = —NaGiddig + hec. =R _Ad%JlLle + h.c. (1.40)

7%

The up quark cannot acquire a mass by directly coupling to ¢. The most economical
solution consists in making it couple to a transformation of ¢: ¢ as defined in equation
(1.17). The four degrees of freedom of the ¢ doublet, after absorption by the three Gold-
stone bosons, lead to one degree of freedom corresponding to the massive scalar boson of
the SM, H.

The Brout-Englert-Higgs field couples universally to all quarks and leptons with a
strength proportional to their masses, and to gauge bosons with a strength proportional
to the square of their masses.

1.3.2 SM H production modes

The production modes of the SM scalar boson at the LHC are:

— The gluon-gluon fusion (ggH ) production has the largest cross section at the LHC.
It proceeds via a quark loop.

— The vector boson fusion (VBF) production has a cross section an order of magni-
tude below the ggH production. Two high-momentum quarks are present in the final
state; they hadronize to form jets. The kinematic characteristics of these jets, such
as their forward direction or their large invariant mass, make of the VBF production
an interesting process to tag experimentally.

— The associated production with a vector boson (V H) consists in the produc-
tion of a virtual boson V* that splits into a real boson V' and a boson H; it is
sometimes called "Higgsstrahlung". The cross section is even smaller than in the
VBF case, but the presence of leptons or quarks coming from vector boson decays
help discriminating a scalar boson V' H signal from backgrounds.

— The production in association with a pair of top quarks (t¢H) has such a small
cross section that it was not accessible experimentally in Run-1, even with the SM
background reduction obtained thanks to the presence of the two top quarks. CMS is
expected to be sensitive to tt H production in Run-2, given the larger luminosity and
the increase of center-of-mass energy, which especially benefits this production mode.

The Feynman diagrams of the three dominant production modes of the SM scalar boson
at the LHC are shown in Fig. [1.1 and their respective cross sections at a center-of-mass
energy of 8 TeV as well as the total H boson production cross sections at center-of-mass
energies of 7, 8 and 14 TeV are illustrated in Fig. [[.2]
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1.3. SCALAR SECTOR

W/Z

Figure 1.1: Dominant Feynman diagrams for the SM scalar boson production at the LHC: gluon-gluon
fusion (left), vector boson fusion production (center) and associated production with a vector boson

(right). [16]
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Figure 1.2: Left: Scalar boson production cross sections in proton-proton collisions at a center-of-mass
energy of 8 TeV for the ggH, VBF, VH and ttH production mechanisms. Right: Total production cross
sections of the scalar boson in proton-proton collisions at 7, 8 and 14 TeV center-of-mass energies. |17]
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Figure 1.3: Branching fractions of the SM scalar boson for my between 80 and 200 GeV.

1.3.3 SM H decay modes

Assuming a mass for the scalar boson, it is possible to compute its partial decay width
to any combination of SM particles. The branching fraction is obtained by dividing the
partial decay width by the sum of the partial decay widths of all possible decay channels:

B(H — XX) = ZYZQA[:FTHXfi”Y)' (1.41)

The partial decay widths can be computed following the prescriptions in [6}[18], and are
shown in Fig. for scalar boson masses between 80 and 200 GeV.

Decay to fermions

In the SM, scalar couplings to fermions are directly proportional to fermion masses.
The Born approximation gives the partial decay width of the scalar boson to fermion
pairs. If my is the fermion mass, and N¢ the color factorEl, it can be written as:

- GpN,
T porn(H — ff) = ﬁmgmfcﬁjﬁ, (1.42)

where (3 is the velocity of the fermions in the final state and can be expressed as:

: (1.43)

5. Equal to one for leptons and to three for quarks.
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1.3. SCALAR SECTOR

and G is the Fermi coupling constant[F}
Gr B g
V2 (L= mi, jm)

As the partial decay width is proportional to the square of the fermion mass, the branch-
ing fraction of the H boson to tau leptons is approximately a two hundred times larger
than its branching fraction to muons, while the branching fraction to electrons is negligible.

(1.44)

In the case of H boson decays to quarks, QCD corrections cannot be neglected. For
H boson masses much larger than the quark mass, the NLO decay width, including
Feynman diagrams with gluon exchange and the emission of a gluon in the final state,
can be expressed as:

~ 3Gr 4gs (9 3. m:
Unro(H = qq) ~ 24+ -Z( S+ In—L || 1.45
~ro( qq) 4\/§7rmqu{ +37r (4+2 nm%[ (1.45)

Decay to bosons

For masses above the WW and ZZ kinematical thresholds, the H boson decays es-
sentially to electroweak boson pairs. The partial decay widths to a pair of electroweak
bosons V' (W or Z boson) is given by:

3
I'H—-VV)= %5\/\/1 —4x(1 — 4z + 122%), (1.46)
16127

with z = m3,/m3, dw =2 and d7 = 1.

However, below the WW and ZZ kinematical thresholds, the two-body decay as de-
scribed above is forbidden. The scalar boson can still decay to a pair of electroweak
gauge bosons, with one or two of them being off-shell (three-body and four-body decays
respectively). For my = 125 GeV, the three-body decay dominates, and its partial decay
width can be expressed, assuming massless fermions f, as:

.~ 3GZmi
INH—-VV*) = 16F7T3VmH5'VRT(x), (1.47)
with 0y, =1, 8, = % — % sin? Oy + %Sinél Oy, and
3(1 — 8z + 202?) 3r—1 1—z o 3 9
Ry(z) = -1 arccos < 5032 )— 5 (2—13z+47x )—5(1—6x+4x )Inz.

(1.48)

Even if massless particles do not couple to the H boson, H boson decays to gg, Zvy
and 7y are allowed through massive particle loops. The H~yvy and HZ~ couplings are
mediated by W boson and charged fermion loops, and the Hgg couplings by quark loops.

6. Gp ~1.17 x 1075 GeV—2. |§|
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.3.4 The SM scalar boson at the LHC

The discovery by the CMS and ATLAS experiments of a new particle, H, compatible
with the scalar boson of the SM was announced in July 2012 at CERN [19,[20]; this
constituted a triumph for the theory but also for the thousands of experimentalists who
had designed and worked on the experiments at the LHC. With a mass of 125 GeV, a large
variety of decays are accessible experimentally and can be used to test the compatibility
of the new particle with the SM scalar hypothesis. The status of H boson studies after
the first run of the LHC is detailed in Chapter [14]

1.4 Chapter summary

The standard model of particle physics

The SM successfully describes the elementary particles, and three of the four fun-
damental interactions. The recently discovered particle is, given the measurements
performed in the first run of the LHC, compatible with the scalar boson of the SM,
and all the constituents of the SM have now been observed. With a measured mass
of approximately 125 GeV, this boson is supposed to decay to a rich variety of final
states, which should be studied to assess the compatibility of the new particle with
the SM hypothesis.
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Chapter 2

Physics beyond the standard model

The SM has been demonstrated as successful by many measurements performed
at high-energy experiments. In particular, the discovery of a new particle com-
patible with the SM scalar boson, considered as the cornerstone of the SM, has
consecrated the theory. However there are strong indications that the SM is only
a low-energy expression of a more global theory. If new physics shows up be-
yond the SM, it could be related to the scalar sector. Some motivations for the
ezistence of BSM physics are detailed in Section [2.1], while two-Higgs-doublet
models, supersymmetry including the minimal supersymmetric extension of the
SM, and two-Higgs-doublet models extended with a scalar singlet, are presented
in Sections [2.9, [2.3 and [2.4) respectively. Section [2.5 discusses how to uncover
a possibly extended scalar sector at the LHC, while the chapter ends, in Sec-
tion (2.6, with a comparison between the reach of precision measurements and
direct discovery of new scalars, in a simple benchmark scenario.

2.1 DMotivations for new physics

The existence of new physics beyond the SM , is strongly motivated. Some moti-
vations are based on direct evidence from observation, such as the existence of neutrino
masses, the existence of dark matter and dark energy, or the matter-antimatter asymme-
try, while others come from conceptual problems in the SM, such as the large number of
free parameters, the "hierarchy problem" or the coupling unification. Each of these issues
is shortly described in the next sections.

2.1.1 Neutrino masses

It is well-established by experiments with solar, atmospheric, reactor and accelerator
neutrinos, that neutrinos can oscillate and change their flavor in flight [22,[23]. Such
oscillations are possible if neutrinos have masses. Flavor neutrinos (v.,v,,v;) are then
linear combinations of the fields of at least three mass eigenstate neutrinos vy, v, V3.
Only upper limits on the neutrino masses have been set as of now (m, < 2 eV), but the
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CHAPTER 2. PHYSICS BEYOND THE STANDARD MODEL

differences between the neutrino squared masses have been measured: Am?2, = (7.53 +
0.18) x 107° eV? and Am3, = (2.44 £ 0.06) x 1073 eV? [9].

2.1.2 Dark matter and dark energy

In 1933, Zwicky carried measurements of the velocities of galaxies in the Coma cluster,
using the Doppler shift of their spectra . With the virial theorem, he could relate
these results to the total mass of the Coma cluster. Zwicky also measured the total light
output of the cluster, and compared the ratio of the luminosity to the mass for the Coma
cluster and for the nearby Kapteyn stellar system. The two orders of magnitude difference
between both of them made him conclude that the Coma cluster contains some massive
matter that does not radiate: dark matter. The ordinary matter that surrounds us and
is described by the SM, only represents 5% of the mass/energy content of the universe.
Astrophysical evidence indicates that dark matter contributes approximately to 27%, and
dark energy to 68% of this content. Measurements of the temperature and polarization
anisotropies of the cosmic microwave background (CMB) by the Planck experiment could
determine a density of cold non-baryonic matter |25].

Nowadays little is also known about dark energy, which is responsible for the accelerated
expansion of the universe.

2.1.3 Asymmetry between matter and antimatter

It is believed that matter and antimatter were produced in exactly the same quantities
at the time of the Big Bang. It is clear however that we are surrounded by matter,
and a legitimate question is "How is it possible to explain this preponderance of matter
over antimatter?". It is very unlikely that our matter-dominated corner of the universe
is balanced by another corner of the universe dominated by antimatter, as this would
have been seen as perturbations in the CMB. Sakharov, in 1967, identified the three
mechanisms necessary to obtain a global matter/antimatter asymmetry :

— Baryon and lepton number violation;

— Interactions in the universe out of thermal equilibrium at a given moment of the

universe history;

— C- and CP-violation (the rate of a process ¢ — f can be different from the CP-

conjugate process ¢ — f)
The SM includes sources of CP-violation, through the residual phase in the CKM matrix,
but they are in no way sufficient to explain the magnitude of the matter-antimatter
asymmetry observed.

2.1.4 Free parameters in the SM

The SM contains no less than nineteen free parameters, which can be taken as:
— 9 fermion masses (Mme, My, My, My, My, Me, My, My, M);
-3 CKMH mixing angles and 1 CP-violating phase;

1. The Cabibbo-Kobayashi-Maskawa (CKM) matrix contains information about the likelihood of weak decays with flavor
changing in charged currents.
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— 1 electromagnetic coupling constant (¢');
1 weak coupling constant (g);

— 1 strong coupling constant (gs);

— 1 QCD vacuum angle;

— 1 vacuum expectation value (v);

— 1 mass for the scalar boson (myg).

This large number of free parameters, especially in the scalar sector, could be an indication
for the existence of a more general and elegant theory than the SM.

2.1.5 Hierarchy problem

The so-called gauge hierarchy problem is related to the huge energy difference
between the weak scale and the Planck scale. The weak scale is given by the vev of the
Brout-Englert-Higgs field, which is equal to approximately 246 GeV. Radiative corrections
to the scalar boson squared mass, coming from its couplings to fermions and gauge bosons,
and from its self-couplings, are quadratically proportional to the ultraviolet momentum
cutoff Ay, which is at least equal to the energy to which the SM is valid without any
addition of new physics. If one considers that the SM is valid up to the Planck mass
Mp, the quantum correction to m? is about thirty orders of magnitude larger than m?,
which implies that some extraordinary cancellation of terms should happen. Even if these
corrections are absorbed in the renormalization process, some may find uncomfortable
with this sensitivity to the details of high scales. This is also known as the naturalness
problem of the H boson mass.

In particular, the correction to the squared mass of the scalar boson coming from a
fermion f that couples directly to the scalar field ¢ with a coupling Ay is:

2
2 ’)‘f ’ 2

Similarly, some corrections to the mass of the SM scalar boson also arise from scalars. In

the case of a scalar particle S with a mass mg and that couples to the Brout-Englert-Higgs

field with a Lagrangian term —\g|¢|?|S|?, the correction to the squared scalar boson mass

is:

As

To.2 [Aov = 2mgIn(Agy /ms) +...] (2.2)

Amy, =
Again, the correction term to the squared mass is much larger than the squared mass
itself. BSM models that avoid this fine-tuning introduce new scalar particles at the TeV
scale that couple to the scalar boson, in such a way as to cancel the A%, divergence.

Additionally, the large mass differences between fermions, related to Yukawa couplings
that can differ by up to six orders of magnitude in the case of the electron and the top

quark, constitute the fermion mass hierarchy problem.
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2.1.6 Coupling unification

One of the fundamental questions raised by the SM concerns the particular choice of
the SU(3) x SU(2) x U(1) symmetry group. Additionally, the three forces included in
the SM, the weak, the electromagnetic and the strong forces, are treated separately. The
intensity of the forces shows an apparent large disparity around the electroweak scale,
but at higher energies their coupling constants tend to have comparable strengths. The
electromagnetic and weak forces can be unified in a so-called electroweak interaction, but
in the SM, the strong coupling constant does not meet the two other coupling constants
at high energies. The running of the coupling constants can be modified by the addition
of new particles, such as to reach a grand unification.

2.2 Two-Higgs-doublet models

Two-Higgs-doublet models (2HDM) [28] are simple extensions of the SM. They intro-
duce two doublets of scalar fields, which, after symmetry breaking lead to five physical
states: two charged scalars H*, one CP-odd pseudoscalar A and two neutral scalars h
and H. Similarly to all models that have extra scalar singlets or doublets relative to the
SM, 2HDM satisfy the condition p = my /(mzcosfy ) = 1. 2HDM include the minimal
supersymmetric extension of the SM (MSSM), which addresses the hierarchy problem
and the coupling unification (see Section [2.3)). Moreover 2HDM allow for the existence of
additional CP-violation sources with respect to the SM, which could explain the baryon
asymmetry in the universe. Finally, 2HDM are a simple extension of the SM in the scalar
sector, and there is no strong motivation against adding an additional scalar doublet to
the SM.

2.2.1 Formalism

The most general gauge invariant form of the scalar potential V' in 2HDM can be

written as ﬂ§|,:
A 2
V = mh¢lor +mbhes — mi, (¢l6s + olor) + 5 (elen)
A 2
+ 5 (0ho2)” + Msolorolen + sl ea0lon (2.3)
A 2

+ {55 (6162) + A (6161) + 27 (0102 | olon + h} .

Under the widely-used assumptions that CP is conserved in the scalar sector and not spon-

taneously broken, and that all quartic terms odd in either of the doublets are eliminated
by discrete symmetries, the expression can be simplified as:

A A
V = mii g1+ mbashon —midy (6162 + 6hon) + 5 (ol6n) + 2 (ln)

FXs0101640n + Madlbaslon + [(qﬁ@)Q = (¢£¢1)2} ,

(2.4)
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2.2. TWO-HIGGS-DOUBLET MODELS

Figure 2.1: Schematic view of the two angle parameters of 2HDM. The parameter tan /3 is the ratio
between the vacuum expectation values of the two doublets ¢; and ¢o, whereas « is the mixing angle
between the neutral scalars. The vacuum expectation value v = 246 GeV can be decomposed in two
components v, and vy along the doublets ¢; and ¢o respectively. Adapted from .

where all the parameters are real.

The minima of the ¢; and ¢5 doublets are respectively (v /0 \/§> and <v /0 \/§> The
1 2

ratio of the vacuum expectation values of the two doublets is written as:

tan = % (2.5)
U1

The squared mass matrix of the neutral scalars can be diagonalized to obtain the physical
states h and H; the rotation angle performing the diagonalization is called o. The angle
[ defined in equation can also be seen as the angle diagonalizing the squared mass
matrices of the charged scalars and of the pseudoscalars (one massive pseudoscalar A and
one massless Goldstone boson). Without loss of generality, 5 can be chosen in the first
quadrant, whereas « is either in the first or in the fourth quadrant [29]. The meaning of
the angles o and f is illustrated in Fig. [2.1

The scalar couplings to gauge bosons and fermions in 2HDM can be expressed as a
function of the two parameters a and tan 3. There are four types of 2DHM that do
not violate flavor conservation in neutral current interactions; the condition for avoiding
flavor changing neutral currents being that all fermions with the same quantum numbers
couple to a same scalar multiplet . A Z, symmetry (¢1 — +é1, ¢ — —¢o) can be
found to ensure that only these interactions exist. The Z, symmetry is softly broken if
the term m?, is non-zero [32]. As shown in Tab. the difference between the four types
lies in the doublets to which the charged leptons, up-type quarks and down-type quarks
couple. Type-1 is the easiest of them and is the most SM-like: leptons, up-type quarks
and down-type quarks all couple to the same doublet, ¢;. In type-2, the leptons and
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down-type quarks couple to ¢o, whereas up-type quarks couple to ¢;. In the so-called
"lepton-specific" type-3, all quarks couple to ¢; and leptons to ¢,. Finally in the flipped
type-4 model, leptons and up-type quarks couple to ¢; while down-type quarks couple to
¢o. In a general way, the intensity of the couplings in the different scenarios are functions

of both o and 3 as presented in Tab. 2.2

’ H Type-1 \ Type-2 \ Type-3 (lepton specific) \ Type-4 (flipped) ‘

4 D2 o1 ?1 ®2
u o ¢2 ®2 b2
d 2 o1 ¢2 P1

Table 2.1: Scalar doublet to which the leptons ¢, up-type quarks u and down-type quarks d couple in the
different types of 2HDM.

’ Particle H Coupling H Type-1 \ Type-2 \ Type-3 (lepton specific) \ Type-4 (flipped) ‘

h ghvv sin(8 —a) | sin(8 — «a) sin(f — ) sin(f — «)
Jhua cosa/sin B | cosa/sinf cos «/sin cos /sin
Ihad cosa/sin B | -sina/cos 3 cos a/sin 3 -sina/cos 8
Inei cosa/sin B | -sina/cos 8 -sina/cos 8 cos /sin 3

H JHVV cos(f —a) | cos(f — ) cos(f — a) cos(f — a)
JHua sina/sin 8 | sina/sin g sin «v/sin 8 sin «v/sin 8
IHad sina/sin 8 | cosa/cos sin «v/sin 8 cos a/cos 3
I sina/sin 8 | cosa/cos cos a/cos (3 sin «v/sin 8

A JAVV 0 0 0 0
9 Auu cot 3 cot 3 cot 3 cot 3
Jadd -cot 8 tan 3 -cot 3 tan g
a7 -cot tan tan 3 -cot 8

Table 2.2: Yukawa couplings of vector bosons V', up-type quarks u, down-type quarks d and leptons ¢ to
the neutral scalars and pseudoscalar in the four types of 2HDM without flavor changing neutral currents.
The Yukawa couplings to the charged scalars can be determined from the couplings of to the neutral
pseudoscalar. |28]

2.2.2 Decoupling and alignment limits

In the SM, there is one neutral scalar boson, while there are two (h and H) in 2HDM.
The lightest neutral scalar of 2HDM is in all generality not identical to the one of the SM,
which points to the possibility of determining with property measurements whether the
new observed particle belongs to the SM or to 2HDM. As of now, the measured properties
of the 125 GeV-state are all compatible with the SM hypothesis within experimental
uncertainties. However the 2HDM hypothesis is not ruled out, as there are two important
scenarios where the neutral A of 2HDM tends to be SM-like: the decoupling and the

alignment limits , :
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— In the decoupling limit, the mass of the H, A and H¥ all are much larger than the
h mass, which causes h to have SM-like couplings. Indeed, if there are two very
different mass scales m; < mg such that m, ~ m; and myg, my+, ms >~ mg, a low
mass effective theory can be derived and corresponds to the SM because the mg-
related effects have been integrated out. The decoupling limit implies cos(5—a) ~ 0.

— In the alignment limit, the whole vacuum expectation value (246 GeV) lies in the neu-
tral component of only one of the scalar doublets, and the mixing between the h and
H states disappears, which causes one of the neutral mass eigenstates to align with
the direction of the scalar field vacuum expectation value and to become SM-like. In
this case, the H, A and H™ particles are not necessarily heavy. The alignment limit
corresponds to cos(f — «) ~ 0, and is more general than the decoupling limit.

In Fig. the equality cos(f — «) = 0, which is satisfied both in the decoupling and the
alignment limits, corresponds to the alignment of the state A along the vacuum expectation
value v.

2.2.3 Light scalars in 2HDM

In 2HDM, in the alignment limit, one of the neutral scalars (h) can be SM-like, while
the pseudoscalar A can be lighter than 125/2 GeV. In the case where the branching frac-
tion of the SM-like scalar to two light pseudoscalars is limited (B(h — AA) less than
about 0.3), such a topology is still allowed by the limited precision measurements made
on the 125-GeV state at the LHC. The branching fraction B(h — AA) can be small in the
alignment limit when the mass mixing parameter m, has a modest value. Another case
where B(h — AA) is allowed to take small values with larger my5 is when sin(5 + a) ~ 1;
this relation is compatible with the measured h — V'V signal strength when tan g is large
(> 5). When sin(f8 + «) ~ 1, sina has to be positive, which, in the type-2 of 2HDM,
leads to a so-called "wrong sign" Yukawa coupling of the SM-like A boson to down-type
quarks and leptons (see Tab. .

The production cross section of light pseudoscalars at the LHC can be large [35].
Fig. 2.2 illustrates the viable production cross sections for the gluon-gluon fusion pro-
duction (ggA) and the production in association with b quarks (bbA) of the pseudoscalar
boson A, in type-1 and type-2 of 2HDM. The two scenarios that give small B(h — AA)
are shown. It can be seen that the largest cross section times branching ratio for A decays
to tau leptons is achieved in 2HDM type-2 in the wrong-sign Yukawa coupling scenario.

2.3 Supersymmetry

Supersymmetry (SUSY) [3638] is a symmetry that relates bosons and fermions. The
SUSY operator (), an anticommuting spinor, transforms a fermionic field F' into a bosonic
field B and vice-versa:

Q|B) = F and Q|F) = B. (2.6)
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Figure 2.2: Viable production cross sections for the ggA (top) and bbA (bottom) productions at a center-
of-mass energy of 8 TeV, times the branching fraction for A decay to a pair of tau leptons in type-1 (left)
and type-2 (right) 2HDM. The cyan points have sin(8 — «) ~ 1, cos(8 —a) > 0 and modest m2, whereas
orange points have sin(8 + a) ~ 1 and tan 8 > 5, and correspond to the wrong-sign Yukawa coupling
scenario. The largest production cross sections times branching fraction are obtained in 2HDM type-2
with wrong-sign Yukawa couplings. |35
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Figure 2.3: Evolution of the U(1)y, SU(2)r and SU(3)¢ couplings in the SM (dashed lines), and in two
MSSM scenarios (solid lines). Unlike the SM case, the three couplings can be unified at a high energy
scale in the MSSM.

A new quantum number R can be introduced to enforce baryon number and lepton
number conservation:

R= (_1)25+3(B—L)’ (27)

where S, B and L are respectively the spin, lepton and baryon numbers. With this def-
inition, all SM particles have R = +1 and all their superpartners have R = —1. R is
usually assumed to be conserved in such a way as to forbid fast rates of proton decays.
The R-parity conservation implies that supersymmetric particles can only be produced
in pairs and that the lightest supersymmetric particle (LSP) is stable. This LSP is an
excellent dark matter candidate.

One of the main motivations for the existence of SUSY is the solution to the hierarchy
problem. Because fermion loops and boson loops have opposite signs, and SUSY asso-
clates a new boson to each fermion and vice-versa, the A7, terms in equations and
can exactly cancel for each fermion-scalar pair. Additionally, SUSY can unify the
electromagnetic, weak and strong forces below the Planck scale, as illustrated in the case
of the minimal supersymmetric extension of the SM (see Section in Fig. 2.3

Individual particles are grouped in supermultiplets. As the supersymmetric operators
Q and Q' commute with the generators of gauge transformations, particles sharing a
same supermultiplet have the same electric charge, weak isospin and color degrees of
freedom. In addition, because the same operators also commute with the squared-mass
operator — P2, the fermions and bosons in a same supermultiplet should have the same
mass. The last point is however known not to be true in reality, because superpartners at
the electroweak scale would already have been observed at colliders. If superparticles are
heavier than SM particles, which would explain why they have not been discovered yet,
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SUSY must be broken. For radiative corrections not to exceed typical scalar masses, the
SUSY breaking scale should be limited to a few TeV.

2.3.1 Minimal supersymmetric extension of the SM (MSSM)

In the minimal supersymmetric extension of the SM (MSSM) [39H41], there exist two
types of supermultiplets: vector supermultiplets, where a spin-1 vector boson is associ-
ated to a spin-1/2 Weyl fermion, and chiral supermultiplets, where a single Weyl fermion
is associated to a complex scalar field. The particle content of the MSSM is shown in
Tab. and The superpartners of quarks are called squarks, while the superpart-
ners of leptons are called sleptons. The bino, the neutral wino and the higgsinos mix to
form four neutralinos (X9, X9, X3 and x9), while the winos and charged higgsinos mix to
form four charginos (Y7 and Y3 ). Two chiral superfields, (H,", H?) and (HY, H, ), with
hypercharges +1/2 and -1/2 as seen in Tab. are necessary to cancel chiral anomalies.

’ Particles ‘ Spin-0 ‘ Spin-1,/2 ‘ (SU3)c,SU(2),U(1)y) ‘
quark, squark | (@ip,dip) | (wip,dsp) (3,2,+1/6)
Wn ulp (3*1-2/3)
dig iy (3%,1,+1/3)
lepton, slepton | (&;r,7;) | (eir,vir) (1,2,-1/2)
&n eln (1,1,+1)
H, higgsino | (H{",HY) | (H{, Hy) (1,2,4+1/2)
(H3, Hy) | (H3,H;) (1,2-1/2)

Table 2.3: MSSM chiral supermultiplets.

Particles ‘ Spin-1/2 ‘ Spin-1 ‘ (SU3)¢, SU2),U(1)y) ‘

)

gluino, gluon J g (8,1,0)

wino, W boson | W, W° | w*, w0 (1,3,0)
bino, B boson B BY (1,1,0)

Table 2.4: MSSM vector supermultiplets.

The MSSM is a particular case of 2HDM type-2. The main specificities in the scalar
sector are that, in the MSSM, the mass of the lightest scalar is constrained by some upper
bounds, the scalar self-couplings are specified, « and [ are not independent from each
other, and the decay of the charged scalars H* to a pseudoscalar A and a W boson is
kinematically forbidden because mpy= ~ m, [28].
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Figure 2.4: Feynman diagrams for the production of neutral scalars in the MSSM, in gluon-gluon fusion
(left), and production with b quarks (center and right). [42]

2.3.2 Scalar sector in the MSSM

In the MSSM, neutral scalars & = H/A/h can be produced by two mechanisms: gluon-
gluon fusion (gg®) and production with b quarks (bb®). Characteristic Feynman diagrams
for such processes are shown in Fig[2.4] where the bb® mechanism is shown in two differ-
ent schemes of proton parton distribution functions. The bb® production cross section is
increased at large tan 3 because of the enhanced Yukawa couplings to down-type fermions.

At tree level in the MSSM, the only two free parameters can be taken as the mass of
the pseudoscalar, m,4, and tan 8. The masses of the neutral scalars and of the charged
scalars, as well as the angle a can be expressed as :

1

mi/H =3 (mi +m% F \/(mi +m?%)? — 4m*}m?% cos? 26) , (2.8)
mi. =m? +myy,, and (2.9)

m?% + m 77
tan 2cc = tan 23 (ﬁ) with — — < a <0. (2.10)

AT Mz 2

This leads to:

mp, < min(ma,myz) X |cos28| < my. (2.11)

The mass of the lightest neutral scalar is thus inferior to the Z boson mass, which is
excluded by LEP bounds and does not correspond to the observation of the 125-GeV scalar
at the LHC. Fortunately, radiative corrections above tree level, essentially loop corrections
due to top and stop quarks, enable the h scalar to be as heavy as approximately 135 GeV.
In the case where m4 is much larger than the Z boson mass, the relations above give:

My ™~ My+ >~ My andazﬁ—g, (2.12)

which is the decoupling limit as seen in Section [2.2.2]

The phenomenology of the scalar sector of the MSSM can be described by two param-
eters: the mass of the pseudoscalar m 4, and tan 5. It is generally assumed that tan [ lies
approximately between 1 and 60, where 60 is the ratio between the top quark mass and
the bottom quark mass. Above tree level, more parameters appear and some benchmark
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scenarios fixing these parameters can be studied. It has been shown however that, tak-
ing into account the mass measured for the h boson, the MSSM can be approximately
reparameterized as a function of my4 and tan 3, in the so-called hMSSM . One can
distinguish three regions of the parameter space, where the search strategies will differ:
the low my4, the high tan 8 and the low tan 8 regions. It has been shown in that
the full parameter space of the MSSM could be almost entirely covered in the search for
additional scalars at the LHC at 14 TeV with a luminosity of 300 fb~!, while a good part
of the parameter space has already been explored in LHC searches at 7 and 8 TeV, as
shown in Fig. 2.5

60
50

0 hMSSM [IA/H%rc
30 LHC 7,8 TeV X
" 251 hmssm | [
LHC 14 TeV
300 fb]; . H >tb
a1 N BH - ww
8 7 CIAH- <
g mEH TV . D Ho7Z
; EH->WwW
[COH-2Z
3 Ao D A—Zh
H—hh
2 - AH— ft . H—hh
g . - AH St
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Figure 2.5: Sensitivity of MSSM scalar searches at the LHC at 7 and 8 TeV in LHC Run-1 (left) and
projection with 300 fb~! of 14 TeV data collected at the LHC (right), in the context of the hMSSM
parameterization. The A — ¢t search (dashed red line) has not yet been performed at the LHC, and
the sensitivity is predicted. The exclusion limit of the A — 77 analysis around ms = 350 GeV and
2 < tan 3 < 4 is due to the strong increase of the gg — A cross section at the ¢t threshold, coupled to
the suppression of A — Zh decays and enhanced couplings to down-type quarks and leptons because
tan 5 > 1. The hMSSM scenario takes into account the mass measured for the new SM-like scalar.

Low m 4 region

At low my, the most powerful channel to search for an MSSM scalar sector is clearly
H* — 7%y, (and its charge conjugate decay). The limits shown in Fig. correspond to
the t — H™b production, for charged scalar masses below the difference of the top quark
and bottom quark masses.

High tan g region

In the region of the parameter space where tan  is large, say tan /3 > 5, the most
sensitive final state to search for new heavy resonances ® is by far & = A/H/h — 77.
The reason for this is that the couplings to leptons and down-type quarks are enhanced
with increased tan (3, because these particles couple to the second scalar doublet (see
Tab. . In addition, for the same reason, the production cross section for the ® res-
onance in association with bottom quarks is also enhanced at large tan 5. Even if the
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decay branching fraction of the resonance to bottom quarks remains larger (approxi-
mately nine times higher), the experimental difficulties, such as the distinction between
b jets and other flavor jets, make the channel ® — bb less sensitive. Finally, the chan-
nel ® — pp also has some potential, but is hurt by its low decay branching fraction:

B(® — pp) ~ B(® — 77) x m2 /m2.

Low tan 8 region

The phenomenology in the low tan /3 region is much richer than in the high tan g
region. Experimentally, one interesting decay of the A pseudoscalar to study is A — Zh,
in the intermediate mass range mz +my, < my < 2my, as seen in Fig. [2.6] If the Z boson
decays leptonically, it is possible to achieve a good background reduction, and the most
favorable h decays in terms of branching fractions, h — bb and h — 77, can be targeted.
At higher m4, the A — tt channel opens, but, due to interference effects with the SM
backgrounds, it is experimentally a difficult channel. The dominant H decay channel in
the intermediate mass range 2m; < mpy < 2m; is H — hh, whereas there are also non
negligible contributions from H — WW and H — ZZ. Outside of the low m4 region
described previously, for my+ > my+my, the charged scalars H* almost exclusively decay

to a top and a b quarks.
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Figure 2.6: Branching fractions of the A, H and H¥ scalars in the MSSM as a function of their masses,
for tan 8 = 2.5 and my, = 126 GeV.

2.4 Two-Higgs-doublet models + a singlet

2.4.1 Introduction to 2HDM-S

The extensions of 2HDM where a complex scalar singlet is added to the already present
scalar doublets, are called 2HDM+-S. Because of the additional singlet, two new bosons are
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introduced. The next—to-minimal supersymmetric extension of the SM (NMSSM)
(for a review, see [48]) is a case of 2HDM+S type-2 and is the easiest extension of the
MSSM. The supersymmetric potential in the MSSM contains a mass parameter y in the
expression ji¢1¢o, which has to be at the SUSY breaking scale (mgysy). The fact that
1 is at a scale well below the Planck scale without any theoretical reason, constitutes
the so-called p problem . This problem disappears in the NMSSM, where an effective
mass is generated via a coupling to the complex scalar field associated to the new singlet;
this is a strong motivation for the existence of the NMSSM over the MSSM. Another
motivation comes from the fact that new scalar particles contribute to the mass of the
scalar boson h in the NMSSM, which removes the tensions in the MSSM originating from
the large measured mass of the new particle.

2.4.2 Exotic decays of the 125-GeV particle

In 2HDM-S, the h boson, identified as the 125-GeV particle discovered in 2012, can
decay exotically to non-SM particles. Even though decays of the h boson of 2HDM to non-
SM particles are theoretically allowed, the 2HDM parameter space is by now extremely
constrained by LHC searches. However, in 2HDM+S, a wide range of exotic decays of the
125-GeV boson is still allowed after the Run-1 of the LHC. The singlet added to 2HDM
does not have Yukawa couplings of its own, and only couples to ¢; and ¢, in the potential,
from which it inherits its couplings to SM fermions. To keep the scalar h SM-like, the
mixing with the singlet S needs to be small. The imaginary part of the singlet gives rise
to a pseudoscalar a (after a small mixing with the pseudoscalar A), and the real part to
a scalar s (after mixing with H and h). Exotic decays of the type h — aa, h — ss or
h — Za are then possible.

In the pseudoscalar case, the light pseudoscalar a, mostly singlet-like, inherits its cou-
plings to fermions from the heavy pseudoscalar A. As in the case of general 2HDM,
the four types of 2HDM+S lead to different scenarios and give rise to many exploitable
signatures for exotic h decays at the LHC:

— Type-1: All fermions couple to ¢y, and therefore the branching fractions of the

pseudoscalar are proportional to those in the SM, without any dependence on tan .

— Type-2: Leptons and down-type quarks couple to the same doublet, as in the MSSM.

For values of tan 8 larger than unity, the branching fractions of the pseudoscalar to
leptons and down-type quarks are enhanced, which makes h — aa — bbbb, h —
aa — ppbb and h — aa — 77bb interesting channels to search for exotic h decays.
— Type-3 (lepton-specific): Leptons couple to the ¢y doublet contrarily to quarks,
which means that the branching fractions for pseudoscalar decays to leptons increase
for large values of tan 8. In this scenario with large tan 3, h — aa — pur7 and
h — aa — 7777 are favoured channels when kinematically allowed.

— Type-4 (flipped): Pseudoscalar decays to leptons and up-type quarks are enhanced
with respect to down-type quarks when tan > 1. In this case, h — aa — 77cc and
h — aa — 77bb can be interesting channels.
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2.5 Search for BSM physics in the scalar sector

The scalar sector is a favored place to look for new physics, because it is described
much less elegantly than the other parts of the SM as most free parameters of the theory
are related to the scalar interaction. The existence of a Higgs-portal [50], where the scalar
sector is the only one to interact with BSM physics, is strongly motivated. Complementary
ways exist to point to the existence of BSM physics in the scalar sector:

1.

2.
3.
4.

Precision measurements of the properties of the 125-GeV scalar boson, that would
reveal deviations from the SM,;

Direct discovery of new scalar particles;
Discovery of BSM decays of the 125-GeV scalar boson;

Observation of BSM physics in signatures involving scalar bosons.

A review about the complementarity between precision measurements and direct searches
in the MSSM can be found in . The four points are detailed below:

— Precision measurements: The properties of the lightest scalar h of 2HDM can

deviate from the properties of the SM scalar boson; precision measurements of the
125-GeV state therefore should make the distinction between 2HDM and SM pos-
sible. However, as seen in Section [2.2.2] many extended sector scalar models have
a decoupling or an alignment limit, which makes the properties of the h boson of
2HDM very close to those of the SM scalar boson. Fig. illustrates the dependence
of the production cross section of the MSSM A boson as a function of the mass of the
pseudoscalar A for a given tan 3, as well as the ratio between the decay branching
fractions of the MSSM h and the SM scalar boson. As expected according to the
decoupling limit, the branching fractions tend to be very similar in the two scenar-
ios when the mass of the pseudoscalar increases, and a great precision is needed
to highlight deviation from the SM. The measurement of the properties of the dis-
covered 125 GeV-boson in the decay channel to tau leptons is presented in Chapter [7}

Direct discovery of new scalar particles: Discovering new scalar particles would
be a direct evidence of BSM physics. Many searches for extra scalars, in the context
of general 2HDM or MSSM for example, are performed at the LHC. The search
for a heavy neutral scalar decaying to a pair of tau-leptons is described in Chap-
ter [[3] while the search for the heavy pseudoscalar A of the MSSM, decaying to a
Z and a SM-like h bosons is described in Chapter [I0] Light bosons with a mass
lighter than the Z boson could also be discovered at the LHC; Chapter details
the search for such a particle in its decays to tau leptons. Many other searches exist
at the LHC but are not described in this thesis, such as the search for charged scalars.

Discovery of BSM decays of the 125-GeV scalar boson: Motivations for

the existence of exotic decays of the 125-GeV boson to non-SM particles are vari-
ous ,. First, the SM scalar boson has an extremely narrow width (I" ~ 4.07
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Figure 2.7: Left: Production cross sections of the MSSM h boson at 8 TeV, for tan 5 = 2.5. Right:
Evolution of the decay branching ratios of the A scalars in the MSSM and SM as a function of the
pseudoscalar mass m 4, for tan 3 = 2.5.

MeV) compared to its mass, because of the suppression of tree-level Yukawa cou-
plings. Given that the coupling to two b quarks has the small value of approximately
0.02, the coupling, even small, to another light state could open non negligible decay
modes. Second, the scalar sector could be a portal to new physics, which allows
SM matter to interact with a hidden-sector matter. If there exists a Higgs portal,
the hidden-sector matter does not have to be charged under SM forces. And finally,
exotic scalar decays are a relatively simple extension of the SM, and are still allowed
after all the measurements made during LHC Run-1. Indeed an upper limit on the
branching fraction of the 125-GeV boson to BSM particles can be set experimen-
tally and, as of today, this upper limit leaves a large room for exotic decays. In
particular, CMS measured B(H — BSM) < 30% at 95% CL, using all data collected
during LHC Run-1 . Projections for future LHC runs give a final precision on
B(H — BSM) of the order of 10%, which still allows for non negligible decays of the
125-GeV particle. The variety of possible BSM decays is extremely large. A group of
searches among others explores the possibility for the h boson to decay to invisible
particles, resulting in missing transverse energy in the detector. A search for exotic
decays with SM particles in the final state is presented in Chapter [I1]

— Observation of BSM physics in signatures involving scalar bosons: Scalar
bosons could be produced in some BSM physics processes. An example of such a
process is a squark-gluino production with subsequent cascade decays via neutralinos
into the hy boson of the NMSSM; the corresponding Feynman diagram is shown in
Fig. 2.8 This method to look for an extended scalar sector is not explored in this
thesis.
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Tl

ZU

Figure 2.8: Feynman diagram of quark-gluino production with subsequent cascade decays via neutralinos
into the hy boson of the NMSSM.

2.6 Precision measurements vs. direct discovery in the case of

the SM-+S

To compare the reach of precision measurements and direct discovery of new scalars,
one can take the simple case where a real scalar singlet S is added to the usual scalar
doublet ¢ of the SM . After symmetry breaking, the singlet mixes with the doublet
with a mixing angle «, resulting in two neutral mass eigenstates H; and Hy:

Hy = ¢cosa+ Ssina, (2.13)

Hy = —¢sina + S cosa, (2.14)

where H; has a mass m; = 125 GeV and H, a mass msy lower or greater than 125 GeV.
The H; and H, states interact only via their ¢ component. The case where the new par-
ticle interacts only through mixing is studied here. While the decay modes and branching
fractions of the new states are the same as predicted for the scalar boson in the SM at
their respective masses m; and ms, their production rates are however scaled by factors
cos? v in the case of H; and sin® « in the case of Hy. The decay H, — H;H; should be
taken into account when kinematically allowed.

The SM+S benchmark model can be represented by the equality cos? o + sin? o = 1,
as shown in Fig. [2.9) (left) with the continuous blue line. Precision measurements of the
signal strength of the 125-GeV state give some constraints on the parameter cos? v, which
scales the H; production cross section; the measured signal strength, when lower than
one, is equivalent to the measured cos? . The best-fit signal strength was measured to
be i = 0.80 £ 0.14 (where the uncertainties correspond to one standard deviation) in
2013 [57]; this value is represented together with its uncertainty by the horizontal pink
lines in Fig. (left). In a first approximation, the uncertainty band can be doubled to
correspond to uncertainties at the level of two standard deviations. On the other hand,

searches for extra scalars with masses different from 125 GeV can set constraints on sin® «;
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the upper limit on the signal strength at a given mass, if lower than one, is equivalent to
an upper limit on sin® o at that same mass. Limits from searches for additional scalars
with masses between 100 and 800 GeV [57H60] are shown in Fig.[2.9] (left) with the vertical
dashed lines. This makes it possible to compare the reach of the two approaches, using
the CMS data collected during Run-1 and presented at the HCP12 conference. It can be
seen in the figure that in this particular benchmark model, in most part of the accessible
mass range, namely between 125 and 600 GeV, the direct detection is a more powerful
approach than precision measurements.

The limit on cos? a obtained by the precision measurements on the signal strength of
the 125-GeV state can be converted to a limit on sin® o for all m,. In the right part of
Fig. the upper limits on sin? v are superimposed to the constraint from the precision
measurement (uncertainty at two standard deviations level), for all masses my probed at
the LHC. Also superimposed is the limit set by tree level unitarity constraints in SM+S,
which play a role at large m..
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Figure 2.9: Left: Comparison of the reach of the precision measurement of the signal strength of the 125
GeV state at 1o and of the search for extra scalars at 20 for different masses (100, 150, 200, 500, 600 and
800 GeV). The blue line corresponds to the SM+S benchmark: cos? a + sin® o = 1. Right: Comparisons
of the constraints on the parameter sin® o set by direct searches for extra scalar states (blue curve if the
decay Hy — HiH; is neglected, green curve otherwise), by indirect constraints on the measurement of
the strength parameter of the 125 GeV state with a partial set of data collected by CMS during LHC
Run-1, and by perturbative unitarity conditions, in the case of the SM+S model. Uncertainties are given

at 20 level.
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2.7 Chapter summary and personal contributions

Physics beyond the standard model

The SM is known not to answer a series of fundamental questions, such as the
hierarchy problem or the existence of dark matter. Many BSM models that address
some of the SM issues predict the existence of more than one scalar particle. This
is the case of the minimal supersymmetric extension of the SM (MSSM): it brings
a solution to the hierarchy problem and the coupling unification, proposes a dark
matter candidate, and introduces in total five scalar bosons. The MSSM is part
of a more generic class of models, two-Higgs-doublet models (2HDM), which have
five scalar particles and give rise to a large variety of phenomenological signatures.
Three complementary manners to uncover an eventually exotic scalar sector are
explored in this thesis:
— Precision measurements of the properties of the discovered boson, which may
highlight deviations from the SM;
— Direct search for new scalar particles in specific models;
— Search for exotic decays of the discovered boson.

Summary of notations

In the next chapters, the following notations are used for the (pseudo)scalar bosons:

— H: scalar boson of the SM, or heavy scalar of 2HDM (including MSSM) and
2HDM+S.

— h: light scalar of 2HDM and 2HDM+-S, generally considered to be the 125-GeV
particle.

— A: pseudoscalar in 2HDM, with a mass lower or higher than 125 GeV.

— ®: scalar neutral resonance in the MSSM, equivalent to H, A or h.

— a: lightest pseudoscalar in 2HDM+S.

My contributions
Figure: 2.9

I have actively participated in the results presented in Section [2.6] and published
in [56]. I have cross-checked the theory calculations, and made Fig. 2.9} which
compares the reach of the direct searches and precision measurements in the case

of the SM+S model.
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Chapter 3

Statistics

The physics searches presented in the next chapters heavily rely on statistical tools
and interpretation. In Section[3.1], the notion of likelihood is introduced, and the
way to include systematic uncertainties is detailed. Mazimum likelithood fits,
described in Section 3.3, are used to find the values of the parameters that give
the best match between predicted processes and data. They can be used to extract
the value of a parameter of interest, such as the signal strength, or to check the
validity of a model from the pulls of the nuisance parameters. To set upper limits
on a signal process, the CLg method, in Section [3.3, uses ratios of likelihoods.
In case an excess of events is observed on top of the predicted backgrounds, the
significance of the excess can be calculated (Section as the probability that a
background fluctuation can cause such a large deviation. Another tool to check the
background modeling consists in goodness-of-fit tests (Section , which are a
kind of generalized chi-square test that measures the agreement between data and
predictions. The last two sections of the chapter concern multivariate analysis
methods to classify events.

3.1 Likelihood

3.1.1 Basics

In a counting experiment, data events follow a Poisson law, which is a discrete prob-
ability law describing the repartition of the number of events observed in a given time
interval if their average rate, A, is known and if they do not depend on each other. The
Poisson probability function of parameter A is:

e AN

f(n) = : (3.1)

n!

It can be shown that the best estimation of the parameter A is the expected number of
events in the time interval.
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For a simple counting experiment, where n events are observed while b events are
expected, the likelihood, which quantifies the agreement between some expectation and
the observation, is simply:

e bp"

n!
If data are binned in a histogram, the N bins can be considered as independent of each
other and the likelihood is given by the product of the likelihoods of every bin of the
distribution:

L(nlb) =

(3.2)

€ i (3.3)

L(ii|b) = 1_]1 o
considering 77 as the vector of the observed data in the different bins, and b its equivalent
for expected processes. If, on the contrary, data are not binned in a histogram but are
described by a probability distribution function (pdf) f,(x) of some observable z, if k
events are observed and if b events are expected in the full x range, the likelihood is

then [61]:

L(Z|b, fo(z)) = k™ Hbfb z;)e . (3.4)

3.1.2 Introducing systematic uncertainties

Systematic uncertainties are nuisance parameters that influence the model but are not
of direct interest in the decision. In the analyses presented later, they come from three
different sources:

1. Theoretical uncertainties, such as cross section or parton distribution function un-

certainties;

2. Statistical uncertainties, coming for example from the limited number of events in
the MC simulations or from the limited number of observed events in a control region
used to estimate some background processes;

3. Experimental uncertainties, for example from luminosity or trigger efficiency mea-
surements.

They can be embedded in the likelihood . The nuisance parameters 0 impact the
number of expected events, which can therefore be expressed as b(g) Introducing the
probability density function p(é\@), where 6 is the inferred default value of the nuisance
and reflects our degree of belief on what the real value of the parameter 6 is, the likelihood
becomes for L nuisance parameters in the case of a binned histogram:

L(7i|b) = H

=1

—b bn1

Hp (6,16;). (3.5)

According to Bayes’ theorem, the Bayesian probability 10(9~ |0) can be expressed as a func-
tion of the frequentist probability p(6]6).
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Most systematic uncertainties, corresponding to multiplicative factors on the signal or
background yields, could be described by a Gaussian pdf of the type:

p(010) = ——exp (—M> , (3.6)

2mo 202

but this has the inconvenient side-effect to cause problems for positively defined observ-
ables. Instead, log-normal pdfs of parameter x, which have longer tails than Gaussian
distributions for comparable uncertainties, and go to zero at § = 0, are preferred to avoid
negative values of these observables:

p(0]0) = me}{p <_(12n((1i/ :;22> - (3.7)

While, for small uncertainties, a Gaussian distribution with relative uncertainty e is
asymptotically identical to a log-normal distribution with parameter k = 1 + ¢, it clearly
behaves less appropriately for large uncertainties, as illustrated in Fig. (left).

In the case of uncertainties coming from statistically limited numbers of events, gamma
distributions are used. If the event rate n in the signal region is directly proportional to the
small number N of events in the control region or in MC samples, with a proportionality
factor «, the gamma distribution reads:

1(n/o)"

p(n) = SN

———exp(—n/a). (3.8)
The log-normal and gamma distributions are illustrated in Fig. for a given set of pa-
rameters.

Additionally, shape uncertainties affect the distribution of the parameter of inter-
est , and are modeled with a linear extrapolation method . Practically, they are
implemented in CMS by providing two alternative shapes, corresponding to the variation
by + 1 standard deviation of the nuisance parameter. In the likelihood, a parameter 6 is
added to interpolate smoothly between the alternative shapes with a "vertical template
morphing" technique. If there are N shape nuisance parameters, modeled with the pa-
rameters § = (01,05, ...,0N), and if hy, hj and h; correspond respectively to the nominal
histogram distribution, the histogram for a variation by +1 standard deviation of the jth
nuisance parameter and the histogram for a variation by -1 standard deviation of the jth
nuisance parameter, then the histogram distribution as a function of the shape nuisance
parameters g is given by:

h(0) = ho + Z 0;)hf + b(0;)ho + c(0;)h; ) (3.9)
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Figure 3.1: Log-normal (left) and gamma (right) distributions for different parameter values. Log-normal
distributions are positively defined; they are similar to Gaussian distributions for small uncertainties (e.g.
k = 1.10), but extend to higher tails for large uncertainties (e.g. x = 1.50). [61]

with
06+1)/2 it |o]<1
a(6) = 0 i f<—1 | (3.10)
6 if 6> +1
B —6? if 0] <1
b(9>—{ (0l —1) it 6] >1 (3.11)
and
66—1)/2 it |0]<1
c() = 0 if 6> 41 . (3.12)

6] if 0<—1

It can be noticed that the effect of different shape uncertainties is additive.

A special kind of shape uncertainty is associated to the uncertainty on the number
of MC events or on the number of events from a control region used to estimate the
background in every bin of the distribution. This has an impact on the shape of the
distribution, but the behavior of each bin is independent from the behavior of the others
for a single process. Barlow and Beeston proposed a method to treat such cases : a
separate nuisance parameter is introduced for every bin of every process, and multiplies
the number of expected events in this particular bin for this given process. A large number
of nuisance parameters is added to the likelihood model, but it is possible to prune some
of them depending on their effects on the results. These uncertainties are later called
bin-by-bin (bbb) uncertainties.
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3.2 Maximum likelihood fit

A maximum likelihood fit can be performed to find the parameters of interest that
provide the best agreement between expectation and observation. Two common scenarios
are possible:

— Background-only fit: the nuisance parameters, acting on the expected background

distribution b, are varied to the values  that maximize the likelihood £(7|b, 6);
— Signal-plus-background fit: the nuisance parameters as well as the freely floating
signal strength p of the expected signal distribution § are varied to their optimal

values 0 and i to maximize the likelihood £ (|15 + b, 6).
The variations of the nuisance parameters after a maximum likelihood fit are called pulls;
abnormally large values indicate an incoherence in the signal or background modeling.
In a more general way, maximum likelihood fits can be performed for any freely float-
ing parameter, called parameter of interest (POI), and any set of constrained nuisance
parameters.

3.3 Exclusion limits

In the case where no significant excess of data is observed on top of the expected
backgrounds, upper limits can be set on the production cross section of a hypothetical
signal. The CL, method [61}/65H67], is used to do so in CMS physics analyses. The test
statistic g, used to analyze LHC results is based on a profile likelihood ratio:

g = 2 FEBSE00) << (3.13)

L(7| 15+ b, 0)

The signal strength i that optimizes the likelihood is constrained to lie between zero and
the signal strength pu, for which the test statistic is computed, in order to have a positive
signal rate and one-sided confidence intervals. In the numerator, the signal strength is
fixed while the nuisance parameters are allowed to float to the values that maximize the
likelihood, whereas in the denominator, the signal strength and the nuisance parameters
may both float to maximize the likelihood[]

The observed value of the test statistic assuming a value of the signal strength p, qzl’s,

can easily be computed from Equation (3.13])). The nuisance parameters 58”5 and 07‘1”5
that maximize the likelihood in the background-only (@ = 0) and background-plus-signal
(1 > 0) hypotheses respectively can also be determined.

The probability density functions of the test statistics f (qu|l;7 58“) and f(q,| p§’—|—g, 9_;‘11’5),
which describe the test statistic distribution in the background-only and signal-plus-

1. §M therefore represents the nuisance parameters that maximize the likelihood under a given signal strength p, whereas

0 represents the nuisance parameters that maximize the likelihood when the signal strength is allowed to float to its best-fit
value.
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background hypotheses respectively, are estimated from toy MC pseudo-data, using the

optimal value of the nuisance parameters, 58173 and 97‘155, computed in the previous step.
It is now possible to evaluate the probabilities to obtain the observation under both hy-
potheses. This leads to:

o0

Dusts = P(gu > ¢ |signal-plus-background) = [ f(q,|us+b,07*)dg,,  (3.14)
qzbs
and - R
1 —py,=P(g, > qzbs]background-only) = / f(qu\g, %bs)dqu. (3.15)
ngs
The CL; value, for a given signal strength p, is given by the ratio of both probabilities:
Pus+b

CLy(p) = L1t 3.16
(1) = Pt (3.16)

Figure illustrates an example of test statistic distributions for the background-only
and signal-plus-background scenarios. The 95% confidence level upper limit is obtained
for the parameter p such that C'Ls(p) = 0.05.

10*

— 1§,_=0)
— 1@§,_l=1)

Observed value

.....v%nﬁ.. .

0 5 10 15 20
Test Statistic d,

Number of toys
2

-
(=]
N

Figure 3.2: Test statistic distributions in the background-only (blue) and signal-plus-background (red)
hypotheses. The signal-plus-background test statistic distribution is shown in the particular case where
the signal strength is equal to one. The observed value, shown with an arrow, permits to compute the py
and p,,s1p probabilities by integration, which are then used to compute CLg (). [61]

The non-conventional definition of the probability C'L, as a ratio of probabilities, as
given in Equation , makes it possible to treat cases where the signal is so small that
both hypotheses are compatible with the observation, or where a deficit in data would
lead to a negative signal strength with large significance if only p,s;, was considered. The
definition of C'L, leads to rather conservative limits. In order to facilitate comparisons
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between both experiments, ATLAS also works with the C'L; method and uses the same
test statistic as CMS.

The procedure to obtain the median expected limit, as well as the +1 and +2 standard
deviation bands, is easy. A large number of pseudo-datasets based on the background-
only expectation (including nuisance parameters) is generated, and the signal strength
that gives C'L, = 0.05 is computed for each of them. A cumulative distribution function
is then built with these results, from which the median (50% quantile), +10 (16% and
84% quantiles) bands, and £20 (2.5% and 97.5% quantiles) bands can be extracted, as
illustrated in Fig 3.3

entries

10°

10° ¢

cumulative probability

8 0 12

95%CL 95%CL
i u

Figure 3.3: Left: Signal strengths that give C'Lg = 0.05 for a set of pseudo-experiments generated in the
background-only scenario. Right: Cumulative distribution of the signal strengths, and extraction of the
median and uncertainty bands based on the quantiles. [61]

Generating hundreds of toys for every signal strength hypothesis can quickly become
time- and CPU-consuming. When the expected number of events is large enough, asymp-
totic limits, which do not require the use of toy MC samples, can be used as an excellent
approximation of "full" CLg limits . The set of simulated pseudo-data can be re-
placed by a single dataset with specific properties, called an Asimov dataset in honor of
the writer’s novel "Franchise" where a single voter represents the entire population. From
the Asimov dataset, in which the observed rate corresponds to the expected rate, can be
extracted the parameters of a (non-central) chi-square distribution, that mimic very well
the test statistic distribution from toy MC, already for a small number of expected events,
as illustrated in Fig. [3.4] Using the properties of the Asimov dataset permits to compute
not only the median expected limit, but also the uncertainty bands.

3.4 Significance

If an excess of data is observed on top of the predicted backgrounds, a p-value for
the background-only hypothesis is determined; it corresponds to the probability that the
backgrounds fluctuate to create an excess as large or larger than the one observed. The
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Figure 3.4: Left: Test statistic distributions for a background-only hypothesis, in a simple counting
experiment with expected background events between 2 and 20. Histograms correspond to toy MC, while
the curve is obtained with the asymptotic method. The agreement between asymptotic curve and toy
MC is good already for five expected background events. Right: Histograms from toy MC and curves
from the asymptotic method for the test statistic distributions in the case of background-only (blue) and
signal-plus-background (red) hypotheses. In this example, ten signal events and ten background events
are considered, and the agreement between both methods is excellent. The parameter 7 is a scale factor
for the number of background events, and is taken as equal to one in this example. [G§]

same test statistic as defined in equation ([3.13]) is used, where the signal strength p is set
to O:

l)

>

L(i1]b, 6,)
L (715 + b, 0)

The optimized value of the signal strength, ji > 0, is chosen to be positive as significance

¢ = —2In , with 1 > 0. (3.17)

calculations only interpret excesses of events. The distribution f(go|b, 62 is built by
generating toy pseudo-datasets, and the p-value of an observation with a test statistic

obs

qg”° is given by:
o= Pla > q8") = / . Flaolb, 55 dgo. (3.18)
a°

An equivalent way to quantify an excess is to use the notion of significance. The p-value
po is related to the significance Z; with:

> 1 9 1 9 9
= exp(—x 2)dx = =P > 79, 3.19
Po /0 /—2 ( / ) 9 (Xl = 0) ( )

This corresponds to the higher tail of a Gaussian distribution. Asymptotically, there
exists a much faster way to estimate to p-value without generating toy pseudo-datasets:

e it ()] 20
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If a signal is searched for over a large mass range, the probability of observing excesses
is larger; this is called the look-elsewhere effect . Practically, the local significance
measured as previously described needs to be corrected into a global significance. The
magnitude of the look-elsewhere effect depends not only on the probed mass range, but
also on the mass resolution since an excess of data at a given mass in an analysis with a
poor mass resolution will lead to large p-values for mass hypotheses in a broad range. The
relatively poor di-tau mass resolution causes the H — 77 searches not to be extremely
sensitive to the look-elsewhere effect. The effect can be estimated by counting the number
of times Nz, the observed significance distribution up-crosses a certain level of significance
Zup, low enough that the statistical uncertainty is not too large. The number of up-
crossings Ny, for a significance 7, as large as the local significance (e.g. five standard
deviations) can be computed from the value Ny, , with the following relation:

Z5 - Zip)

5 (3.21)

NZO e NZupeXp (—

The notion of up-crossing is illustrated in Fig. [3.5b] The global p-value is then given,
considering Zj as the local significance of the excess, by:

pglobal S péocal "‘NZ()‘ (322)

LN S IR B B B SN BN S B SN B SN S S BN S B SR BN S B B B S

n

Observed ¢,

-

Higgs boson mass

Figure 3.5: Example of scan of the test statistic as a function of the mass of the scalar boson. The three
up-crossings at a certain level Z,, are shown with blue points (Nz,, = 3). [61

3.5 Goodness-of-fit test

Goodness-of-fit (GOF) tests |70] are used to quantify the agreement between the ex-
pected processes and the observation. They consist in the test of the null hypothesisEl
when the alternative hypothesis is not specified, and permit to notice departures from the

2. In this case the null hypothesis can be either background-only or signal-plus-background.
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null hypothesis that would point to the existence of a mismodeling of expected processes.
A likelihood ratio can be built without dependence on the metric in which the parame-
ters are described. In so-called saturated models, the alternative hypothesis is taken as
matching exactly the observed data in each bin of the distribution, and corresponds to a
likelihood L. (7i|77). The test statistic in a saturated GOF test is:

L(7i| 5 + b, 0)
Lot (71)70)
Using Poisson pdfs, and after simplification, one is left with:

- [H (M> exp(— (s (B) + 0.0 +n) | (320

n.
i=1 v

¢u=—2In (3.23)

The observed value of the test statistic g5 is obtained by minimizing g,,.

To test if the observed test statistic is compatible with what could be expected given the
background (or signal-plus-background) predictions, toy MC pseudo-datasets are gener-
ated according to the likelihood for the background (or signal-plus-background) hypoth-
esis. A minimal g, is obtained for each pseudo-dataset, g, and the observed qus is
compared to the distribution of all the g, if gops lies in the bulk of the distribution, it
means that the agreement between data and expectation is good, while if it lies in the
tails, careful checks are needed to determine if the expected processes are mismodeled. An
example of goodness-of-fit test where expectation agrees well with observation is shown
in Fig. 3.6

3.6 Boosted decision trees

Multivariate analysis (MVA) methods are based on machine learning techniques, and
permit, from a sample of training signal and background events, to determine a map-
ping function that helps classifying events according to their similarity with background
and signal events. Boosted decision trees (BDT) [71,[72] are the most widely used MVA
method in CMS. They are used to classify events considering a large number of variables
and their correlations. They proceed from samples of background and signal events, for
which discriminating variables are specified.

A single decision tree discriminating between background and signal events, is built as
follows:

1. Signal and background samples are divided into two parts: the first halves are used
to train the discriminator, while the second halves are used to test it.

2. The variable and the cut threshold that give the best separation between background
and signal are determinedﬂ, and the tree trunk is divided into two branches with
different signal purities.

3. The variables can be decorrelated in a first stage to enhance the sensitivity of the MVA method.
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Figure 3.6: Example of goodness-of-fit test. The blue arrow represents the observed value of the test
statistic, while the black distribution is obtained from toy MC pseudo-datasets. The observed value lies
in the bulk of the distribution, indicating a good agreement between the expected processes and the
observed data.

3. The leaves of the tree are further divided using the variables and thresholds giving
the best separation, until a certain number of leaves has been created or until all
leaves have reached a given purity.

The procedure is schematically summarized in Fig. There are different metrics to
evaluate the purity; the most commonly used is called "Gini". If an event ¢ in a branch
of n events has a weight w;, the branch purity is defined as:

Zsignal w;

p= .
Zsignal w; + Zbkg w;

This is used to define the Gini weight:

Gini = <i wi> p(1—p). (3.26)

The variable and the threshold chosen to divide a branch are those that minimize the sum
of the Gini weights of the two daughter branches. If the purity of the leaf is greater than
0.5, it is considered as a signal leaf, while if it is less than 0.5, it is a background leaf.

(3.25)

A way to enhance the performance of decision trees and to make them less sensitive
to fluctuations in the training samples, is to combine a set of several decision trees into
a boosted decision tree. The principle consists in boosting misclassified events by giving
them a larger weight for the training of the next tree. Typically several thousands of
decision trees are combined in a single boosted decision tree. The boosting algorithm is
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Figure 3.7: Schematic overview of a decision tree. Starting from a root node, branches are created by
cutting on the x; ; ; variables with thresholds ¢ 23,4, in such a way as to obtain the highest signal (blue)
and background (red) purities as possible. |71]

often chosen to be AdaBoost. The AdaBoost weight, «, that multiplies the weight w; of
all misclassified events of a tree is:
1. 1—¢€

:—1 -2
a=glh—, (3.27)

where

¢ — Zmisclassified wi ) (328)
2l Wi

The final BDT score of an event is computed as the fraction of trees where the event
ended up in a signal leaf. It can be checked that there is no overtraining by observing a
good agreement in BDT scores obtained with the training and testing samples. The BDT
weights computed with such a technique are afterwards applied to observed data, as well
as to MC simulation events not used in the training phase.

3.7 k-Nearest Neighbor classifier
The k-Nearest Neighbor (kNN) classifier [71] is another MVA method. For every test

event, the algorithm searches for the k closest events of the background and signal training
samples. The distance d between test and training events is determined with a Fuclidian
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metric:

2

d= (Y lw—wl] (3.29)
=1

where x; and y; are the values of the ¢ variable for the test and training events respectively.
In order to account for variables with different units or different widths, the width w; of
the variable ¢ is introduced to compute the distance:

N

n

1
d= Zm|xi—yi|2 . (3.30)

=1 !

A probability P is assigned to every test event depending on the number of signal (kg)
and background (kp) events among its k nearest neighbors:

ks

P=—— 3.31
ks + kg ( )

The choice of the number k& of neighbors is a compromise between the local description of
the probability function (better with less neighbors) and the stability of the probability
density estimate (less fluctuations with more neighbors). Fig. illustrates the principle
of the kNN algorithm.

X;

X

Figure 3.8: Schematic overview of a kNN classifier in two dimensions. The blue square represents the test
event, while green triangles are signal training events, and orange disks are background training events.
If the number of neighbors is chosen to be equal to three, the test event is considered as background-like,
while if the number of neighbors is nine, the event is signal-like. The smaller number of events reflects
the local density better, but is subject to larger statistical fluctuations.
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3.8 Chapter summary

Statistics

Statistical methods are used to extract results from data analyses in high-energy
experiments. Maximum likelihood functions can be associated to data and predicted
background distributions, using a specific test statistic defined for LHC experiments.
They permit to perform maximum likelihood fits to extract some parameter of
interest, such as the signal strength, to control the good agreement between data and
predicted processes with goodness-of-fit tests for example, to set upper exclusion
limits in case no excess of data is observed, or to measure the significance of an
excess if applicable. The last sections of the chapter describe how Boosted Decision
Trees and k-Nearest Neighbor classifiers rank events according to their similitude
with background or signal events after a dedicated training. These tools are used
in the analyses described in Chapters [6HI3]
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Chapter 4

Experimental setup

One of the main objectives that motivated the design and the construction of
the LHC and of its general-purpose detectors, is the search for the SM scalar
boson. Before the LHC operation, it was known from LEP and Tevatron results
that the scalar boson mass had to be larger than about 114 GeV , while
unitarity and perturbativity constraints limited it to about 1 TeV @/ The physics
motivations for building the LHC were obviously wider, and also covered among
others the search for supersymmetry or dark matter. The first part of this chapter
describes the LHC' and the acceleration process for protons to reach the design
energy, while the second part presents the CMS detector.

4.1 Large Hadron Collider

The Large Hadron Collider (LHC) [75] is the largest circular particle collider ever
built. It is situated about 100 m underground close to Geneva, and has a circumference
of 26.7 km. It was built in the tunnel previously used by the LEP, and the first collisions
happened in 2009. While the LHC can also support lead-lead or lead-proton collisions,
the following sections will describe only the proton-proton collisions as they correspond
to the data used in the physics results exposed in the next chapters.

4.1.1 Proton production and acceleration

Protons are produced in a duoplasmatron, where electrons from a heated cathode ionize
a hydrogen gas. A magnetic field coupled to an electric field creates an intense ionization
and the confinement of a plasma. An electrode extracts the protons from the plasma.
Protons are first accelerated in a linear accelerator, the LINAC2, until they reach an en-
ergy of about 50 MeV. They are then injected in a circular accelerator, the PS booster,
where they reach an energy of 1.4 GeV, before entering the Proton Synchrotron (PS). In
the Super Proton Synchrotron (SPS), the proton energy increases from 26 to 450 GeV,
and the protons are then injected in the LHC, where they are finally accelerated to their
final energy (3.5 TeV in 2011, 4 TeV in 2012, 6.5 TeV in 2015). The acceleration chain is
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illustrated in Fig. Three to four cycles of the PS synchrotron are needed to fill the
SPS, whereas twelve cycles of the SPS are required to fill the LHC. The total injection
time is about twenty minutes, and about twenty additional minutes are needed to increase
the beam energy from 450 GeV to 6.5 TeV. When completely filled, the LHC nominally
contains 2808 bunches of approximately 10! protons.

Inside the LHC, protons are accelerated by sixteen radiofrequency cavities, while 1232
niobium-titanium superconducting dipole magnets ensure the deflection of the beams,
and quadrupole magnets their collimation. The two proton beams circulate in opposite
directions in the LHC, which requires the existence of two rings with opposite magnetic
dipole fields and separate vacuum chambers. Because of the limited size of the tunnel
inherited from the LEP era, the LHC uses twin bore magnets instead of two separate
rings of magnets. The superconducting magnets operate at a temperature below 2 K,
obtained with a pressurized bath of superfluid helium at about 0.13 MPa. Three vacuum
systems are part of the LHC architecture: the beam vacuum (1071° to 10~ mbar at room
temperature), the insulation vacuum for helium distribution (about 107% mbar) and the
insulation vacuum for cryomagnets (about 10~¢ mbar).

dN

The interaction rate, -,

L with the relation:

depends on the process cross section ¢, and on the luminosity

AN
— = Lo. 4.1
o = Lo (4.1)

The nominal design luminosity of the LHC is 103 ¢cm~2s7!. The number of interactions
per unit of time can also be expressed as a function of the beam characteristics. Given
q the charge of the beam particles, I the beam intensity, [ the collision distance of the
beams, and s the beam section, the number n of particles that cross each beam per unit
of time and per unit of surface is n = é. As the two beams interact during a time laps

2

of é, one obtains:

dN  IPlo
—_— = 4.2
dt q’cs (42)
Therefore, combining equations (4.1]) and (4.2), the instantaneous luminosity is:
1%
q%cs
Another way to express the luminosity, with beam characteristic properties is:
Niny frew
E _ b rev ’ 4.4
47e, B* (44)

where N, is the number of protons in each bunch, n;, the number of bunches, f,., the
revolution frequency, v the Lorentz factor, ¢, the normalized emittance, S* the beta
function at the collision point and F' a reduction factor coming from the crossing angle of
the two beams. The integrated luminosity L, later called simply luminosity, is the integral
of the instantaneous luminosity £ over a given range of time.
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Figure 4.1: Overview of the CERN accelerator complex. To reach their final energy, protons successively
pass through the LINAC2, the PS booster, the PS, the SPS and finally the LHC.
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4.1.2 Experiments

Four detectors are located at collision points in the LHC:

— CMS (Compact Muon Solenoid) |77|, which will be described in greater details in
Section [£.2] is a multi-purpose detector with wide physics objectives, such as the
search of the SM scalar boson, of dark matter candidates or of supersymmetric
particles;

— ATLAS (A Toroidal LHC ApparatuS) 78| covers the same physics objectives as CMS
and exploits different technical solutions, including a large toroidal magnet;

— LHCb (Large Hadron Collider beauty) |79] studies matter-antimatter asymmetry via
CP violation, through studies involving b quarks;

— ALICE (A Large Ion Collider Experiment) [80] is designed to address the physics of
strongly interacting matter and the quark-gluon plasma at extreme values of energy
density and temperature in nucleus-nucleus collisions.

ATLAS and CMS analyze completely independent datasets; their respective results

can cross-check each other, or be combined to increase the precision of the measurements.

4.1.3 Data taking and LHC schedule

While the first beams could circulate in the LHC in 2008, a mechanical damage, which
caused severe leaks of liquid helium, delayed the first proton-proton collisions at the injec-
tion energy of 450 GeV to the end of 2009. In March 2010 were recorded the first collisions
at a center-of-mass energy of 7 TeV. The LHC delivered an integrated luminosity of 6.14
fb=! in 7 TeV center-of-mass collisions in 2010 and 2011, of 23.30 fb=! at 8 TeV in 2012
and, after the first long shut down (LS1), of 4.22 fb~! at 13 TeV in 2015. The evolution
with the time of the integrated luminosity in 2011 and 2012 is presented in Fig. [£.2] A
bit more than 90% of the luminosity delivered by the LHC was recorded by the CMS
detector. On average several collisions occur per bunch crossing, which constitutes the
so-called pileup phenomenon. The mean number of interactions per bunch crossing was
around twenty in 2012.

The LHC should operate at 13 or 14 TeV center-of-mass energy between 2016 and 2018.
A second long shutdown (LS) is planned in 2019 and 2020, while Run-3 will extend until
2023. After Phase-1, which includes Run-1, Run-2 and Run-3, Phase-2 should extend
up to approximately 2037. The integrated luminosity collected in Phase-1 is expected to
reach 300 fb=!, while 3000 fb~! should be collected by the end of Phase-2. An overview
of the LHC schedule is presented in Fig.

4.2 Compact Muon Solenoid

The CMS detector is a multi-purpose apparatus, designed to cover a wide physics pro-
gram, from the discovery of the SM scalar boson to the search for BSM physics. Its main
specifications to meet these goals consisted in achieving a good muon identification and
momentum resolution, a good charged-particle reconstruction efficiency and momentum
resolution, a good electromagnetic energy resolution and a good missing transverse energy
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Figure 4.2: Integrated luminosity delivered by the LHC (blue) and collected by CMS (yellow) at a
center-of-mass energy of 7 TeV in 2011 (left) and 8 TeV in 2012 (right).
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Figure 4.3: Overview of LHC schedule until 2037. The integrated luminosity collected in Phase-1 is
expected to reach 300 fb~!, while 3000 fb~' should be collected by the end of Phase-2. .
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and di-jet mass resolution [77]. The detector gets its name from its limited size consid-
ering its complexity, its sophisticated muon system, and its solenoidal superconducting
magnet.

4.2.1 Overview of the CMS detector

The CMS detector is 28.7 m long, has a diameter of 15.0 m and weighs 14 000 t. It is
composed of different subdetector layers, arranged in a central cylinder, the barrel, and
closed by two endcaps. The origin of the right-handed coordinate system adopted by CMS
is at the nominal collision point, while the x-axis points radially towards the center of the
LHC and the y-axis points vertically. The z-axis is orthogonal to the other axes and is
directed along the beam direction, towards the Jura mountains from LHC Point 5. The
azimuthal angle ¢ is measured in the plane defined by the x- and y-axes, from the x-axis.
The polar angle € is measured from the z-axis, in a plane orthogonal to the xy-plane and
containing the z-axis, and is used to define the more widely-used pseudorapidity 7:

n = —Intan(0/2). (4.5)
The pseudorapidity is a good approximation for particles with £ > m of the rapidity y:

1 E+p,
=1 . 4.
y Qn(E_pz) (4.6)

The difference of the rapidities of two particles is invariant under a Lorentz boost in the
z-direction.

The key elements of the CMS detector, described in the next sections and illustrated
in Fig. 4.4] are, from the innermost to the outermost part:
— An inner tracking system, which measures the trajectory of charged particles and
reconstructs secondary vertices;
— An electromagnetic calorimeter, which measures and absorbs the energy of electrons
and photons;
— A hadronic calorimeter, which measures and absorbs the energy of hadrons;
— A superconducting magnet, which provides a 3.8 T magnetic field parallel to the
beam axis to bend the tracks of charged particles;
— A muon system, which measures the energy of muons and reconstructs their tracks.
In addition, because of the high collision rate at the LHC, a trigger system has been
designed to only record data interesting for physics analyses.

4.2.2 Tracker

The subdetector layer closest to the beams is the tracker. Its function consists in
recording the tracks of charged particles, which can be used to estimate the momentum of
these particles with a great precision, or to reconstruct secondary vertices from long-lived
particle decays. The tracking takes place in a 5.8 m length and 2.5 m diameter cylinder,
around the interaction point. Because of the high number of particles produced in over-
lapping proton-proton collisions, it is of primary importance that the tracker has a high
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Figure 4.4: Overview layout of the CMS detector. The CMS detector is composed, from the innermost to

the outermost part, of an inner tracking system, an electromagnetic calorimeter, a hadronic calorimeter,

a superconducting magnet, and a muon system. \\
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granularity. While the quantity of material had to be kept low to limit photon conversion,
multiple scattering, bremsstrahlung and nuclear interactions, the tracker had to have a
high power density of electronics and to be radiation resistant.

In the barrel region, the tracker is composed of ten layers of silicon microstrip detectors,
and of three layers of silicon pixel detectors. The system is completed in the endcaps
by two disks in the pixel detector and three plus nine disks in the strip tracker, for
pseudorapidities up to |n| < 2.5. A sectional view of the tracker is shown in Fig. [4.5|
In total, the inner tracker consists of 1440 silicon pixel and 15 148 silicon strip detector
modules. The resolution on the transverse momentum for a 100-GeV charged particle is
about 2.0%, while the impact parameter resolution achieved by the inner tracker is about
15 pm.
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Figure 4.5: Sectional view of the tracker. [77]

4.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) measures the energy of electrons and pho-
tons, and covers pseudorapidity regions between -3.0 and 3.0. Electromagnetic show-
ers produced by electrons or photons entering crystals, ionize the crystal atoms, which
emit a scintillation light that is collected by photodetectors when they de-excite. It uses
75 848 lead tungstate (PbWO4) crystals, which produce a blue-green scintillation light,
with a broad maximum at 420 nm, detected by silicon avalanche photodiodes (APDs)
in the barrel region (|n| < 1.479) and vacuum phototriodes (VPTs) in the endcap region
(1.479 < |n| < 3.0). A preshower detector consisting of two planes of silicon sensors
interleaved with a total of 3X of lead is located in front of the endcap ECAL. A sectional
view of the ECAL illustrates its geometry in Fig. 4.6
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""" Endcap
ECAL (EE)

Figure 4.6: Sectional view of the ECAL. The barrel ECAL and the endcap ECAL are composed of
lead tungstate crystals, and of silicon avalanche photodiodes or vacuum phototriodes respectively. A
preshower is located in front of the endcap ECAL.

Lead tungstate crystals demonstrate a short radiation length (0.89 cm), a high den-
sity (8.3 g/em?®) and a small Moliére radius[] (2.2 cm); this allows the calorimeter to be
compact despite its fine granularity. In addition, the scintillation decay time is such that
80% of the light is emitted in 25 ns, the design bunch crossing time. As the scintillation
light output depends on the temperature of the crystals, with approximately -1.9% per
°C at 18 °C, special care is taken to maintain the temperature stable within + 0.05 °C.
The length of the crystals (23 cm, equivalent to more than 25 times the radiation length)
can contain the full electromagnetic showers.

The barrel photodetectors, the APDs, have an active area of 5 x 5 mm?. Two of them
are glued to every lead tungstate crystal, with a mean gain of 50. In the endcaps, where
the radiation rate is higher, one vacuum phototriode, VPT, with a 25 mm diameter, is
glued to the back of every crystal, and has a mean gain of 10.2. The signal collected by
the photodetectors is converted with an Analog To Digital Converter (ADC). Crystals in
the barrel are inclined by 3° in the n- and ¢-directions to prevent particles from passing
through the intersection of two crystals. In the endcaps, crystals are organized in rows
and lines in the x- and y-directions.

The preshower detector is used to identify neutral pions, decaying to photon pairs, in
a high-pseudorapidity region with 1.653 < |n| < 2.6. The first layer of the preshower con-
sists of lead radiators that initiate electromagnetic showers from incoming photons and
electrons, while the second layer is composed of silicon strip sensors, with an active area of
61 x 61 mm? and a nominal thickness of 320 pm, that measure the deposited energy and
the transverse shower profiles. Its thickness corresponds to approximately three radiation
lengths.

1. Radius of a cylinder containing on average 90% of the shower energy deposition.
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The energy resolution of the ECAL, obtained from Gaussian fits to the reconstructed
energy, can be parameterized as a function of the energy as:

(%)2 — (%)2 + (%)2 +C?, (4.7)

where the stochastic term S represents statistical fluctuations on the number of secondary
particles produced, N is the noise coming from the electronics and digitization, and C'is a
constant that accounts for calibration errors and for the leak of part of the shower outside
of the calorimeter. Without magnetic field and without material in front of the ECAL,
the parameters measured in an electron test beam are: S = 0.028 vVGeV, N = 0.12 GeV
and C' = 0.003 . For unconverted photons with a transverse energy greater than 100
GeV, the energy resolution provided by the ECAL is better than 0.5%.

4.2.4 Hadronic calorimeter

The hadronic calorimeter (HCAL) is crucial for physics analyses with hadron jets
or missing transverse energy. Located around the ECAL, the HCAL extends between
1.77 < r < 2.95 m up to the magnet coil, where r is the radius in the transverse plane
with respect to the beams. Because of the limited space between the ECAL and the
magnet, the HCAL needs to be compact and made from materials with short interaction
lengths. In addition, to provide a good measurement of the transverse missing energy in
the event, it should be as hermetic as possible and extend to large absolute pseudora-
pidity values. The HCAL is a sampling calorimeter, composed of layers of absorbers and
scintillators, that measures destructively the energy of hadron jets.

The architecture of the HCAL is illustrated in Fig. [£.7 The hadron barrel calorimeter
(HB), located inside the magnet coil, covers pseudorapidities such that |n| < 1.3. It is
divided in 7 x ¢ towers of dimension 0.087 x 0.087. The HB is made of sixteen absorber
plates, most of them being built with brass while the others are made of stainless steel.
Because the thickness of the HB corresponds only to five to ten interaction lengths de-
pending on the pseudorapidity, an outer calorimeter (HO) is added around the magnet
to complement the HB, and the total thickness of the combination of the HB and the
HO increases to twelve interaction lengths. The hadron endcap calorimeter (HE) covers a
pseudorapidity range 1.3 < |n| < 3.0, and is composed of brass absorber plates. Its thick-
ness corresponds to approximately ten interaction lengths. Forward hadron calorimeters
(HF) cover the high pseudorapidity regions (3.0 < |n| < 5.2), which undergo high particle
fluxes. They are Cherenkov light detectors made of radiation-hard quartz fibers. The
ECAL and the HCAL combined can measure the energy of hadrons with a resolution

AE/E ~100%+/E [GeV] + 5%.

4.2.5 Magnet

A superconducting solenoid magnet, with a length of 12.9 m and an inner diameter
of 5.9 m, is used to curve the tracks of charged particles. It provides a 3.8 T magnetic
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Figure 4.7: Longitudinal view of the CMS detector. The locations of the hadron barrel (HB), endcap
(HE), outer (HO) and forward (HF) calorimeters are indicated.

field, with a large bending power. The magnet is made of 2168 turns carrying a 19.5 kA
current. It is cooled down with liquid helium.

4.2.6 Muon system

The muon system has to identify muons, to measure their momenta, and to contribute
to the event triggering. It relies on three types of gaseous detectors, located outside the
magnet solenoid. The gas is composed of a mixture of 40% Ar, 50% CO, and 10% CFy,
and gets ionized by the muons. Ions created via this mechanism are accelerated in an
electric field and form avalanches in dedicated materials. The barrel part extends to
In| < 1.2, whereas the endcaps, consisting each of four disks, cover pseudorapidities up to
In| < 2.4. Each muon station consists of several layers of aluminum drift tubes (DT) in
the barrel region and cathode strip chambers (CSC) in the endcap region, complemented
by resistive plate chambers (RPC).

In the barrel there are four concentric muon stations consisting of 250 chambers in-
side the magnet return yoke. The barrel muon system is further divided into five wheels
around the beam axis, which are themselves divided in twelve sectors. The exact compo-
sition of the muon stations in terms of the number of DTs and their orientation, depends
on the position of the station, and is chosen in such a way as to provide a good efficiency
for reconstructing muon tracks from muon hits in different stations. The resolution of a
single station is close to 100 um in position and 1 mrad in direction. The muon endcap
system regroups 468 CSCs, divided in four stations per endcap. The CSCs, which consist
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in multiwire proportional chambers, have a trapezoidal shape and count six gas gaps.
Unlike DT, they can support the high rate of neutron-induced background and cope with
a large and non-uniform magnetic field.

For low-momenta muons, the momentum resolution is by far dominated by the tracker
measurements, while for particles with high momenta (around 1 TeV), the tracker and the
muon system both provide a momentum resolution of about 5%. Combining the inner
tracker and the muon system, the transverse momentum resolution for particles up to
1 TeV lies between 1 and 5%. Although DTs and CSCs can be used to trigger events
based on the pr of the muons with a good efficiency, their time response is comparable
to the design bunch crossing space. Therefore, RPCs, which are double-gap chambers
operated in avalanche mode, composed of parallel anode and cathode plates with a gas
gap in between, have been introduced in the barrel and endcaps as a dedicated trigger
system with a fast response and good time resolution. The position resolution of RPCs
is however coarser than that of DTs and CSCs. Six layers of RPC are embedded in the
barrel, whereas three layers of RPCs are part of each endcap muon system.

Without complementary information form the tracker, the muon system provides a
resolution of about 10% for muons with |n| < 2.4 and pr < 200 GeV.

4.2.7 Trigger

For a bunch spacing of 25 ns, the beam crossing frequency is 40 MHz. Given the high
crossing rate, the large size of an event (about 1 MB), and the fact that typically tens
of collisions happen for a same bunch crossing, storing and processing every single event
is simply not feasible. The trigger system reduces the rate by selecting events that have
a physical interest, based on the characteristics of these events such as the transverse
momentum of the particles. The rate reduction by at least a factor of 10° is done in
two steps: Level-1 (1) Trigger and High-Level Trigger (HLT). Prescaled triggers, which
have loose selection conditions and thus do not permit to keep all events passing these
conditions, can be used to study more frequent collisions.

The L1 Trigger, which has a design output rate of 100 kHz and a response time of
3.2 us, relies on coarse information from the calorimeters and the muon system. Field-
Programmable Gate Array (FPGA) technology is mainly exploited for the L1 Trigger
hardware, while application-specific integrated circuits (ASICs) and programmable mem-
ory lookup tables (LUT) are also used in special cases where speed, density and radiation
resistance are of high importance. The first step of the Calorimeter Trigger is local,
and consists in measuring the transverse energies in ECAL crystals and HCAL read-out
towers, grouped in so-called trigger towers. The Regional Calorimeter Trigger then de-
termines regional candidate electrons or photons (up to |n| = 2.5), tau veto bits (up to
In| = 3.0), transverse energy sums, and other information of interest for muons. Finally
the highest-rank calorimeter trigger objects in the whole detector are determined by the
Global Calorimeter Trigger. The Muon Trigger uses information from the three muon sys-
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tems, and covers pseudorapidities |n| < 2.1. Locally, DT chambers in the barrel provide
track segments in the ¢-projection and hit patterns in the n-projection, while CSCs in the
endcaps provide information as three-dimensional track segments. Regionally, complete
tracks are made from joining the tracks and hits reported by the DTs and CSCs, and
physical parameters are associated to them. RPCs, which have a better timing resolu-
tion, contribute also regionally by producing their own track candidates based on regional
hit patterns. Globally, the Muon Trigger combines all pieces of regional information from
the three subdetectors.

Events passing the L1 Trigger are then processed by the HLT, which performs more
complex calculations, based on a combination of information from the different subdetec-
tors. It reduces the rate to about 400 Hz. The HLT is based on software techniques, and
is flexible. The full read out information can be accessed at this stage, and processed by
a filter farm of about a thousand processors. The events passing the HLT are kept for
storage.

4.3 Chapter summary

Experimental setup

The excellent performance of the LHC permitted to collect during its first run
about 5, 20 and 3 fb~! of proton-proton data in 2011, 2012 and 2015, at 7, 8 and
13 TeV center-of-mass energies respectively. This thesis is based on the collision
data collected by the CMS detector in 2012 essentially, but also includes some
analyses of 2011 and 2015 data. CMS is composed of several subdetectors: a tracker,
an electromagnetic calorimeter, a hadronic calorimeter and muon chambers. Tau
leptons, which are the common point between all analyses presented in this thesis,
are reconstructed from information from all subdetectors.
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Chapter 5

Event generation, simulation and
reconstruction

To search for new physics, observed collision data should be compared to the
expectation from SM processes. SM processes, as well as hypothetical signals,
can be modeled with Monte Carlo (MC) event simulations. The generated events
are then passed through a full simulation of the CMS detector, to model the
interactions events undergo before being detected, as well as the detector response.
The first part of this chapter concerns generation and simulation. The signatures
left inside the detector (or its simulation) by the data (or generated) events need
to be reconstructed into physical objects, such as electrons, muons, taus or jets.
The reconstruction of the different types of physical objects is described in the
second part of the chapter, with an emphasis on the objects used in the physics
analyses presented in this thesis.

5.1 Event generation and simulation

Monte Carlo sample generation proceeds through the following steps [85]:

1. Hard-scattering process. At the LHC, the central part of the interaction consists
in the hard-scattering of the two incoming protons. As the collision actors are rather
constituents of the protons, called partons, it is required to extract the momenta of
these incoming partons. This is done thanks to parton distribution functions (PDFs),
which give the probability that a parton carries a certain fraction of the proton
momentum, at a given scale Q%. The most commonly used PDFs are provided by
the CTEQ group. Given the large energy scale, the hard-scattering process itself is
computed with the matrix element (ME) formalism in perturbative QCD, at leading
order (LO) or next-to-LO (NLO) depending on the generator.

2. Parton showering. Parton showering techniques are used to describe the hadroniza-
tion and radiation of quarks and gluons in the initial and final states. While parton
showering can be encapsulated in the matrix element computation, this is however
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often not feasible for a large number of final state particles.

3. Underlying events. Underlying events, coming from the interactions of the remain-
ing parts of the protons that did not take part in the hard scattering process, are
then modeled. They typically consist in soft QCD interactions, and can be modeled
from phenomenological inputs.

4. Hadronization. When quarks and gluons have low energies, below typically 1 GeV,
they cannot be treated as free anymore and the perturbative QCD formalism fails.
The hadronization stage models their recombination into hadrons without any color
charge.

5. Hadron and tau decays. The decay of short-lived particles is then simulated. In
particular, tau decays are simulated with Tauola [86], interfaced to a generator that
takes care of the previous steps.

6. Pileup. To describe the observed data more exactly, pileup interactions, consisting
in an additional set of soft inelastic collisions, are added to the main hard scattering
process. As it is difficult to predict the distribution of the number of pileup interac-
tions in data, MC datasets are usually generated for a scenario with a higher number
of vertices and afterwards reweighted to match the observed distribution of pileup
interactions.

Many MC generators have been developed. The ones used in the analyses presented
in the next chapters are Madgraph , Pythia , Powheg and aMCQNLO .
Powheg and aMCQ@NLO can compute NLO matrix elements. The events are then passed
through Geant4 , which simulates the response of the CMS detector.

5.2 Object reconstruction and identification

The detector response is analyzed to identify physical objects. The particle-flow algo-
rithm used in CMS is described in Section [5.2.1] and is followed by the strictly speaking
object reconstruction, with tracks and vertices in Section [5.2.2] jets and b-tagged jets in
Section [5.2.3] electrons in Section [5.2.4] muons in Section [5.2.5] taus in Section [5.2.6] and
finally missing transverse energy in Section [5.2.7

5.2.1 Particle-flow

Stable particles are reconstructed in CMS with a particle-flow (PF) algorithm [92]
93|, which combines information from all subdetectors under the form of muon tracks,
calorimeter clusters and tracks from other charged particles. This is made possible by the
high granularity of the detector. The individual PF particles — electrons, photons, muons,
charged and neutral hadrons — are then combined to form more complex objects such as
hadronically decaying taus, jets, or transverse missing energy.

The track reconstruction algorithm is performed with an iterative tracking strategy,

which achieves a high efficiency and a low misidentification rate, and is described more
in details in Section [5.2.2] In the calorimeters, a clustering algorithm is performed to
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reconstruct neutral particles and to complement the tracking to measure the energy of
charged particles among others. The first step of the calorimeter clustering algorithm
consists in identifying cells from calorimeter cluster seeds with an energy above a given
threshold, while in a second time, topological clusters are built by joining adjacent cells
with a minimum energy threshold. PF clusters are then formed from topological clusters;
their energies and sizes are determined iteratively based on their distance from each cell.
As a single physical particle can create multiple PF elements, such as a track and sev-
eral calorimeter clusters, a link algorithm has been designed to fully reconstruct particles
and to limit double counting. It computes a distance between objects based on charac-
teristics extracted from the iterative tracking and calorimeter clustering algorithms, and
determines whether they correspond to different physical objects.

5.2.2 Tracks and vertices

Track reconstruction [94] is based on the collection of hits from the pixel and strip
trackers. The Combinatorial Track Finder (CTF) software, which is an adaptation and
extension of the Kalman filter, fits tracks from the hits. All tracks are reconstructed after
several iterations of the CTF, in an iterative tracking process. In the first iteration, tracks
are seeded and reconstructed with very tight criteria; this ensures a low fake rate at the
price of a moderate efficiency. In the next iterations, the seeding criteria are loosened
to increase the efficiency, while hits unambiguously assigned to the track in the previous
steps are removed to keep the fake rate low as a consequence of the reduced combinatorics.
A typical iteration proceeds in four steps. First, tracks are seeded from a small number of
hits, which determine the five parameters needed to describe the helical path of charged
particles in the quasi-uniform magnetic field of the tracker. Second, the track finding step
extrapolates the few hits from the seeding stage, adding more hits layer after layer to the
track candidate with a Kalman filter. Third, track candidates are fitted with a Kalman
filter to provide an estimate of the track trajectory parameters. And finally, some quality
cuts are applied to the reconstructed tracks, in order to remove fake tracks not associated
with charged particles. The track reconstruction efficiency for single isolated muons is
illustrated in the left-hand side part of Fig. [5.1]

Prompt tracks originating from the interaction region are used to reconstruct interac-
tion vertices . They need to satisfy some quality criteria, based for example on their
chi-square or on the number of pixel and strip hits. Tracks that are close enough to each
other in the interaction region in the z-direction are clustered to form a vertex. If sev-
eral tracks are assembled, an adaptative vertex fit is performed to determine the vertex
characteristics, such as its exact position. The primary vertex reconstruction efficiency
distribution, close to 1, is illustrated in the right-hand side part of Fig. Weights w
between 0 and 1, representing the compatibility of a track with the common vertex, are
assigned to each track, and the number of degrees of freedom of the vertex is computed

as follows:
Nt'racks

Naog =2 Y w; — 3. (5.1)
i=1
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This variable can be used to identify real proton-proton interactions, and to reduce the
vertex misidentification rate. The primary vertex is usually considered as the one with
the largest scalar sum of track transverse momenta.

CMS simulation CMS preliminary 2010 Ns=7TeV
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Figure 5.1: Left: Track reconstruction efficiency for single isolated muons in the barrel (|n| < 0.9),
transition (0.9 < |n| < 1.4) and endcap (1.4 < |n| < 2.5) regions of the tracker. The efficiency reaches a
plateau close to 1 for muons with pr larger than about 1 GeV. Right: Primary vertex reconstruction
efficiency in simulation and 7 TeV data. A plateau is reached for a number of tracks larger than about

six. [95]

5.2.3 Jets

Quark and gluon jets are built from PF objects. The anti-k; algorithm is used
to cluster individual objects into jets. It proceeds by defining distances d;; between two
entities (particles, pseudojets) i and j, and distances d;z between an entity i and the
beam:

A2
d;; = min(k;;?, /{:52) RQJ’ and (5.2)
dip = k;°, (5.3)

where k;; and ky; are the transverse momenta of the ¢ and j entities respectively, A?j =
(i — ¢4)* + (mi —n;)?, and R is a cone parameter chosen to be 0.5 in CMS in Run-1 and
0.4 in Run-2. If the smallest distance is of d;j-type, the entities ¢ and j are combined
into a new single entity, while if it is of d;g-type, the ¢ entity is considered as a jet and
removed from the list of entities. The procedure continues until the entity list is empty.
Unlike other jet clustering algorithms, the anti-k; algorithm produces jets with a conical
shape, clustered around the hardest particles and with boundaries resilient with respect
to soft radiation.

The jet energies are corrected to ensure a uniform response in 7 and an absolute
calibration in pr. The objective of the calibration is that the reconstructed jet energy
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matches the energy of the generated jet. The correction to the raw pr of the jet can be
decomposed in four multiplicative terms [97]:

— An offset correction, to remove the energy due to particles not involved in the hard-
scattering process (pileup particles, detector noise);

— An MC calibration factor, which corrects the reconstructed energy to match the
generated MC particle jet energy, based on simulations;

— A residual calibration for the relative energy scale, to correct the energy response as
a function of the pseudorapidity, in order for the response to be flat with respect to
the pseudorapidity;

— A residual calibration for the absolute energy scale, to make the energy response
uniform with the transverse momentum.

B jets, originating from b quark hadronization, can be distinguished from other jets
coming from gluons, light-flavor quarks (u, d, s) and c-quark fragmentation using track,
vertex and identified lepton information. Different algorithms to tag b jets exist; only the
Combined Secondary Vertex (CSV) algorithm is described here as it is used in the physics
analyses presented in the next chapters. Because b hadrons typically have a lifetime of
cr ~ 450 pm, a powerful handle to discriminate between b jets and non-b jets is the
existence of a secondary vertex. A secondary vertex is defined as a vertex sharing less
than 65% of its tracks with the primary vertex and separated radially from the primary
vertex with a significance at least 30. In addition, if the radial distance exceeds 2.5 cm
and if the mass is compatible with a K° or larger than 6.5 GeV, the secondary vertex
is rejected. The last condition for secondary vertices is that the flight direction of each
candidate is in a cone with AR = 0.5 around the jet direction. When no secondary
vertex is found, in about 35% of cases for real b jets, the CSV algorithm can use so-called
"pseudo-vertices", from tracks with a significance of the impact parameter (IP) larger
than 2. If no pseudo-vertex is found, the CSV algorithm proceeds from simple track
variables. The list of variables used to identify b jets are, when available in the event :

— If the event has a secondary vertex, a pseudo-vertex or none of them;

— The flight distance significance between the primary and the secondary (or pseudo-)
vertex in the transverse plane;

— The number of tracks at the secondary or pseudo-vertex;

— The ratio of the energy carried by tracks at the vertex with respect to all tracks in
the jet;

— The pseudorapidities of the tracks at the vertex with respect to the jet axis;

— The 2D IP significance of the first track that raises the invariant mass above the c
quark mass;

— The number of tracks in the jet;

— The 3D IP significances for each track in the jet.

A likelihood ratio to reject ¢ jets and another one to reject light-parton jets are combined
to form the final CSV discriminator. The efficiency of the CSV algorithm in data and
simulations is shown in Fig. 5.2} for the medium working point the efficiency is close to
70% for a mistagging rate of about 1.5%.
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CMS Preliminary, 19.8 fb™ at Vs = 8 TeV
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Figure 5.2: B-tagging efficiency as a function of the CSV discriminator threshold, in 8 TeV simulations
and data. The arrows indicate the three working points in Run-1. For information, the misidentification
probabilities for jets with pr between 80 and 120 GeV are, for the loose, medium and tight working
points respectively, 0.0990+0.0004, 0.0142+0.0002 and 0.0016+0.0001, where the quoted uncertainties

are statistical only.

5.2.4 Electrons

Electrons are reconstructed from energy deposits in the ECAL and tracks in the
tracker . Special emphasis has to be given to the spread, mostly in the ¢-direction,
of the electron energy in the ECAL caused by photon radiation. Indeed, on average 33%
of the electron energy is lost before reaching the ECAL at n = 0, while up to 86% can be
lost when the budget material in front of the ECAL is large (e.g. at |n| = 1.4).

The clustering of the electron energy in the ECAL proceeds with different algorithms
in the barrel and in the endcaps, because the subdetector geometries are different. In the
barrel, the hybrid algorithm starts from the seed crystal that contains the largest energy
deposit above 1 GeV. Strips of 5 x 1 crystals in the 1 x ¢ plane are delimited around the
seed crystal, and are merged to adjacent strips if their energy exceeds 0.1 GeV. A super-
cluster is then formed from all the strip clusters that have a seed strip with an energy of
at least 0.35 GeV. In the endcaps, the multi 5 x 5 algorithm starts from a seed crystal with
an energy deposit larger than 0.18 GeV. A primary cluster of 5 x 5 crystals is built around
the seed, while secondary clusters of 5 x 5 crystals are centered around crystals that are
not further than 0.3 in the ¢-direction and 0.07 in the 7n-direction from the seed crystal.
The supercluster is finally built from the primary cluster and all secondary clusters that
have an energy deposit larger than 1 GeV, and the energy collected in the preshower is
added to it. The position of the supercluster is computed as the energy-weighted mean
of the cluster positions, whereas its energy is simply taken as the sum of the energy of all
its constituent clusters.
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Although electron tracks can be, as any charged particle track, reconstructed from
tracker information with the standard Kalman filter (KF) track reconstruction, large en-
ergy losses caused by radiation in the tracker material hurt the reconstruction efficiency
of such a method. The electron track reconstruction in CMS proceeds in two steps: the
seeding and the tracking. The seeding stage uses two complementary algorithms, the re-
sults of which are combined. The tracker-based seeding is based on tracks, reconstructed
with general tools for charged particles, that are matched to a supercluster after extrap-
olation towards the ECAL, whereas the ECAL-based seeding starts from a supercluster
and selects electron seeds to extrapolate the trajectory towards the collision vertex. The
tracking phase is composed of the track building and the track fitting. The energy loss of
electrons in the tracker material does not follow a Gaussian distribution, as assumed by
the KF algorithm, but a Bethe-Heitler distribution, which has a larger tail. The Gaussian
Sum Filter (GSF) algorithm is used to estimate the track parameters from a hit collection
obtained with a KF algorithm, by approximating the Bethe-Heitler distribution with a
sum of Gaussian distributions.

Tracks and superclusters are matched to each other in GSF electron candidates. ECAL-
driven tracks are compatible with a supercluster if their extrapolated tracks in the su-
percluster from the innermost track position is compatible with the supercluster position
within An x A¢ = 0.02 x 0.15. The compatibility of tracker-driven tracks with super-
clusters is estimated with a multivariate technique that combines track and supercluster
information.

While the electron charge can be easily evaluated from the sign of the GSF track
curvature, this leads to a charge misidentification of up to 10% for electrons at large
pseudorapidity, because of bremsstrahlung followed by photon conversions. To reduce the
charge misidentification rate, two other charge estimates are computed; the final electron
charge is then the one given by at least two of the methods. The first alternative method
is based on the KF track associated to a GSF track if they share at least one innermost
hit, whereas the second one defines the charge sign as the sign of the ¢ differences between
the vector joining the beam spot to the supercluster position, and the vector joining the
beam spot and the first hit of the electron GSF tracks. The combination of the three
charge estimates reduces the charge misidentification rate to 1.5% for reconstructed elec-
trons from Z boson decays.

The electron momentum is evaluated from a weighted combination of the measurements
from track parameters — dominant for low energy candidates —, and from supercluster pa-
rameters — dominant for high energy candidates.

Several variables may help to discriminate real electrons from hadronic jets. They
are classified into three categories: the observables that measure the agreement between
ECAL and tracker measurements (such as An;, and A¢;,, respectively the distances in 7
and ¢ between the superscluster and the track direction extrapolated from the primary
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Working point | Electron pr H In| < 0.8 ‘ 0.8 < |n| < 1.479 ‘ 1.479 < |n] ‘

Very loose - 0.500 0.120 0.600
Loose pr < 20 GeV 0.925 0.915 0.965
pr > 20 GeV 0.905 0.955 0.975

Tight pr < 20 GeV 0.925 0.915 0.965
pr > 20 GeV 0.925 0.975 0.985

Table 5.1: Thresholds on the BDT output used to define the very loose, loose and tight electron identifi-
cation.

vertex position to the ECAL), the observables based on calorimeter information only
(such as the ratio between hadronic and electromagnetic energy around the seed cluster,
H/E) and the observables based on tracking measurements (such as the compatibility
between the KF- and GSF-fitted tracks). Two identification methods exist: the cut-based
electron identification directly cuts on the variables presented before, while the MVA
identification combines them in a BDT to obtain a final discriminator on which a cut is
applied. The MVA identification typically has a better performance as shown in Fig. [5.3]
The thresholds on the BDT output used to define the very loose, loose and tight MVA
electron identifications are indicated in Tab. [5.1} they depend on the electron transverse
momentum and pseudorapidity.
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Figure 5.3: Electron identification performance for the MVA-based (continuous line) and cut-based (one
symbol for every working point) identification in terms of signal and background efficiencies, in the barrel
(left) and endcaps (right). The performance is computed for electrons with pr greater than 20 GeV.
The signal efficiency is measured for electrons in simulated Z — ee events, whereas the background
efficiency is measured for jets reconstructed in data. The background efficiency is lower for the MVA-
based identification relative to the cut-based identification, for a same signal efficiency.

76



5.2. OBJECT RECONSTRUCTION AND IDENTIFICATION

The electron absolute isolation, used to reject non-prompt or misidentified leptons, is
defined as follows:

I= Z pT+H1aX<0, Z pT+ZpT—% Z pT)7 (5.4)

charged neutral ¥ charged,PU

where >, gea DT 18 the scalar sum of the transverse momenta of all charged particles
originating from the primary vertex and located in a cone with AR = 0.4 around the
electron direction. The sums ., and >__ are the equivalent for neutral hadrons and
photons respectively. The last term represents so-called 05 corrections, which remove the
contribution from pileup vertices from the neutral isolation: neutral contributions from
pileup vertices are estimated to amount to half of the scalar py sum of charged particles
from pileup vertices inside the isolation coneﬂ The relative isolation of an electron is
simply the ratio between its absolute isolation and its transverse momentum.

5.2.5 Muons

Muons are reconstructed from tracks in the inner tracker (tracker tracks), and from
tracks in the muon system (standalone-muon tracks) . The global muon reconstruc-
tion associates tracker tracks to stand-alone muon tracks to form global-muon tracks by
combining with a KF filter the hits from both types of tracks. The tracker muon re-
construction starts from tracker tracks and extrapolate them to the muon system, where
a muon segment should be found. While the global muon reconstruction is especially
efficient for muons leaving hits in several muon stations, the tracker muon reconstruction
is more efficient for low pr muon candidates. The efficiency for reconstructing a muon as
global or tracker muon is as high as 99%.

Different identification working points can be used in physics analyses. To be identified
as "loose", a muon candidate should be reconstructed as a PF muon, and to be either
a global or a tracker muon. "Medium" muons, used in Run-2 analyses, should be loose
muons, and have a segment compatibility probability between the tracker and muon tracks
larger than 0.451 or pass the following set of requirements:

— To be global muons;

— The normalized chi-square of their global tracks is less than 3;

— %2 of the compatibility between the position of the standalone and trackers tracks

less than 12;

— x? from the kink finder on the inner track less than 20 (used to remove muons from

decays in flight);

— Segment compatibility probability between the tracker and muon tracks larger than

0.303.
Finally, tight muons are global and PF muons that satisfy the following requirements:
— x2/number of degrees of freedom of the global muon track fit, using tracker and
muon chamber hits, less than 10;

1. The ratio of neutral to charged isolation from pileup vertices is estimated from MC simulations.
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— Muon segments present in at least two muon stations;
— Transverse impact parameter d,, of the tracker track with respect to the primary
vertex less than 2 mm;
— Longitudinal distance d, of the tracker track with respect to the primary vertex less
than 5 mm,;
— Non zero number of pixel hits;
— At least five tracking layers with hits.
The efficiency of the tight muon identification is shown in Fig[5.4] In practice, the choice
of the identification working point depends on the analysis.
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Figure 5.4: Efficiency of the tight muon identification in 2010 data (black) and simulation (red), in the
barrel (left) and endcaps (right). [101]

The absolute and relative d3-corrected isolations for muons are computed exactly as
for electrons in equation (5.4]).

5.2.6 Taus

Muons and electrons originating from tau decays are reconstructed with the stan-
dard tools for electron and muon reconstruction described in Sections [(.2.4] and (£.2.5]
respectively. In about two thirds of cases, taus decay hadronically; they are in this case
reconstructed with the Hadrons plus Strips (HPS) algorithm [102,[103]. The HPS algo-
rithm builds taus from tracks, and energy deposits in ECAL strips. The main handles
to discriminate hadronically decaying taus from quark and gluon jets are the track mul-
tiplicity — taus have only one or three tracks — and the isolation — taus are on average
more collimated and isolated than quark and gluon jets. The efficiency in identifying
hadronically decaying taus is typically between 45 and 70%, for misidentification rates
of a jet as a tau of the order of 1%. The HPS algorithm is described in more details in
Chapter [6]
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5.2.7 Transverse missing energy

Neutrinos and other hypothetical neutral weakly interacting particles cannot be de-
tected by CMS. However, some information about their presence can be gathered from
the detection of a momentum imbalance in the transverse plan to the beam axis. The

mlssmg transverse energy is noted ET, while its magnitude is referred to as 7. The

ET measurement |.| strongly relies on the reconstruction of all other physics objects,
and is sensitive to a wide range of effects: mismeasurement or misidentification of physics
objects, detector noise or malfunctions, pileup interactions, ...

The most widely used type of 7 in CMS is the particle-flow (PF) £, which is the
negative vectorial sum over the transverse momenta of all PF particles. A bias in the
K- measurement can be introduced for several reasons, such as the nonlinearity of the
response of the calorimeter for hadronic particles, or the minimum energy thresholds in
the calorimeters. This bias is found to be greatly reduced by correcting the pr of jets with
an electromagnetic energy fraction less than 0.9 and a corrected pr greater than 10 GeV,
to the particle-level pr. In addition, another bias comes from the pileup interactions. This

can be corrected by subtracting from the £ a certain fraction f(7) of @, the vectorial pr
sum of charged particles associated to each pileup vertex:

By = Er =Y f@)i. (5.5)

Finally, an asymmetry in the ¢ variable is observed for data and simulated events, and is

found to be related to the number of reconstructed vertices N,.,. The K7 projection in
the x- and y-directions are independently corrected by some functions of N,..

Another type of £, used in the physics results presented in the next chapters, is based
on an MVA method. It is designed to reduce the influence of pileup interactions, which
do not have significant £7 but degrade the K7 measurement resolution by 3.3-3.6 GeV

on average for each single pileup vertex. The MVA FE relies on the identification of
jets originating from pileup interactions with a MVA discriminator that takes as input jet
shape variables and vertex information. In Z boson decay events, the transverse energy can
be decomposed in three components, as illustrated in Fig.[5.5} a well-measured momentum
scale g = pr(I) + pr(I7), an error-prone hadronic recoil w7, which is the vectorial sum
of all reconstructed PF particles except the leptons originating from the Z boson decay,

and the missing transverse energy Fo:

Gr + iir + Er = 0. (5.6)

The hadronic recoil can be decomposed in two components parallel or perpendicular to gr
direction: @y = 1 + ). The MVA K is computed as a correction to the hadronic recoil
up. A first BDT is trained to correct the direction of ur to correspond to the generated
direction in simulated Z-jets events, while a second BDT estimates the magnitude after
direction corrections. The corrected hadronic recoil is added to ¢y to give the negative
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MVA E. In comparison with the PF £, the MVA K resolution is much less sensitive
to the number of interaction vertices, as shown in Fig. [5.6] which may lead to an improve-
ment of the sensitivity of physics analyses such as H — 77 by as much as 20%.

Fr oo
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@r

prt)

Figure 5.5: Schematic view of the Z boson transverse momentum ¢, the hadronic recoil @y with its
parallel and perpendicular projections along ¢y, and the Fr. \

Artificially large £7 can be measured because of spurious detector signals. Sources of
fake K are:

— Dead cells in the ECAL;

— Beam-halo particles;

— Particles striking sensors in the ECAL barrel detector;

— Noise from HCAL hybrid photodiode and readout box electronics;

— Direct particle interactions with light guides and photomultipliers tubes in the for-

ward calorimeter;

— High-amplitude anomalous pulses in the ECAL endcaps;

— A misfire of the HCAL laser calibration system;

— A defective track reconstruction, from coherent noise in the silicon strip tracker.
Dedicated algorithms are used to identify and remove these events with fake K.
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Figure 5.6: Hadronic recoil resolution as a function of the number of interaction vertices, in the per-
pendicular (left) and parallel (rlght) directions to the transverse momentum of the Z boson, in Z — fupe

events, for the PF ET, the MVA ET, and two other ET types not described in the text: no-PU PF ET
and MVA unity PF F7. |1

5.3 Chapter summary

Event generation simulation and reconstruction

This chapter describes how events are generated and simulated, and how the physics
objects (electrons, muons, taus, jets, K7) used in the analyses presented in the next
chapters, are reconstructed and identified.
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Chapter 6

Tau lepton reconstruction and identification

Tau leptons play an important role in physics analyses in the scalar sector. In
the SM, H — 77 1is the most sensitive fermionic decay channel of the scalar
boson, and provides the most precise test of its Yukawa couplings. Additionally,
in some models with an extended scalar sector, such as the MSSM, the cou-
plings of high mass scalars to tau leptons can be enhanced for some choices of
the model parameters. Experimentally, identifying and reconstructing tau leptons
1s however challenging, as they are, unlike other leptons, heavy enough to decay
hadronically. Table[f] shows the tau decay modes and their corresponding branch-
ing fractions. In about one third of cases, tau leptons decay leptonically, to an
electron, an electronic neutrino and a tauic neutrino, or to a muon, a muonic
neutrino and a tauic neutrino. The other decay modes are hadronic, with, in
the dominant modes, one or three charged hadrons (pions or kaons), zero to two
70 and one tauic neutrino. Some decay modes involve intermediary resonances,
such as p(770) and ay(1260). Taus decaying hadronically will be denoted by
Tn. Leptonically decaying taus are identified through standard electron and muon
identification algorithms, while hadronic taus are reconstructed in CMS with the
Hadrons Plus Strips (HPS) algorithm. The next sections present the HPS al-
gorithm, as well as the measurement of its performance with data collected in
Run-1 and Run-2.

6.1 HPS algorithm description

The HPS algorithm is designed to identify hadronically decaying taus. The
main challenge lies in the similarity between hadronic taus and jets from QCD multijet
processes, which have a production cross section five orders of magnitude larger than the
Drell-Yan process at the LHC. The first step of the HPS algorithm is the reconstruction,
where it is checked that the tau candidate topology is compatible with one of the hadronic
tau decay modes. The next step, the identification, rejects quark or gluon jets, electrons,
or muons that might have been wrongly identified as hadronic taus.
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’ Decay mode | Resonance | B [%] |
TT — e Vply 17.8
T = W Uuls 17.4
T~ = hTu, 11.5
= — h~ 71, p(770) 26.0
= = h 7070, a1(260) 10.9
= hhthou, a1 (260) | 9.8
T~ = h hth 7%, 4.8
Other hadronic modes 1.8

Table 6.1: Tau decay modes, their approximate branching fractions, and the eventual intermediary
resonances. The symbol & stands for kaons or pions. Charge conjugation is implied. ||§|

6.1.1 Reconstruction

Tau candidates are reconstructed from a combination of tracks identifying charged
hadrons h*, and ECAL energy deposits identifying 7°. The charged tracks are required
to have a pr greater than 0.5 GeV and to be compatible with the hypothetical production
vertex of the 7, candidate (|d,| < 0.4 cm and d,, < 0.03 cm with respect to the vertex
closest to the leading charged particle within the jet). The dimensions of the ECAL strips
in the nx ¢ plan are 0.05x0.20; the widening in the ¢ direction accounts for the bending in
the magnetic field of the electrons/positrons produced by the conversion of photons from
7% — ~7 decays. The electrons and photons used to build the ECAL strips are required
to have transverse momenta greater than 0.5 GeV, and the total transverse momentum of
a strip needs to be larger than 2.5 GeV to be considered in the HPS algorithm. Hadronic
taus are reconstructed in one of these four topologies:

— Three prongs - h~h*h™: Three charged tracks, compatible with originating from
the same event vertex, are required. The charges of the three tracks should not be all
identical, and their invariant mass should lie between 0.8 and 1.5 GeV. This topology
aims at reconstructing both 7= — h=h"h v, and 7= — h™h*h~ 7%, decays. In the
latter case however, the algorithm efficiency is low because the neutral pion energy
is considered as part of the isolation, which often leads the tau candidate to fail the
second step of the HPS algorithm (see Section .

— One prong plus two strips - A~ 7’7 The mass of the tau candidate formed by
the track and the strips should satisfy: 0.4 < m, < 1.24/pr(GeV)/100 GeV. The
pr dependence in the upper limit accounts for resolution effects. If the transverse
momentum is less than 100 GeV or greater than 1111 GeV, the upper limit is fixed
to 1.2 or 4.0 GeV respectively.

~ One prong plus one strip - A~ 7% The tau candidate built from the track and the
ECAL strip should have a mass such that 0.3 < m, < 1.34/pr(GeV)/100 GeV. If
the transverse momentum is less than 100 GeV or greater than 1044 GeV, the upper
limit is fixed to 1.3 or 4.2 GeV respectively.

— One prong - h™: The reconstructed visible tau mass, m, is set to the mass of a
charged pion.
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All charged hadrons and ECAL strips are required to lie within a signal cone with
AR = 3.0/pr(GeV) around the momentum vector of the tau candidate[] This so-called
"shrinking cone algorithm" takes into account the fact that the decay products of taus
with higher pr are more collimated. If a tau candidate can be reconstructed in more
than one topology and pass all selection criteria described above, the topology that gives
the highest pr for the tau candidate is kept. Hadronic taus that are reconstructed as
described above are said to pass the decay mode finding discriminator.

6.1.2 Identification

Jet rejection - Isolation

Genuine hadronically decaying taus are typically more collimated and isolated than
quark and gluon jets that have passed the reconstruction step; this is the main handle to
differentiate these physics objects. Two types of isolations have been designed: cut-based

and MVA-based.

The cut-based isolation is measured as the scalar sum of the transverse momenta of
charged particles with pr > 0.5 GeV and photons with Epr > 0.5 GeV within a cone
centered around the tau candidate and with a radius AR = 0.5. The charged particles
are further required to be compatible with originating from the tau candidate production
vertex (|d.| < 0.2 cm along the beamline, d,, < 0.03 cm in the transverse plan), in order to
reduce the contribution from pileup jets. So-called Af corrections are applied to remove
the contribution of pileup from the photon isolation; they are computed as the scalar sum
of the transverse momenta of charged particles in a cone with AR < 0.8 around the tau
candidate and with a distance larger than 0.2 cm in the beamline direction from the tau
candidate production vertex, and are scaled by a factor 0.46 to make the tau identification
efficiency independent from pileup. The tau candidate isolation, I, reads:

L= plred(d,| < 0.2 em) + max(p) — AB,0), (6.1)

with AfS corrections computed as follows:
AB =046 x Y pF(|d.| > 0.2 cm). (6.2)

The loose, medium and tight isolation working points correspond respectively to I, less
than 0.8, 1.0 and 2.0 GeV.

The MVA-based discriminator, in addition to isolation criteria, also takes benefit from
the fact that taus have a non negligible lifetime compared to the secondary vertex resolu-
tion in the CMS detector: ¢7=87 pum. A BDT discriminator is built to distinguish genuine
hadronic taus from quark and gluon jets. The input variables, illustrated in Fig. [6.1] are:

~ The charged particle energy in the isolation cone pi'* .

— The neutral particle energy p.. in the isolation cone;

1. The lowest and highest AR considered are 0.05 and 0.10.
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— The reconstructed tau decay mode (h=, h=7° h=7%7% or h=hTh™);

— The transverse impact parameter dy of the leading track of the tau candidate and
its significance dy/0q,;

— The distance between the tau production and the tau decay vertices, |Tsy — Fpy|,
and its significance, in the case of three-prong tau candidates;

— A boolean indicating if a tau decay vertex has been reconstructed;

— The tau candidate pseudorapidity;

— The tau candidate transverse momentum;

— The Ap corrections.

The BDT is trained on MC samples: signal events come from Z — 77, Z/ — 77 and
W' — 7, and the background events from W-+jets and QCD multijet simulations. The
7' and W' samples in addition to the SM Drell-Yan process permit to cover a large pr
range for the tau candidate, between 20 and 2000 GeV. The BDT output is shown in
Fig. [6.2] and illustrates that a good discrimination between hadronic taus, and quark
and gluon jets can be achieved. Different working points are defined based on the BDT
output.

Muon rejection

Muons have a high probability to be misidentified as hadronic taus in the A~ decay
mode. A cut-based and an MVA-based discriminators are designed to separate muons
from hadronic taus. Two cut-based working points are defined:

— Loose: The tau candidate does not pass this working point if the ECAL and HCAL
energy deposits associated to its leading track is less than 0.2 times the momentum
of this track, or if there are track segments in more than one muon station within a
cone with AR = 0.5 around the tau direction;

— Tight: The tau candidate does not pass this working point if it fails the loose work-
ing point, or if hits within a cone with AR = 0.5 around the tau direction are found
in the CSC, DT or RPC chambers of the two outermost muon stations.

Meanwhile, the BDT takes as input the following variables:

— ECAL and HCAL energy deposits of the leading charged particle of the tau candi-
date;
— ECAL and HCAL energy deposits of any charged particle or photon of the tau
candidate;
— The fraction of the tau energy carried by the leading charged particle;
— The number of track segments in the muon system in a cone with AR = 0.5 around
the tau direction;
— The number of muon stations in the DT, CSC or RPC, that have a least one hit
detected within a cone with AR = 0.5 around the tau direction;
— The pseudorapidity of the tau candidate.
The BDT is trained on Z/v* — 77, Z/v* — pp, 72" — pp, W — v, W — v, tt,
H—r77r, 7 — 77, W — 7vand W — pv events.
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Figure 6.1: Input variables distributions, normalized to unity, for the MVA-based isolation discriminator
for simulated Z/v* — 77 (blue) with real hadronic taus and W-jets (red) events with jets. In the 7
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Figure 6.2: BDT output of the MVA-based isolation including tau lifetime information, for simulated
Z/~v* — 77 (blue) with real hadronic taus and Wjets (red) events with quark and gluon jets. |103

Electron rejection

Electrons also have a high probability to be misidentified as hadronic taus in the h~
decay mode, or in the A~7" if they radiate a bremsstrahlung photon that converts. A
BDT is trained to discriminate between electrons and hadronic taus, with Z/v* — 77,
Z/v—ee, 7' s ee, W s 1v, W s ev, tt, H— 717, 7' — 77, W — 7v and W' — ev
event samples. It takes as input the following variables:

— The electromagnetic energy fraction E/(E + H), defined as the ratio of the energy
deposits associated to the tau candidate in the ECAL, and ECAL plus HCAL to-
gether;

— E/P and H/P, where E and H are respectively the energy in the ECAL and HCAL
of the leading track of the tau candidate, and P is the transverse momentum of this
track;

— E7/E., the fraction of the tau candidate energy carried by photons;

— Fyrem = (P, — Pout) / Py, where Py, and P,,; are the GSF track momentum measured
by the curvature of the track at the innermost and outermost position;

~ > E,/(Py — Pou), the ratio between the bremsstrahlung photon energy measured
in the ECAL and in the tracker;

— (NESF_NEEY [(NGSE L NEFY where NS2E is the number of hits in silicon pixel plus
strip tracking detector associated to the track reconstructed by the GSF algorithm,
and NEI' is its equivalent for the Kalman filter algorithm;

— The mass of the tau candidate;

— x?/ndof of the GSF track;

— The pseudorapidity and the transverse momentum of the tau candidate;

— The transverse momentum, its significance and the pseudorapidity of the GSF track;

— The distances in the n and ¢ directions between the GSF track and the nearest
boundary between ECAL modules.
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These variables characterize the compactness and the shape of energy deposits in the
ECAL, the particle multiplicity, and the level of bremsstrahlung emitted. Any tau can-
didate in the non-instrumented region between the ECAL barrel and endcaps (1.446 <
In| < 1.558) does not pass the electron rejection.

6.2 HPS algorithm performance in Run-1

The expected performance of the HPS algorithm is measured in MC samples, as de-
scribed in Section The results of the performance measurements with data collected
in 2012 with the CMS detector are presented in the following sections.

6.2.1 Expected performance

The expected performance of the HPS algorithm in terms of efficiency and misidenti-
fication rates, averaged over the pr and 7 of taus, is detailed in Tab. [6.2] The isolation
efficiency depends on the working point, and is typically of the order of 50%, for j — 7,
misidentification rates at the percent or permille level, as shown in Fig.[6.3] The efficiency
for taus to pass the discrimination against electrons varies between 60 and 95% depending
on the working point, and the corresponding e — 7, misidentification rates range from
about 3 x 107 to 2 x 1072. Finally an efficiency of almost 100% is obtained for taus
to pass the discrimination against muons, while the ¢ — 7, misidentification rates are
below the permille level. The working points to be used in the physics analyses are a
case-by-case choice that depends on the expected level of backgrounds. In about 90% of
cases, taus are reconstructed in their true decay mode, with no dependence on the number
of reconstructed vertices.

6.2.2 Tau identification efficiency in data

Measuring the tau identification efficiency in data is necessary for all physics analyses
that study final states with taus, as scale factors have to be applied to simulations to
correct for potential differences between data and MC simulations. In addition, the un-
certainty on the scale factor has to be considered as a nuisance parameter when extracting
the results.

The tau identification efficiency is measured in Z/v* — 7,7, and in tt — bbut, events.
Even though the Z/y* — 7,7, process has a larger cross section than ¢ — bbur, and
less backgrounds contributing to the final state, allowing for a more precise result, the
measurement in ¢t — bbut, events is strongly motivated. First, hadronic taus in tf
events have typically larger transverse momenta than hadronic taus originating from the
Drell-Yan process, as illustrated in Fig. [6.4] which makes the measurement in ¢ events
sensitive to larger tau transverse momenta. Second, the jet activity, which may spoil
the tau isolation, is larger in ¢ than in Drell-Yan events; both measurements thus probe
different topologies. Finally, the measurement in ¢f events is a precious cross-check of
the measurement in Z/+* — 7,7, events. This is particularly interesting because the tau
identification measurements are mainly used in H — 77 analyses, which have a selection
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Figure 6.3: Expected performance of the HPS algorithm in terms of efficiency (measured in Z/v* — 77
MC simulations) and j — 75, misidentification rate (measured in QCD multijet MC samples). The cut-
based isolation described in the text corresponds to the green line and the MVA-based isolation including
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Tau isolation discriminators ‘

Efficiency Jet — 7, misidentification rate
Z/y* = 1r | Z7(25TeV) = 77 | Wijets |  QCD multijet
Cut-based
Loose 49.0% 58.9% 9.09-1073 3.86- 1073
Medium 40.8% 50.8% 5.13-1073 2.06- 1073
Tight 38.1% 48.1% 4.38-1073 1.75-1073
MVA-based
Very loose 55.9% 71.2% 1.29-102 6.21-1073
Loose 50.7% 64.3% 7.38-1073 3.21-1073
Medium 39.6% 50.7% 3.32-1073 1.30-1073
Tight 27.3% 36.4% 1.56 - 1073 4.43-1074

’ Discriminator against electrons

Efficiency e — 7, misidentification rate
Z/v =71 | Z'(25 TeV) = 77 7 — ee
Very loose 94.3% 89.6% 2.38-1072
Loose 90.6% 81.5% 4.43-1073
Medium 84.8% 73.2% 1.38-1073
Tight 78.3% 65.1% 6.21-10~4
Very tight 72.1% 60.0% 3.54-1074

’ Discriminators against muons

Efficiency 1 — 75, misidentification rate
Z/v* =17 | 2725 TeV) — 77 Z = up

Cut-based

Loose 99.3% 96.4% 1.77-1073

Tight 99.1% 95.0% 7.74-107%
MVA-based

Loose 99.5% 99.4% 5.20-107%

Medium 99.0% 98.8% 3.67-10~*

Tight 98.0% 97.7% 3.18-1074

Table 6.2: Expected efficiencies and misidentification rates of various tau identification discriminators,
measured in 8 TeV MC simulations.

91



CHAPTER 6. TAU LEPTON RECONSTRUCTION AND IDENTIFICATION

close to the one used to measure the efficiency in Z/v* — 7,7, events. Both measurements
are performed with a "tag and probe" method [106], where the "tag" is the muon and
the "probe" the hadronic tau.

Measurement in Z/vy* — 7,7, events

The events are triggered with the lowest unprescaled single muon trigger, which requires
a muon with pr > 24 GeV at HLT, so that the tau candidate is not affected by any trigger
requirementEl. Loose tau candidates, which constitute the probes in the measurement, are
preselected with the following criteria:

— Transverse momentum of the jet associated to the tau candidate larger than 20 GeV;,

— Absolute value of the pseudorapidity of the jet associated to the tau candidate less

than 2.3;

— Passing the tight working point of the cut-based muon rejection discriminator;

— Passing the loose working point of the MVA-based electron rejection discriminator;

— At least one track with transverse momentum larger than 5 GeV.
Muons, which constitute the tags in the measurement, are selected with a transverse mo-
mentum larger than 25 GeV, an absolute value of the pseudorapidity less than 2.1, passing
the tight working point of the PF muon identification and with a relative 63 isolation less
than 0.1. The muon and the tau candidate are required to have an opposite electric charge
and to be separated by at least AR = 0.5.

The ¢t background is reduced by vetoing events that have a jet with pr > 20 GeV and
In| < 2.4 that passes the medium CSV working point. Additionally, the events that have
an identified and isolated electron and muon on top of the tag are discarded to reduce
the contribution from other Z/~* — ¢¢ events or from diboson production.

In order to reduce the contribution from the W-jets background, with one jet misiden-
tified as a hadronic tau, a selection criterion on the transverse mass between the muon
and the £ is applied:

mT(u,ET) = \/QpéE(T(l —cos Ag) < 30 GeV, (6.3)

where A¢ is the difference in azimuthal angle between the muon momentum and E(T.
The motivation of such a cut lies in the fact that, in WW-jets, the lepton and the neutrino

typically fly in opposite directions, which gives rise to large ms (i, E7) values. Typical
distributions of the my variable in the u7, final state are illustrated for the Wjets,
Drell-Yan and ¢t processes in Fig. [6.5] (left).

In addition, another variable, P, is introduced to take benefit from the fact that in
Z/v* — 77 events, the missing energy from the tau decay neutrinos typically forms a
small angle with the visible tau decay products. P is defined as a linear combination of

2. A precise list of the trigger paths, MC samples and collected datasets, used in this chapter can be found in Appendix

A
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Figure 6.5: Typical normalized distributions in the p7, final state of the my(u, E7) (left) and P (right)
variables, for the W +jets, Drell-Yan and tt processes.

the quantities Pg” and PY* 107]:

—

POl = (i 1 +ET>ﬁ, (6.4)
Vs Ny 7 5

P = (pp + pT)m, (6.5)

P, = P — 0.85P". (6.6)

The axis E is the bisector of the momenta in the transverse plane of the visible decay prod-
ucts of the two taus; this is illustrated in Fig. [6.6] The factor 0.85 has been optimized
in the context of the CMS MSSM & — 77 analysis (see Chapter , and is checked to
perform well in this case too. The variable P is required to be larger than -15 GeV in this
measurement. Typical distributions of the P variable in the p7, final state are illustrated
for the W-jets, Drell-Yan and tf processes in Fig.[6.5] (right). The selection thresholds on
the variables mr(u, ET) and P are determined in such a way as to maximize the Z — 77
significance in events where the tau candidates passes the tau isolation criteria.

The signal, consisting of Z/vy* — 77 events with a tau decaying to a muon and a
muonic neutrino, and a hadronic tau matched at generated level, is estimated from MC
simulations. Other Drell-Yan events, corresponding to other Z or tau decay modes, or to
Z/~v* — 7,7, where the reconstructed hadronic tau does not match the generated hadronic
tau, are taken from MC simulations too and are considered as background events. The
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Figure 6.6: Schematic representation of the quantities used to compute P¢.

contribution from the ¢ production is limited by to the b-jet veto; its contribution is
also estimated from MC simulations, and it is scaled to the most precise cross section

measurement at CMS [108].

The most important backgrounds, W+jets and QCD multijet processes, are fully or
partially estimated with data-driven methods. The shape of the W-jets background is
estimated from MC simulations. To increase the number of Wjets events from MC
samples passing the full selection, a so-called "stitching" method is applied. Five MC
samples are generated with different numbers of jets: inclusive, W1 jet, W+2 jets,
W3 jets and W+ 4jets. The cross sections of these samples are known, but the weight
to apply to the selected events depends on the number of generated events, which, except
for events with no generated jet, depends on two MC samples (the inclusive and one of
the exclusive samples). The weight to apply to events with n generated jets (0 < n < 5)
is computed as follows. The number of generated events 7,4, with a number of jets n is:

incd 9n + nexcl,n
gen gen

(6.7)

Ngen = N
Oincl

where n/" is the number of generated events in the inclusive samples, nSZ" is the number

of generated events in the exclusive sample with n jets, 0;,~ is the inclusive cross section
of Wjets events and 0¢ze,, 1s the exclusive production cross section of W+n jets events.
Therefore, events with n jets in the inclusive and in the exclusive samples should be
weighted by a weight w,,, computed as follows:

. —1
[ excl,n
o pinc n ,
w, = no_ ( gen 4 gen . (68)

Ngen Oincl Oexcln

While the shape of the W+jets background is taken from MC simulations with the stitch-
ing technique, its normalization is estimated from a control region in data enriched in
W +jets events. The region enriched in W-jets events is defined in the same way as the
signal region, except that the transverse mass between the muon and K7 is required to
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be larger than 70 GeV. The small contribution from other processes is subtracted from
data to obtain the W-jets normalization in this control region. The yield in the signal
region is extrapolated from this value with a scale factor measured in MC simulation as

the ratio between the number of events satisfying m(u, ET) < 30 GeV to the number of
events with my(u, Er) > 70 GeV.

The QCD multijet background is fully estimated with data-driven methods. Its shape
is taken from a region in data where the selection is the same as in the signal region,
except that the muon relative isolation is required to be greater than 0.3. This region
is highly dominated by QCD multijet events, and the small contribution from other pro-
cesses is estimated from MC simulations and subtracted from the data. Meanwhile, the
normalization comes from a region similar as the signal region except that the muon and
tau candidates are required to carry the same electric charge (so-called "SS" region). In
this region, the Z/y* — 7,7, signal is strongly suppressed, and the main contributions
come from QCD multijet and W +jets processes. The contributions from the processes
other than QCD are estimated from MC simulations and subtracted from the observed
data. The normalization obtained in such a way is multiplied by 1.06 to reflect the yield
difference between regions where the tau and muon candidates do or do not carry a same
electric charge. This scale factor, which reflects a charge asymmetry mostly due to gluon
splitting and low mass QCD resonances, is measured as the ratio between opposite-sign
and same-sign events in a region where the muon and the tau have inverted isolations.

The events selected as described here above are divided into two categories, "pass" and
"fail", depending on whether the loosely selected tau passes or fails the working point
of the isolation under study. The pass category has a high Z/v* — 77 purity, while
large background contributions from W-jets and QCD multijet, with jets misidentified
as hadronic taus, enter the fail category. The efficiency e for hadronic taus to pass the
isolation under study is defined as :

Npasi
€= i . (6.9)

" a7pass fail
NZ/’Y**)TT + N

Z[y* =TT

The numbers of signal events in the pass and in the fail regions are determined from a
maximum likelihood fit of the predicted processes to the observed data.

The simultaneous fit in the pass and fail categories is performed for two different ob-
servables. The most obvious choice of fit variable is the invariant mass between the muon
and the hadronic tau. This variable is computed from the visible decay products of both
taus, and is therefore denoted m,;s. For signal events — Z/+* — 77 with a muon from a
tau decay and a hadronic tau matched at generated level —, the m,;, distribution peaks
around 70 GeV and has a shape distinguishable from other processes, the distributions of
which are flatter and extend to higher m,;, values. The other observable chosen to per-
form the simultaneous fit is N;.qcs, Which is defined as the multiplicity of tracks within
a cone of size AR = 0.5, centered on the tau candidate direction. Genuine hadronic
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taus typically have a smaller track multiplicity than quark or gluon jets, which makes of
Niracrs @ powerful variable to discriminate the signal from backgrounds with jets misiden-
tified as hadronic taus. The reason to measure the tau identification efficiency with two
observables is two-fold. First, as the results from both measurements are expected to
be compatible with each other, this constitutes a useful cross-check of the fit technique.
Second, because it does not depend on the tau transverse momentum, Ny, can be used
to perform a measurement of the tau identification efficiency in given ranges of hadronic
tau transverse momentum.

The parameter of interest (POI) in the fit is the data-to-MC scale factor for the tau
identification efficiency. The signal yield in the pass region is directly proportional to the
POI, while the signal yield in the fa:l region is related to the POI in a more complex way.
Indeed the total number of signal events in both regions remains constant, but migrations
can happen between the regions. If one considers a constant total number of signal events
¢, and a data-to-MC scale factor x, the multiplicative factor to the signal yield in the fail
region, y, is obtained as follows:

ass ail

NZ/’Y*—)TT + Ng/"/*—)TT =6 (61())
BX NG Y X NG =0 (6.11)

thus: Aypase

c—x X -
y = AT (6.12)
Nfazl
Z|y* =TT

A closure test has been performed by running the maximum likelihood fit with pseudo-
data equal to the sum of the expected processes, where the Z/v* — 7,7, is scaled with
different values of the tau identification scale factor. The procedure returns the input
scale factor without any bias.

Nuisance parameters, affecting the shape and the normalization of the different pro-
cesses, are considered in the simultaneous fit. The luminosity uncertainty, amounting to
2.6% in 2012 , is taken into account for processes with yields estimated from MC
simulations. Drell-Yan events are attributed a 3% uncertainty related to their cross sec-
tion, and the normalization of the ¢t process is known with an uncertainty of 15%. To
obtain the uncertainty on the W+jets normalization, the yield in the high-my region is
recomputed when subtracting processes for which the missing transverse energy has been
modified within its uncertainties. The maximum yield variation amounts to 3% and is
taken as a nuisance parameter on the W-jets background. The uncertainty on the tau
energy scale amounts to 3%; as it affects the shapes of the distributions — mostly when the
observable is m,;s—, alternative distributions are provided to the maximum likelihood fit
for variations of the tau energy scale by +3%. Bin-by-bin uncertainties take into account
the statistical uncertainty related to the limited number of events in every bin of every
distribution.
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’ || Signal: Z — 77 | Other DY | tt | Wjets | QCD multijet |
’ Tau ID efficiency (POI) H (a) - \ - \ - \ - ‘
Luminosity 2.6% (f) 2.6% () 2.6% (f) - -

Muon ID efficiency 2% (f) 2% (f) 2% (f) - -

Drell-Yan cross section 3% (f) 3% (f) - - -

tt cross section - - 15% (f) - -

Wjets normalization - - - 3% (u) -
Tau energy scale Shape (f) Shape (f) | Shape (f) | Shape (f) Shape (f)

j — 71, misidentification - Shape (a) | Shape (a) - -
QCD multijet estimation - - - - Shape (u)
Hadronization - Shape (f) | Shape (f) | Shape (f) Shape (f)

Tracking Shape (f) Shape (f) | Shape (f) | Shape (f) -
Bin-by-bin Shape (u) Shape (u) | Shape (u) | Shape (u) Shape (u)

Table 6.3: Parameter of interest and systematic uncertainties taken into account in the simultaneous
fit to determine the tau identification efficiency in Z/* — 77 events. The uncertainties may be fully
correlated (f), anticorrelated (a) or uncorrelated (u) between the pass and fail regions.

In the case of the fit with N;...s as observable, two additional shape uncertainties
are taken into account. First, the track reconstruction efficiency is known with a 3.9%
uncertainty . Second, the uncertainty on the multiplicity of charged hadrons produced
in the hadronization of quark and gluon jets is known with 10% precision. Therefore, ad-
ditional shape templates are provided to the fit, and correspond to the variations by 3.9%
or 10% of the Ny.qers distribution means for hadronically decaying taus and j — 7, fakes
respectively. In practice, the downward variations are created by removing tracks from
tau candidates with a probability of 3.9 or 10%, and the upward variations by adding a
track with a probability of 3.9 or 10% for every single track of the tau candidate. The set
of systematic uncertainties is summarized in Tab. [6.3]

The my;s distributions after the maximum likelihood fit are shown in Fig [6.7] for the
loose working point of the cut-based and MVA-based discriminators, while the corre-
sponding Ny,qexs distributions are shown in Fig.[6.8] A good agreement between expected
processes and observed data is observed in both the pass and fail regions. The tau identi-
fication efficiency scale factors extracted from the fits are presented in Tab. [6.4k they are
generally compatible with 1.0, with a 5% uncertainty. A 3.9% uncertainty has been added
in quadrature to the uncertainty returned by the fit to account for the uncertainty to pass
the loose tau preselection criteria, and especially the requirement that all tau candidates
have a track with pr > 5 GeV. The results obtained with the two observables are also
compatible with each other.

The efficiency can also be measured in different |n| and pr ranges, or for a different
number of reconstructed vertices. This is important because some differences in the
performance of the algorithm could arise respectively from different detector geometries
(the efficiency is less when there is a large budget material for taus to cross), different
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Figure 6.7: Distributions of the visible invariant mass between the muon and the tau candidates, in the
pass (left) and fail (right) regions, for the loose working point of the cut-based (top) and MVA-based
(bottom) isolation discriminators. The various processes are shown after the simultaneous maximum

likelihood fit. [103]
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Figure 6.8: Distributions of the number of tracks inside the signal and isolation cones of the tau candidate,
Niracks, in the pass (left) and fail (right) regions, for the loose working point of the cut-based (top) and
MVA-based (bottom) isolation discriminators. The various processes are shown after the simultaneous
maximum likelihood fit. [103]
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Data/Simulation
Niracks Muyis
Cut-based
Loose 0.963 + 0.051 | 1.006 + 0.044
Medium 0.982 +0.048 | 0.984 4 0.044
Tight 0.997 +0.052 | 0.982 4 0.044
MVA-based
Very loose | 0.940 £ 0.086 | 1.034 £ 0.044
Loose 1.026 = 0.054 | 1.017 4 0.044
Medium 0.992 +0.057 | 1.014 4+ 0.044
Tight 0.975 + 0.052 | 1.015 4+ 0.045

Table 6.4: Data-to-simulation scale factors for the efficiency for hadronic tau decays to pass different
tau identification discriminators, measured in Z/v* — 77 events. The columns labeled data/simulation
give the ratio of efficiencies measured in data relative to the MC expectation, separately for the two
cases that the observable Ny.qcrs respectively my,;s is used in the template fit. The efficiency to pass the
tau decay mode reconstruction and to satisfy the pr >20 GeV and |n| < 2.3 cuts are included in the
data/simulation ratios given in the table.

tau decay product shapes (harder taus are more collimated) or different number of pileup
vertices (pileup vertices contribute to spoiling the tau isolation). The maximum likelihood
fits are performed with Ny,....s as observable because this variable is not directly impacted
by the choice of |5|, pr or the number of vertices. The results are shown in Fig. [6.9]
and [6.11] All scale factors are seen to be compatible with 1.0 within the uncertainties.

Measurement in tt — bbut, events

As stated previously, the measurement in ¢t — bbu7, events permits to probe taus
with higher transverse momentum, and in a topology with higher jet activity. The events
are selected in the fully leptonic decay of top quarks, with one prompt muon and one
tau decaying hadronically. The main backgrounds are other ¢t decays (fully hadronic
decays, semi-leptonic decays, or fully-leptonic decays where the reconstructed objects are
not matched to a muon and a hadronically decaying tau at generated level), W+ jets and
QCD multijet events.

The events are again required to pass the lowest unprescaled single muon trigger, and
a muon with pr > 25 GeV and || < 2.1 is selected. The muon is further required to pass
the tight PF identification and to have a relative isolation less than 0.1. The hadronic tau
candidate is selected with pr > 20 GeV, |n| < 2.3, and an opposite sign charge compared
to the muon. The muon and the tau candidate should be separated by at least AR = 0.5.
The events are required to have at least two jets with pr > 30 GeV and || < 2.5, and
separated from the muon and the tau candidate by at least AR = 0.5. At least one of
these should pass the medium working point of the b-tagging CSV algorithm. To reject
background events from Drell-Yan process, the 7 should be larger than 40 GeV. Finally,
events that contain an additional electron (py > 15 GeV, |n| < 2.3) or muon (pr > 10
GeV, |n| < 2.4) passing the loose identification and isolation criteria, are vetoed.
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Figure 6.9: Efficiency in data (plain symbols) and MC simulations (open symbols) for the tau identifica-
tion as a function of the visible pr of the tau candidate, for the cut-based (left) and MVA-based (right)

discriminators. [103]

CMS 19.7 fb™ (8 TeV)
> =
o —
% 0.7E
'S 0.6%=i=.
£ ¥ g
L 0‘5]:’:$|:i::
0.4 ——
0.3 .
£ M Loose cutoff-based isolation
0.2~ A Medium cutoff-based isolation
0 1iV Tight cutoff-based isolation
' F solid (open) symbols: Data (simulation)
GTHMHMHMHMu\uw\uwhuhuhuhuh
s f
e 1.1;
©|5 1E . =
SE o 9;=+=|_*_|=*=‘
n .é\\\\\\\\\\\\\\\\\\\\\\
0 0.5 1 1.5 2
In, |

Efficiency

1
[

Data
Simulation

CMS 19.7 fb™ (8 TeV)

L
|

- ——
0.4 =
= :¢
0.3— @ Very loose MVA isolation
0 Zi. Loose MVA isolation
" A Medium MVA isolation
0.1— V¥ Tight MVA isolation
[ Solid (open) symbols: Data (simulation)
07\\\‘\H‘H\‘\H‘H\‘H\‘\H‘H\‘\H‘\\\‘H\‘\
11
1E ——W——
0.9
E L P R L L
0 0.5 1 1.5 2
In, |
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Figure 6.11: Efficiency in data (plain symbols) and MC simulations (open symbols) for the tau identi-
fication as a function of the number of reconstructed vertices, for the cut-based (left) and MVA-based
(right) discriminators. [103]

The exact same method as the measurement in Z/v* — 77 events cannot be applied
because of the overwhelming background in the fail region. Therefore, another category
with two muons in the final state is considered; it is used to constrain the processes in
the pass region. The di-muon region aims at selecting ¢t — bbuu events, with a selection
very close to the tt — bbut, selection in order to have the same effect of systematic un-
certainties.

The selection of the di-muon region is chosen to be as close as possible to the pass
region, in such a way as their nuisance parameters are correlated. Events are required to
contain two muons with pr > 20 GeV (25 GeV for the leading muon), |n| < 2.4 (|n] < 2.1
for the leading muon), passing the tight PF isolation and with a relative isolation less
than 0.1. To remove contributions from Drell-Yan events, the invariant mass of these
muons is required to be above 50 GeV, and not to be within 10 GeV of the Z boson mass:
m,, > 50 GeV and |m,, —mz| > 10 GeV. The same criteria about the jets, X7 and
additional leptons as in the pass region, are applied.

Because of the b jet requirement, the region with high ms is not hugely dominated
by W-jets events as it was the case in the measurement in Z/v* — 77 events; therefore
the W-jets background is fully estimated from MC simulations and a 30% uncertainty
is attributed to its normalization. All other processes — ¢t production, Drell-Yan, single
top quark production, diboson production— but QCD multijet are also taken from MC
simulations. The normalization and the distribution of the QCD multijet background are
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estimated from data-driven techniques. The distribution of the QCD multijet background
is taken from a control region, identical to the signal region except that the muons iso-
lation requirement is inverted. This control region is highly dominated by QCD multijet
events, and the small contribution from other processes is estimated from MC simulations
and subtracted. The normalization of the QCD multijet background is determined in
another control region, where all cuts from the signal region are applied, except that the
muon and the tau candidate are required to have the same charge (SS region). The con-
tribution of the QCD multijet background to the signal region with opposite-sign charge
(OS region) is expected to be approximately the same as in the SS region; a scale factor
of 1.06, measured for SM H — 77 analysis, is applied to extrapolated from the SS re-
gion to the OS region. The normalization in the SS region is estimated from a template
maximum likelihood fit. The distribution of the QCD multijet process used to perform
the fit is estimated in a QCD-enriched region obtained by inverting the muon isolation
requirement and requiring the muon and the tau to carry the same electric charge.

The variable found to discriminate in the most efficient way the signal from the back-
grounds is the transverse mass between the muon and the missing transverse energy.
Typical signal distributions indeed extend to higher my values than backgrounds. In the
case of the di-muon region, the transverse mass is computed with respect to one of the
two muons, chosen randomly.

Systematic uncertainties considered in the maximum likelihood fit are partly identical
to those used in the fit in Z/v* — 77 events, among them the luminosity, the muon iden-
tification efficiency, or the ¢t production cross section for example. Other uncertainties
are related to the b jet requirement: the b-tagging efficiency uncertainty (typically be-
tween 2 and 7%), and the b mis-tag rate uncertainty for light jets misidentified as coming
from b-quarks (typically between 10 and 20%) [98], are considered as shape systematics.
The jet energy resolution and the jet energy scale also affect the distribution of the mq
distributions 97|, since the transverse missing energy is recomputed for variations of the
jet kinematics within the uncertainties to keep the transverse momentum conservation.
An uncertainty on the OS/SS scale factor for the QCD multijet of 5% is considered as
affecting the yield of this background, as in the measurement in Z/v* — 77 events. A
summary of the systematics considered in the analysis is shown in Tab. [6.5

A simultaneous fit of the two regions is performed for every isolation discriminator,
as illustrated in Fig. for the loose working point of the cut-based and MVA based
isolations. The results obtained for the data-to-simulation scale factors of the different
working points of the cut-based and MVA-based algorithms are presented in Tab. [6.6]
The uncertainty on the measurement amounts to approximately 10%, which is more than
the uncertainty of the measurement in Z/v* — 77 events due to the larger background
fraction and the smaller discrimination efficiency of the my variable. The scale factors
are well compatible between each measurement, and in agreement with 1.0 within the
uncertainties.
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H tt — bbuy ‘ Other tt

‘ Drell-Yan ‘ Single top ‘ Wjets ‘ QCD multijet ‘

l Tau ID efficiency SF H yes ‘ - ‘ - ‘ - ‘ - ‘ - ‘
Luminosity 2.6% (f) 2.6% (f) 2.6% (f) 2.6% 2.6% -
Muon ID efficiency 2% () 2% (f) 2% (f) 2% 2% 2%
Drell-Yan cross section - - 10% (f) - - -
tt production cross section 15% 15% - - - Shape
Single-t cross section - - - 30% (f) - -
W-jets normalization - - - - 22% (u) -
OS-t0-SS scale factor - - - - - 5%
Tau energy scale Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
j — 7x misidentification - Shape (a) | Shape (a) | Shape (f) | Shape (f) Shape (f)
Jet resolution Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
Jet energy scale Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
b-Tagging efficiency Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
Mis-b-tagging rate Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
K7 modeling Shape (f) | Shape (f) | Shape (f) | Shape (f) | Shape (f) Shape (f)
Bin-by-bin Shape (u) | Shape (u) | Shape (u) | Shape (u) | Shape (u) Shape (u)

Table 6.5: Parameter of interest and systematic uncertainties taken into account in the simultaneous fit
to determine the tau identification efficiency in t# — bbuty,. The uncertainties may be fully correlated
(f), anticorrelated (a) or uncorrelated (u) between the pass and fail regions.

Table 6.6:

| Data/Simulation
Cut-based
Loose 1.037 4+ 0.097
Medium 1.050 4+ 0.107
Tight 1.047 £ 0.108
MVA-based
Very loose 0.927 +0.097
Loose 1.009 4+ 0.097
Medium 0.956 £0.118
Tight 1.080 £0.117

Data-to-simulation scale factors for the efficiency for 7, decays in tt — bbur, events to

pass different tau identification discriminators. The column labelled data/simulation gives the ratio of
efficiencies measured in data relative to the MC expectation.
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Figure 6.12: Distributions of the transverse mass between the muon and the E7, in events with one
(left) or two (right) muons, for the loose working point of the cut-based (top) and MVA-based (bottom)
isolation discriminators. The results are shown after a simultaneous maximum likelihood fit in the two
regions. [103]
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6.2.3 Anti-lepton discriminator efficiency

The efficiency for hadronic tau decays in Z/v* — 77 events to pass the discriminators
against electrons and muons has also been measured in data and MC simulations. The
measurement is pretty similar to the measurement of the isolation efficiency in Z/v* — 77
events, except that the tau candidates in the pass and fail categories now all pass the
reconstruction and isolation conditions, but pass or fail respectively the rejection against
light lepton. The results are given in Tab. [6.7] The efficiencies measured in data are in
agreement with the MC predictions within the uncertainty of the measurement, amounting
to less than 1%. Control plots of the m,;s distributions in the pass and fail regions are
presented in Fig. for two different light lepton rejection discriminators.

’ Discriminators against electrons ‘

MVA very tight

Working point SF
MVA very loose | 0.996 4+ 0.004
MVA loose 0.995 £ 0.004
MVA medium | 0.994 £+ 0.005
MVA tight 0.997 £+ 0.006

1.003 £ 0.007

’ Discriminators against muons

Working point SF
Cut-based loose | 0.990 £ 0.003
Cut-based tight | 0.990 + 0.003
MVA loose 0.990 + 0.003
MVA medium | 0.989 4+ 0.003
MVA Ttght 0.985 + 0.004

Table 6.7: Data-to-MC scale factors for hadronic tau decays in Z/v* — 77 — u7y, events to pass the
discriminators against electrons and muons.

6.2.4 yu — 7, and e — 7, misidentification rates

The measurement of the y — 7, and e — 7, misidentification rates in data is a
challenging task, considering their low values (in general below the permille level). This
requires a large quantity of collected data, and a precise description of all background
processes.

The technique used to measure the ;1 — 75, and e — 75, misidentification rates in data is
close to the one used for the measurement of the tau identification efficiency in Z/v* — 77
events. The signal is now Z/v* — up or Z/~v* — ee events, and the parameter of interest
acting on it is the misidentification rate scale factor. The events are divided into two
categories, pass and fail, whether the tau candidate (which is actually a light lepton for
signal events) passes or fails some working point of the discriminator that rejects electrons
or muons.
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Figure 6.13: Distribution of m.;s observed in the pass (left) and fail (right) regions compared to the MC
expectation, for the loose working point of the cut-based rejection against muons (top) and MVA-based
rejection against electrons (bottom). The expected m,,;s distribution is shown for the postfit value of the

nuisance parameters.
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CHAPTER 6. TAU LEPTON RECONSTRUCTION AND IDENTIFICATION

The selection is designed to ensure a large Z/v* — ppu/ee purity. The events should
contain a well-identified light lepton (the tag), and one loosely preselected hadronic tau
(the probe). Tag muons are selected identically as in Section with pr > 25 GeV,
In| < 2.1, tight PF identification and relative isolation less than 0.1. Similarly, tag elec-
trons are required to satisfy pr > 30 GeV, |n| < 2.1 (and 7 outside of the transition region
between ECAL barrel and endcaps), tight identification and to have a relative isolation
less than 0.1. The probe is a loose 7, candidate with pr > 20 GeV and |n| < 2.3, that
passes the decay mode finding discriminator and the loose cut-based HPS isolation. The
tag and the probe should carry an opposite sign electric charge and be separated by at
least AR = 0.5. The W +jets and ¢ backgrounds are reduced by requiring the £ to be
less than 25 GeV (applied only for the e — 75, misidentification rate measurement), and
the transverse mass between the tag and the 7 to be less than 40 GeV (or 25 GeV for
the e — 75, misidentification rate measurement).

The backgrounds are estimated with the methods described in Section Namely,
all processes are taken from MC simulations, except the QCD multijet background, es-
timated from a SS region, and the W-+jets, the normalization of which is derived from
a high-my sideband. Because some probes are not real electrons or muons, but rather
come from j — e/ misidentifications, such events are removed from the signal templates,
based on MC estimations. Uncertainties include, apart from those already described in
Section [6.2.2] the uncertainties on the energy scale of tag electrons (2%), tag muons (1%),
probe electrons (5%) and probe muons (3%).

Simultaneous fits are performed in the pass and fail regions for different working points
of the discriminators, and a set of these results is shown in Fig. and Fig. for the
i — 7, and e — T, measurements respectively. The observable is the visible invariant
mass between the tag and the probe.

The muon misidentification rates are measured in three 7 regions: |n| < 1.2, 1.2 <
In| < 1.7 and |n| > 1.7, for different working points of the cut-based and MVA-based dis-
criminators against muons. The data-to-MC scale factors obtained after the fits are given
in Tab. [6.§ and summarized in Fig. [6.16] The correction factors to apply to simulations
are in general greater than 1.0, and larger for tighter working points and in the forward
regions of the detector.

The e — 75, misidentification rates are measured separately in the barrel (|n| < 1.460)
and endcap (|n| > 1.558) regions of the ECAL. The results obtained after the fits are
given in Tab. and summarized in Fig.|6.17. The simulation correction factor amounts
to up to 1.7. The difference between the rates in data and simulation is larger in the
barrel and for tighter discriminator working points.
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Figure 6.14: Distribution of tag plus probe mass observed in the pass (left) and fail (right) region, for
the loose working point of the cut-based discriminator against muons in the regions || < 1.2 (top) and

1.2 < |n| < 1.7 (bottom).

The distributions observed in Z/v* — pu candidate event selected in data

are compared to the MC expectation, shown for the values of nuisance parameters obtained from the
likelihood fit to the data. Z/y* — €€ (¢ = e, u, T) events in which either the tag or the probe muon are

due to a fake are denoted by "DY others".
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In| < 1.2
\ Simulation \ Data | Data/Simulation
Cut-based loose | (2.48 £0.02) - 1073 | (2.65+0.06) - 1072 | 1.068 & 0.025
Cut-based tight | (9.94 +0.10)-10~* | (1.054+0.05)- 1073 | 1.053 & 0.053
MVA loose (4.28 £0.09) - 107* | (4.63+0.49)-107* | 1.082+0.116
MVA medium | (2.9140.07)-10~% | (3.08£0.50) - 10~* | 1.058 £ 0.172
MVA tight (2.56 £0.07) - 107* | (2.66 £ 0.50) - 10~* |  1.039 + 0.197
1.2 <|nl < 1.7
Cut-based loose | (1.64 +£0.03)-1073 | (1.9240.10) - 1073 1.169 £ 0.066
Cut-based tight | (6.54 +0.19)-107* | (8.334+0.81)-107% | 1.274+0.129
MVA loose (5.61+0.18) - 1074 | (7.28 £0.94) - 10~* 1.297 +0.172
MVA medium | (3.28 +0.14)-107% | (5.05+0.97)-10~% | 1.540 & 0.303
MVA tight (2.63 £0.12) - 107* | (4.06 +£0.95) - 10~* | 1.543 4+ 0.368
In| > 1.7
Cut-based loose | (9.85+0.30)-10~% | (1.4240.11)- 1073 [ 1.445+0.118
Cut-based tight | (4.99 £0.18)-107* | (7.4241.09) - 1074 | 1.488 & 0.224
MVA loose (4.66 +£0.17) - 10~* | (6.99 +1.20) - 10~* 1.501 + 0.264
MVA medium (2.46 +£0.12) - 1074 | (4.57 £0.92) - 10~* 1.856 4 0.384
MVA tight (1.95+0.11) - 107* | (2.77 £1.25)-10~* | 1.423 + 0.644

Table 6.8: Probability for muons to pass the loose working point of the cut-based tau isolation discrim-
inator plus different working points of the cut-based and MVA-based discriminators against muons. The
1 — 75, misidentification rates measured in Z/v* — pp events are compared to the MC predictions in
three regions of n: |n| < 1.2, 1.2 < |n| < 1.7 and |n| > 1.7.

ECAL barrel (|n] < 1.46)
Simulation \ Data | Data/Simulation

Very loose | (2.06 +£0.01) x 10=2 | (2.37 £0.06) x 10~2 1.15 +0.03
Loose (4.48 £0.05) x 1072 | (5.61+£0.17) x 1073 1.25 4 0.04
Medium (1.73+£0.03) x 1072 | (2.30 £0.18) x 1073 1.33+£0.10
Tight (9.70 £0.02) x 10=* | (1.28 +0.21) x 1073 1.32 +£0.21
Very tight | (6.83 £0.02) x 107* | (1.13£0.20) x 1073 1.66 + 0.30

ECAL endcap (|n| > 1.56)
Very loose | (2.93+£0.02) x 1072 | (3.11 £0.09) x 10~2 1.06 + 0.03
Loose (4.46 +0.09) x 1073 | (4.6740.22) x 1073 1.05 4+ 0.05
Medium (1.54 £ 0.05) x 1072 | (1.83 £0.22) x 1073 1.194+0.15
Tight (8.83+0.38) x 107% | (1.16 +0.26) x 1073 1.32 +£0.31
Very tight | (6.50 £ 0.33) x 10=* | (1.04 £0.26) x 1073 1.60 £ 0.40

Table 6.9: Probability for electrons to pass different working points of the discriminant against electrons.
The e — 7, misidentification rates measured in Z/4* — ee events are compared to the MC expectation,
separately for electrons in the ECAL barrel and endcap regions.

6.2.5 Other performance measurements

The last two performance measurements performed with 2012 data concern the tau
energy scale and the 7 — 75, misidentification rate. They are only briefly covered in the
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Figure 6.16: Probability for muons in Z/v* — uu events to pass the loose working point of the cut-
based tau isolation discriminator plus different working points of the cut-based (left) MVA-based (right)
discriminators against muons. The p — 7, misidentification rates measured in data are compared to the
MC simulation in three regions of n: || < 1.2, 1.2 < |n| < 1.7 and |n| > 1.7.

next paragraphs, and more details can be found in [103].

Tau energy scale

The tau energy scale has a large impact on physics analyses with taus, and is therefore
important to be measured in data. The measurement is performed in Z/v* — 7,7, events,
by creating different signal templates for variations of the tau energy scale and choosing
the variation that gives the best agreement between data and predicted processes after a
maximum likelihood fit to the observed data. The measurement is performed separately
for the different tau decay modes, and with two observables: the invariant mass of the
two tau candidates, m,;,, and the reconstructed hadronic tau mass, m.,. It is found that
the tau energy scale is about 1% lower in data than in simulation for the h*7%s decay
mode, and the uncertainty associated to the measurements in all topologies is 3%.

Jet— 75, misidentification rate

The j — 7, misidentification rate is measured in W+jets events and in QCD multijet
events. Because Wjets events contain a higher fraction of quark jets (as opposed to
gluon jets) than QCD multijet events, the misidentification rate measured in such events is
higher. Indeed, quark jets are typically more collimated and have a lower track multiplicity
than gluon jets. The rates measured in data usually agree with the predictions from MC
simulations, but some disagreements are observed at high |n| because of an imprecise
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Figure 6.17: Probability for electrons in Z/v* — ee events to pass different working—points of the MVA-
based discriminator against electrons. The e — 7, misidentification rates measured in data are compared
to the MC simulation, separately for electrons in the barrel (|n| < 1.460) and in the endcap (|n| > 1.558)
region of the ECAL.

modeling of the isolation in MC simulations, and a trend with respect to the transverse
momentum is observed, with a deviation magnitude of the order of 20%. In practice, most
processes with jets misidentified as hadronic taus are not estimated from MC simulations,
but from data-driven methods.

6.3 HPS algorithm in Run-2

In Run-2 some improvements have been made to the HPS algorithm to recover effi-
ciency losses [110]. The main changes concern the 7, decay modes covered by the algo-
rithm, the strip reconstruction, and the definition of the isolation discriminators.

6.3.1 Modifications with respect to Run-1

A higher 7, identification efficiency can be achieved by including decay modes with
relaxed requirements in the reconstruction step, at the price of a larger 7 — 75, misiden-
tification rate. The following decay modes are covered for the first time in Run-2:

— Two prongs plus one strip: This category is used to reconstruct 7, decays with
three charged hadrons, where one of the tracks escapes detection or is merged with
another one. It especially helps recovering efficiency losses for high-pr taus.

— Two prongs plus two strips: Similarly, this category is targeted at 7, decays with
three tracks, where one is not detected.
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Tau candidates that are reconstructed in any of the above-mentioned categories or in one
of those used in Run-1, are said to pass the "new decay mode finding". The new decay
mode finding is mostly useful for analyses with high-pr taus, for which the efficiency
recovery is the largest, and with low backgrounds, as the additional decay modes suffer
from a larger j — 75, misidentification rate than the old decay modes. The charge of the
two-prong candidates is taken as the charge of the leading track; the charge is correctly
determined in about 75% of cases.

Whereas the size of the strips was fixed to 0.20 x 0.05 in the ¢ x n plan in Run-1, the
strips are reconstructed dynamically with variable dimensions in Run-2. The strips are
supposed to cover the ECAL energy deposits of photons and electrons originating from
neutral pion decays. It happens that, because of the bending of their trajectory in the
magnetic field, low-pr electrons or positrons from photon conversions are outside of the
fixed-size strip, and contribute to the 7, candidate isolation. This fake contribution to
the isolation of a 75, constituent may cause the 7, candidate to fail the isolation discrimi-
nator. In Run-2, the size of the strip is adjusted dynamically according to the transverse
momentum of electrons and photons that are added to the strips. It is a function of the
pr of the strip and the electron/photon to be merged:

An = f") + FF), (6.13)
Aj = g(p") + g(pF™), (6.14)
where
f(pr) = 0.20 x p3%, (6.15)
g(pr) = 0.35 x p;>. (6.16)

The functions are chosen from MC studies in such a way as 95% of electrons and photons
from tau decays are contained within the strip.

The isolation discriminators have been slightly modified with respect to Run-1. The 63
correction factor used in Run-1 to compute the cut-based isolation was seen to overcorrect
the pileup effects; it is chosen in Run-2 to be equal to 0.20 instead of 0.46. In addition,
the pp-sum of electrons and photons included in the strips but outside the isolation cone
is required not to exceed 10% of the 7, candidate transverse momentum:

stmp,outer Zpe/’}’ AR > Rsig) < 0.10 x p} (617)

As shown in Fig. (left), the latter requirement reduces the fake rate by about 5%
for a same efficiency, whereas the modified AS correction factor and the dynamic strip
reconstruction itself both bring an additional 5% improvement. The loose, medium, and
tight cut-based isolation working points are defined in Run-2 in such a way as the points
are equidistant in terms of 75, identification efficiency: the isolation is required to be less
than 2.5, 1.5 and 0.8 GeV respectively. Some new variables with respect to Run-1 have
been included in the MVA-based isolation in Run-2 to improve the discrimination between
75, and, quark and gluon jets:
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Figure 6.18: Distance in n (left) and in ¢ (right) between the 7, direction and e/ that are due to
tau decay products in simulated events, as a function of the transverse momentum of the electron or
photon. The size of the window is larger in the ¢-direction to account for the bending of the trajectory
of charged particles in the magnetic field. The black dots indicate the strip sizes that contain 95% of
electrons and photons from tau decays, whereas the dashed lines represent the analytical functions f(pr)
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strip,outer
T 9
— The sign of the transverse impact parameter of the leading track;

— The signed 3-dimensional impact parameter and its significance;

— The chi-square of the fit for the leading track of the 75, candidate;

— The ratio of the electromagnetic energy to the total energy within the 7, signal cone;

— The total number of signal and isolation photons with pr > 0.5 GeV;

— The ppr-weighted AR of photons within signal cone and the isolation annulus;

— The pp-weighted An and A¢ of photons in strips outside of signal cone.
A comparison between the performance of the cut-based and MVA-based isolations is
shown in Fig. m (right). Different BDT are trained for the old and new decay modes.

6.3.2 Performance in 2015 data

The performance of the algorithm is measured with the data collected at a center-of-
mass energy of 13 TeV in 2015.

Identification efficiency

The identification efficiency is measured in Z/y* — 7,7, with a tag-and probe method
similar as in Run-1. The events are again divided into a pass and fail regions depending
on whether the 75, candidates pass or fail the isolation discriminator under study. The
events are selected with the lowest unprescaled single muon trigger available in 2015 data;
offline the muon candidate should have a transverse momentum larger than 19 GeV and
In| < 2.1, and correspond to the object that fired the trigger. The muon should addi-
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discriminators. [110]

tionally have a relative isolation less than 0.1, pass the medium identification, and have
|d.| < 0.2 cm and d,, < 0.045 cm. The tau candidate is required to satisfy: pr > 20
GeV, |n| < 2.3, leading track pr > 5 GeV, old decay mode finding, no overlap with any
global muon with pr > 5 GeV. The muon and tau candidates should be separated by
at least AR = 0.5, and carry an opposite-sign charge. Finally, in order to reduce the
W +jets background, the transverse mass between the muon and the K7 is required to be
less than 40 GeV, and P, to be greater than -25 GeV.

The Drell-Yan, tt, diboson and single top processes are fully estimated from MC simula-
tions. The W+jets distribution is also taken from MC simulations, while its normalization
is taken from a region where the transverse mass is greater than 80 GeV. The QCD multi-
jet is estimated from a region where the tau and muon candidates have the same charge,
from the subtraction of other processes estimated from MC samples to the observed data.
The normalization in the signal region is obtained by applying a scale factor equal to 1.06.
The systematic uncertainties considered in the extraction of the final results are the same
as those used in Run-1. Simultaneous fits in the pass and fail regions are performed with
Myis OF Niracrs as observable, for the different isolation discriminators, as illustrated in
Fig. for the loose working point of the MVA-based isolation with old decay modes.
The data-to-simulations scale factors measured in 2015 data with both observables are
given in Tab. for different isolation working points: they are all compatible with
unity, with an uncertainty close to 6%.
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Figure 6.20: Distributions of the visible invariant mass between the muon and the tau candidates (top)
or of the number of tracks inside the signal and isolation cones of the 75, candidate (bottom), in the pass
(left) and fail (right) regions, for the loose working point of the MVA-based isolation discriminator with
old decay modes. The various processes are shown after the simultaneous maximum likelihood fit.

117



CHAPTER 6.

TAU LEPTON RECONSTRUCTION AND IDENTIFICATION

Table 6.10:

Data/Simulation
Niracks ‘ Myis

Cut-based
Old decay modes, loose 0.981 £ 0.055 | 1.016 £ 0.056
Old decay modes, medium 0.967 £ 0.054 | 1.006 £ 0.056
Old decay modes, tight 0.962 £ 0.051 | 0.999 £ 0.057
New decay modes, loose 0.982 £0.057 | 0.992 £ 0.057
New decay modes, medium 0.989 £ 0.060 | 0.990 £ 0.058
New decay modes, tight 0.985 4+ 0.057 | 0.986 4 0.059

MVA-based
Old decay modes, loose 1.027 £ 0.055 | 1.037 £ 0.054
Old decay modes, medium 1.007 £ 0.054 | 1.018 + 0.056
Old decay modes, tight 1.000 £ 0.052 | 1.027 £ 0.056
Old decay modes, very tight | 0.998 +0.052 | 1.015 + 0.055
New decay modes, loose 1.080 £ 0.090 | 1.026 £ 0.059
New decay modes, medium 1.055 £ 0.064 | 1.024 £ 0.057
New decay modes, tight 1.035 4+ 0.064 | 1.002 + 0.057
New decay modes, very tight | 1.054 +0.067 | 1.005 4+ 0.057

Data-to-simulation scale factors for the efficiency for hadronic tau decays to pass different

tau identification discriminators, measured in Z/v* — 77 events in data collected in 2015. The columns
labeled data/simulation give the ratio of efficiencies measured in data relative to the MC expectation, sep-
arately for the two cases that the observable Ni,.qcrs respectively my,;s is used in the maximum likelihood
fit. Old decay modes are a subset of new decay modes.

Charge misidentification rate

The tau charge misidentification rate is measured in 2015 data for the first time at
CMS. A tag-and-probe method is also used, and the events are this time divided into a
"same-sign (SS)" and on "opposite-sign (OS)" regions. The parameter of interest is the
data-to-MC scale factor for the tau charge misidentification rate; it directly multiplies the
Z/~v* — 7,7, signal in the SS region and is anticorrelated to the signal yield in the OS
region. The muon charge is supposed to be correctly reconstructed in all cases, which is
justified from MC studies. The selection is the same as for the identification efficiency
measurement, except that the 7, candidate is required to pass the tight combined isola-
tion working point, and that the visible invariant mass between the muon and the tau
candidates is required to be less than 100 GeV.

The background estimation methods are also the same as those used for the identi-
fication efficiency measurement, except that the QCD background cannot be estimated
in the SS region anymore as it is now a region used to extract the results. Instead, the
QCD background distribution is taken from a signal-free region where the muon and tau
candidates have a same sign charge, and the muon relative isolation is required to lie
between 0.1 and 0.5. The QCD multijet distribution is taken as the difference between
the observed data and the other backgrounds estimated from MC samples. The number
of events in the control region is about the same as in the signal region. To cover for a bias
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Figure 6.21: QCD multijet distributions obtained by subtracting other SM processes, estimated from MC
simulations, from observed data in four regions with different muon and 7, isolations. The QCD multijet
distribution is taken from a region with an anti-isolated muon (relative isolation between 0.1 and 0.5,
yellow line), and additional uncertainties are considered for masses between 40 and 50 GeV to account for
the difference observed between the distributions obtained in regions where the 7, isolation is inverted
(cyan and red lines).

that may be introduced by relaxing the muon isolation, an uncertainty is added in the
bins between 40 and 50 GeV. The size of this uncertainty is related to the shape difference
observed between the high-statistic distributions of events selected with an anti-isolated
tau candidate and an isolated or anti-isolated muon. The QCD multijet distributions
obtained in the four above-mentioned SS selections are illustrated in Fig. The QCD
normalization is taken from a signal-free region where the selection is the same as in the
SS signal region, except that the visible invariant mass between the muon and tau can-
didates is required to be larger than 100 GeV. A 10% uncertainty related to the limited
statistics in the high-m,;s region and to the extrapolation to the low-m,;, region is asso-
ciated to the normalization estimation. A scale factor equal to 1.06 4 0.05, measured in
a region where the muon isolation is inverted, is applied to determine the normalization
in the OS region. The visible mass distributions obtained after a simultaneous maximum
likelihood of the same-sign and opposite-sign regions are shown in Fig[6.22] The expected
charge misidentification rate for two-prong taus is about 23%, and a data-to-simulation
scale factor equal to 1.2 £ 0.3 is measured, leading to a misidentification rate in data of
approximately 28 +7%. Taus reconstructed with the old decay mode finding are expected
to have a mis-measured charge in about 0.25% of cases only; a data-to simulation scale
factor equal to 3.8%3% is measured, which indicates that the rate measured in data is
compatible with the rate predicted in MC simulations, and that it is less than 1.1% at
68% CL.
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The charge misidentification rate is measured separately for the old decay modes and
for the two-prong decays; it is expected to be higher for the two-prong taus, for which
the charge is chosen as the charge of the leading track. A simultaneous fit is performed in
the SS and OS categories, considering the same nuisance parameters as for the efficiency
measurement, except the following differences:

— The tau identification efficiency uncertainty is set to 5% and affects the signal in

both regions;
~ The QCD normalization has a 10% uncertainty correlated between the OS and SS
regions, and an additional 5% in the OS region only, associated to the OS/SS scale

factor.
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Figure 6.22: Visible mass distributions for the muon and 75, candidates, in regions where they have the
same (left) or a different (right) electric charge, obtained after a simultaneous maximum likelihood fit in
both regions. The 7, candidates considered in the top row figures pass the old decay mode finding, while
in the row below they are reconstructed in one of the two-prong decay modes exclusively.
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6.4 Chapter summary and personal contributions

Tau lepton reconstruction and identification in CMS

Tau leptons are an important ingredient in physics analyses, especially in the scalar
sector where their high mass compared to other leptons and to most quarks make
them a favored decay channel for scalars. Due to their short lifetime, taus decay
within the CMS detector: in about one third of cases they decay to an electron
or a muon plus neutrinos, while they otherwise decay hadronically. This chapter
describes first how hadronically decaying taus are identified in CMS. The first step
of the HPS algorithm is to reconstruct tau candidates in one of the possible decay
modes by counting the number of tracks and ECAL energy deposits. The second
step prevents jets, electrons and muons from being misidentified as hadronically
decaying taus, by applying among others isolation conditions. Typically, the al-
gorithm efficiency is 60% for a j — 7, misidentification rate at the percent level,
e — T, rate at the permille level and 1 — 75, rate below the permille level. The
performance of the algorithm is also measured in data collected by the CMS detec-
tor in 2012 and 2015. In particular, the efficiency in data is seen to be compatible
with the efficiency predicted by MC simulations, with about 6% uncertainty.

My contributions
Figures: [6.4}6.17), [6.2016.22

I have been responsible for the tau identification efficiency measurement in 2 — 7,7,
and in tt — bbut, events, for the anti-lepton discriminator efficiency performance
in Drell-Yan events, for the tau charge misidentification rate measurement, as well
as for the maximum likelihood fits for the e — 75, and 1 — 7, misidentification rate
measurements.
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Part 111

SM physics analyses

The next chapters detail searches for the SM scalar boson decaying to tau leptons.
Chapter[7 is devoted to the associated production with a Z boson, Chapter|[§ to the associ-
ated production with a W boson in the euy, final state, and Chapter[q to the combination
of the searches for the SM scalar boson decaying to taus produced in gluon-gluon fusion,
vector boson fusion or in association with a vector boson.
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Chapter 7

Search for the SM scalar in the ZH — (it
channel

In the SM, the scalar boson decays approzimately 6% of the time to taus if it has
a mass around 125 GeV. This decay mode, despite its relatively large branching
fraction, is challenging experimentally due to the similarity between hadronically
decaying taus, and quark and gluon jets. This chapter focuses on the production
of the SM scalar boson in association with a Z boson that decays to a pair of light
leptons (up or ee) ,@/ Fven if the ZH associated production has a low cross
section (about 2% of the total H boson production cross section at the LHC), the
two light leptons that originate from the Z boson can be identified more efficiently
than hadronic taus and contribute to a great background reduction.

7.1 Analysis overview

The analysis covers eight different final states. The Z boson can decay to a di-muon pair
or to a di-electron pair, while the di-tau final states from the H boson decay considered
in this analysis are 7.7, 774, 7,7, and 7,7,. Two di-tau final states, 7.7, and 7,7, are not
studied because they overlap with the H — ZZ* search and have anyway a very low
branching fraction. The dominant irreducible background comes from the ZZ diboson
production, while tiny irreducible contributions are also due to the t¢Z process. The rest
of the background consists in reducible processes, for which at least one jet is misidentified
as one of the four final state leptons. Reducible processes include essentially Z+jets and
W Z+jets processes, but also small fractions of ¢t or QCD multijet processes among others.
Irreducible processes are estimated directly from MC samples, while reducible processes
are estimated with data-driven methods based on the misidentification rates of jets as
leptons. Data samples correspond to 5.0 and 19.7 fb=! of parked datasets collected at 7
and 8 TeV respectively with a di-muon trigger path. The complete list of MC samples,
collected datasets and trigger paths, used in this analysis, can be found in Appendix [A]
The selected data and the expected processes are binned in distributions using the full
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invariant mass of the taus (see Section [7.4) as an observable, and results are obtained
from a fit of the expected processes to the observed data.

7.2 Selection

The event selection proceeds in three successive steps:

— Z boson candidate selection, from two same-flavor light leptons;
— H boson candidate selection, from two leptonic or hadronic taus;
— Other selection criteria common to all final states.

7.2.1 7 boson candidate selection

The Z boson candidate is reconstructed from two opposite-sign same-flavor light lep-
tons. The dilepton invariant mass is required to be compatible with the Z boson mass:
|me —myz| < 30 GeV. This selection criterion is loose because most backgrounds also have
a real Z boson. The events are triggered based on the two light leptons, and are required
to fire trigger paths with either two muons with pr(u1) > 17 GeV and pr(p2) > 8 GeV at
HLT, or two electrons with pr(e;) > 17 GeV and pr(es) > 8 GeV at HLT. This involves
that, to safely select events in the trigger efficiency plateau, the offline py for the light
leptons are required to be larger than 20 GeV for the leading lepton, and 10 GeV for the
subleading one.

The electrons in the case of Z — ee decays are required to pass the very loose PF
identification (see Section and to have a relative 03-corrected isolation less than
0.3. In addition, their pseudorapidity is such that || < 2.5. The muons in the case of
Z — i decays are global or tracker muons, and have an absolute pseudorapidity less
than 2.4. They are required to pass the loose PF identification, and to have a relative
0 5-corrected isolation less than 0.3.

7.2.2 H boson candidate selection

After a good Z boson candidate has been found, the four di-tau final states are se-
lected with different criteria. In every case, the two tau candidates are required to carry
an opposite-sign charge and to have a transverse impact parameter with respect to the
beam, |d.|, less than 0.1.

To select H — 7,7, decays, two hadronic taus with visible py greater than 15 GeV and
In| less than 2.3 are required. The taus need to pass the decay mode finding discrimina-
tor, and the medium cut-based isolation is chosen because it gives the best compromise
between signal efficiency and background (essentially Z-+jets) rejection, and brings the
highest signal sensitivity. In order to reject electrons or muons misidentified as hadronic
taus, the loose working points of the discriminator against electrons (MVA-based) and
muons (cut-based) are applied to the tau candidates.
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| Final state || T isolation | e/ relative isolation [ Ly (GeV) |
Uty medium cut-based - 70
ety loose cut-based 0.2 30
Ut loose cut-based 0.3 45
UteT, - 0.3 25

Table 7.1: Optimal thresholds on the lepton isolation and on Ly for the different di-tau final states.

The selection of the H — 7.7, channel requires the presence of an electron with pr
greater than 10 GeV and || less than 2.5, and of a hadronic tau with pr greater than
15 GeV and |n| less than 2.3. The electron is required to pass the loose MVA ID and
to have a relative isolation less than 0.2. The hadronic tau is required to pass the decay
mode finding discriminator, as well as the loose cut-based isolation, the loose cut-based
discriminator against muons and the tight working point of the MVA-based discriminator
against electrons to reduce the probability of selecting a Z boson decaying to a di-electron
pair.

The H — 7,7, decay is reconstructed from a muon with py greater than 10 GeV and
In| < 2.4, and from a hadronic tau with pr greater than 15 GeV and |n| < 2.3. The muon
is required to pass the tight PF identification and to have a relative d 5-corrected isolation
less than 0.3. The hadronic tau needs to pass the decay mode finding discriminator, the
loose cut-based isolation, the tight working point of the cut-based discriminator against
muons and the loose working point of the cut-based discriminator against electrons.

In the H — 7.7, case, an electron with pr greater than 10 GeV and |n| < 2.5, as well
as a muon with pr greater than 10 GeV and |n| < 2.4, are selected. The muon is required
to pass the tight PF identification and to have a relative §3-corrected isolation less than
0.3, while the electron passes the loose MVA identification and has a relative ¢ 5-corrected
isolation less than 0.3.

The identification and isolation conditions on the leptons have been chosen in such
a way as to optimize the analysis sensitivity to the hypothetical presence of a signal.
Additionally, upper exclusion limits are found to improve if the events are selected with
a minimal threshold on the Ly variable, defined as the scalar sum of the visible trans-
verse momenta of the two tau candidates. Indeed, backgrounds, and especially reducible
processes, typically produce leptons with lower transverse momenta than the signal. The
light lepton isolation and Ly thresholds in each final state are chosen to optimize simul-
taneously the expected upper limits on the signal strength for a scalar boson with a mass
of 125 GeV, as shown in Fig. [7.1] The optimized isolation values have been quoted in the
previous paragraphs, and the Ly thresholds are 70, 30, 45 and 25 GeV in the 7,7, ToTh,
7,7, and 7.7, di-tau final states respectively. A summary of the optimized isolations and
Ly thresholds for the different di-tau final states are given in Tab. [7.1]
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Figure 7.1: Expected upper limit on the signal strength for a scalar boson with a mass of 125 GeV
produced in association with a Z boson, for different lepton isolations and Lz thresholds, in the £07,7y,
(top left), €ltery, (top right), 07,1, (bottom left) and 7.7, (bottom right) final states, using data
collected at 8 TeV center-of-mass energy. In the ¢¢7;,7, final state, the minimal limit is obtained with
the medium working point of the cut-based isolation and Ly > 70 GeV, while Ly > 30 GeV and relative
electron isolation less than 0.2 are found to optimize the limits in the £¢7.7, final state. In the ¢¢7,7,
final state, LT > 45 GeV and muon relative isolation between 0.25 and 0.35 minimize the expected limit,

LT(=Pt, + Pt,) [GeV]

and in the ¢¢7.7, final state the best Ly threshold is 25 GeV.
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7.3. BACKGROUND ESTIMATION

7.2.3 Other common selection criteria

In order to reduce backgrounds with b jets, such as t¢ (reducible) or t¢Z (irreducible),
events that have a jet with pr greater than 20 GeV, |n| < 2.4, and passing the medium
working point of the CSV discriminator are discarded. In addition, the four selected
leptons need to be separated from each other by at least AR = 0.5, and to come from the
same primary vertex (|d,| < 0.1). To prevent a single event from passing the selection of
different final states, a veto on extra muons and electrons is imposed: if a muon or an
electron with relative isolation less than 0.3 and pr greater than 10 GeV is found on top
of the four selected leptons, the event does not pass the selection for this final state.

7.3 Background estimation

7.3.1 Irreducible process estimation

The irreducible processes, ZZ — 4/ in its qq and gg production modes, as well as the
tiny ttZ and ZH — ZWW contributions, are estimated from MC samples and normalized
to their (N)NLO cross sections. The H boson decays to a pair of W bosons contribute
mainly to the di-tau final state with one electron and one muon, and are considered as a
background because the search targets H boson decays to taus only.

7.3.2 Reducible process estimation

All backgrounds that possess at least one jet misidentified as one of the four final state
leptons, are estimated together with data-driven methods. The normalization and the
distribution of the reducible processes are estimated separately. The dominant contribu-
tions come from Z-+jets where two jets are misidentified as tau candidates, and W Z-+jets
where one jet is misidentified as a tau candidate.

Reducible background distribution

The distribution of the reducible background is obtained by selecting tau candidates
with a same-sign charge (SS region). This effectively removes the contributions from
Z 7 — 4¢ and from the signal, and only leaves reducible processes. However, applying
the full selection described in Section except that the charge requirement on the tau
candidates is inverted, leads to a statistically limited control region. In order to obtain
smoother templates populated with more data events, some selection criteria that do not
bias the distributions need to be relaxed. The isolation on the light leptons is relaxed to
2.0 instead of 0.2 or 0.3 in the signal region; this can be shown not to bias the distributions
(see Fig. . The hadronic taus are not required to pass the loose or medium working
points of the cut-based isolation, but to have a BDT output of the MVA-based isolation
without lifetime information greater than 0. Relaxing the Ly thresholds is seen to shift
the m., distributions to lower values, as shown in Fig. Therefore, all Ly thresholds
are kept the same as in the signal region.
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Figure 7.2: Reducible background distributions in the ¢¢7,7), (left) and £¢1,7), (center and right) final
states, obtained from a region where the two tau candidates have a same-sign charge, and no L selection
criteria are applied. The distributions are shown for different MVA output thresholds for hadronic tau
isolations (left and center), or for different relative muon isolation (right). Within the statistical errors,
the distributions are compatible with each other, which indicates that the isolation thresholds can be

relaxed to obtain smoother non-biased templates.

19.7 fb™at 8 TeV, li1,1, final state

=1 F
©0.25~

[ L, > 30 GeV

0.2~ ] L, >50 GeV

r —L,;>70GeV
015
0.1:—
0.05]-

r — I

) e A N RN ARV RV

0 150 200 250

M. [GeV]

19.7 fbtat 8 Tev, Il wr, final state

S0.22F
© L
0.2
E L;>25GeV
0.18F
E L; > 35 GeV
018F — L, >45GeV
0.14
0.12F
0.1+
0.08F J
0.06
0.04F [_
002 | -
Fov v b v b b |
0 100 150 200 250
My [GeV]

Figure 7.3: Reducible background distributions in the 473,73, (left) and €7, 73, (right) final states, obtained
from a region where the two tau candidates have a same-sign charge, and pass the relaxed isolation values
described in the text. The distributions are shown for different L1 thresholds. As the Lp selection criteria
bias the reducible background mass distributions, they are not relaxed to model the distribution in the

signal region.
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Reducible background normalization

The normalization of the reducible background is estimated with the so-called "misiden-
tification rate method". The reducible background is essentially composed of Z-+jets
events, with two jets misidentified as leptons, and of W Z+jets with one jet misidentified
as a lepton. One can note f; the probability that the jet ¢ is misidentified as a lepton
and z; the probability that the lepton i is correctly identified as a lepton, and divide
the events into four different categories depending on whether the tau candidates pass
the isolation and identification criteria (N,,: both tau candidates pass the isolation and
identification criteria, N,¢: the first tau candidate passes and the second one fails the
isolation and/or identification criteria, Ny,: the first tau candidate fails and the second
one passes the isolation and/or identification criteria, Nys: both tau candidates fail the
isolation or identification criteria). For a total number Nz of Z+jets events, where the
two tau candidates are jets, the contributions in the four regions are:

Npp = Nz f1f2

Npp =Nz fi(1 = f2)

Nyp = Nz(1 = fi)f

Ny =Nz(1 = fi)(1 = f2)

For a total number Ny 7, of W Z-+jets events, where the first tau candidate is a lepton
and the second one a jet, the contributions in the four regions are:

Npp = Nwanzifa

Npr = Nwziz1(1 — f2)

Npp = Nwzi(1 —x1)fo

Ny = Nwzi(1 —21)(1 = f2)

NWZI — (72)

For a total number Ny 7o of W Z-+jets events, where the first tau candidate is a jet
and the second one a lepton, the contributions in the four regions are:

Npp = Nwzafizo
Nyr = Nwzafi(1 —x2)

e Nyp = Nwza(1 — f1)z2 (73)
Npp = Nwzz(1 = f1)(1 — 22)
Therefore the total number of events in the four regions are:
Npp = Nzfifo + Nwzixi fo + Nwzafixo
Npr = Nzfi(1 = fo) + Nwzizi(1 — f2) + Nwzafi(1 — x9) (7.4)

Nyp=Nz(1— fi)fa+ Nwz1(1 — 21) fo + Nwza(1 — fi)xe
Nip=Nz(1— fi)(1 = fa) + Nwz1(1 —21)(1 — fa) + Nwza(l — f1)(1 — 22)
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One can see that the contribution of events in the signal region, N,,, is given by a
weighted combination of the events in the three other regions:

5 / I
=N N - NS = )

The first term of the equation counts the W Z-+jets events with the first tau candidate be-
ing a lepton and the Z+jets events, whereas the second term counts the W Z+-jets events
with the second tau candidate being a lepton and the Z+jets events. The subtraction of
the third term removes the Z+jets contribution because it has been counted twice. If N,
ends up to be negative, the reducible background contribution is estimated to be equal to
the positive third term. The different terms of the equation are given for every final state
studied in this analysis in Tab. together with the estimated reducible background
yield obtained by combining them.

N,

pp

(7.5)

Channel Ny Nyy Nyp Estimated N,
Weighted ‘ Raw | Weighted | Raw | Weighted ‘ Raw
wity Ty (7 TeV) 0.17 4545 0.15 24 0.16 55 0.1440.05
pptet (7 TeV) 0.42 2943 0.65 37 0.80 132 1.03£0.18
ppth (7 TeV) 0.07 544 0.72 33 0.23 16 0.88+0.18
pptet, (7 TeV) 0.03 162 0.13 4 0.03 3 0.134+0.09
eery Ty, (7 TeV) 0.15 4187 0.55 23 0.15 48 0.56+0.14
eet, T (7 TeV) 0.09 555 0.33 27 0.07 8 0.31+0.09
eet.ty, (7 TeV) 0.42 2969 1.00 54 0.46 87 1.04£0.19
eete., (7 TeV) 0.04 148 0.09 7 0.09 6 0.15+0.08
wity T (8 TeV) 0.86 18849 3.04 157 0.91 270 3.09+0.30
it (8 TeV) 1.88 14107 6.53 187 2.74 502 7.384+0.62
wipTy, (8 TeV) 0.39 2853 3.97 156 0.98 67 4.55+0.44
pptet, (8 TeV) 0.27 879 0.90 52 0.92 46 1.55+0.27
eerp 7, (8 TeV) 0.81 17560 2.23 149 0.87 277 2.30+0.24
eet, T (8 TeV) 0.36 2506 2.58 138 0.59 54 2.814+0.31
eet.ty, (8 TeV) 1.75 12655 4.82 198 2.60 430 5.671+0.48
eet.7, (8 TeV) 0.20 691 0.23 33 0.77 37 0.80+0.17

Table 7.2: Weighted and raw contributions in the Ny¢, N, and Ny, regions, and their combination to
obtain an estimate of the yield of the reducible background in the N, region. The last column is the sum
of the weighted Ny, and N, s, minus the weighted Ny, and the quoted uncertainty is statistical only.

In order to apply the misidentification rate method, and to estimate the yields pre-
sented in Tab. [7.2] the rates with which jets are identified as electrons, muons or hadronic
taus need to be computed. They are evaluated from signal- and ZZ-free regions, obtained
with the signal selection except that the tau candidates are required to carry a same-sign
charge and that there is no requirement on their isolation and identification (such candi-
dates are called "relaxed" in the rest of the section).

The rate with which jets j are misidentified as 7, (j — 75, misidentification rate)
is computed for events with two relaxed 75, candidates that have a same sign charge,
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Figure 7.4: Rates with which jets are misidentified as hadronic taus, in the barrel (left) and endcap
(right) regions, for the isolation working points used in the ¢, (top) and €07, 7, (bottom) final states.
The fit uncertainties are shown with yellow bands, while 20% uncertainty bands are shown in blue.

following the (¢, 7, selection criteria except that the L; threshold is lowered from 70
to 50 GeV. It corresponds to the ratio between the number of relaxed taus passing the
isolation over the total number of relaxed taus. There is a strong dependence of the
misidentification rate on the transverse momentum of the taus, because high p; hadronic
taus tend to get more collimated, which ensures a better distinction from quark and gluon
jets. However the transverse momentum of tau candidates that do not pass the decay
mode finding discriminator is not a well defined quantity, and a better variable is the
transverse momentum of the jet closest to the tau candidate. Therefore, the 7 — 7
misidentification rates are computed as a function of the transverse momentum of the
closest jet, and can be parameterized by decreasing exponentials with three constants ¢y,
c9, and c3 as:

f(pr) = 1 + c2e™T. (7.6)

The 7 — 75, misidentification rates are measured separately for the loose and medium
working points of the cut-based isolation, in the barrel and endcap regions, and the four
corresponding curves are shown in Fig. [7.4] .

The 7 — e and 7 — p misidentification rates are measured in events with a good Z
boson candidate, a hadronic tau and a light lepton, following the ({77, and ({7, selec-
tions. Again the tau candidates are required to carry the same charge, and the electron
or muon isolation and identification criteria are relaxed. In order to increase the num-
ber of selected events, the 7, is required to have a py larger than 5 GeV instead of 15
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Figure 7.5: Rates with which jets are misidentified as muons (left) or electrons (right), in the £feyu (top)
or ¢ty (bottom) final states, for the isolation and identification working points used in the respective
final states. The fit uncertainties (shown with yellow bands) are fully covered by 30% uncertainty bands
(shown in blue).

GeV in the signal region. The presence of events with real electrons and muons, such as
W Z-+jets events, is reduced by requiring the transverse mass between the light lepton and
the transverse missing energy to be less than 30 GeV. To be consistent with the j — 7,
case, the misidentification rates are also parameterized as a function of the closest jet to
the electron/ muonEl with a decreasing exponential. They are measured for the different
isolation and identification criteria chosen to select the di-tau candidates in the different
final states. Because of the limited number of events selected, the misidentification rates
are measured for the barrel and endcap regions together. The misidentification rate func-
tions are illustrated in Fig.

To validate the background estimation method, the results from the reducible back-
ground estimation in the £¢7, 1, are compared to the observed data, in a signal- and ZZ-free
region where the two tau candidates have the same sign. Better statistical precision is
achieved by relaxing the Ly selection criterion and the hadronic tau isolation. As shown
in Fig. both are in good agreement, in terms of distribution and normalization.

1. If no jet is found within a cone of AR = 0.5 around the light lepton, then the transverse momentum of the light
lepton itself is considered.
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Figure 7.6: Comparison between the reducible background estimation and the observed data in the £47, 7y,
final state, in a control region where the tau candidates have the same charge. Compared to the final
signal selection, the isolation and Ly conditions have been relaxed to increase the number of selected
events.

7.4 Di-tau mass reconstruction

As neutrinos are always present in tau decays, computing the invariant mass of two
taus from their visible decay products underestimates the real mass of the resonance and
leads to a poor mass resolution. The SVfit algorithm [111] can reconstruct the full di-tau
mass with a likelihood technique. The kinematics of a tau decay is described by two or
three parameters, in the case of hadronic or leptonic tau decays respectively:

— X, the fraction of tau energy carried by the visible decay products;

— ¢, the angle between the visible decay product system and the full tau lepton mo-

mentum vector;

— My, the invariant mass of the two neutrinos in case of a leptonic tau decay.

This leads to between four and six unknowns for a di-tau system. However, only two
measured parameters can constrain the momenta of the neutrinos: the transverse missing
energy magnitude and its orientation.

A probability P(m.,) can be measured for any hypothetical di-tau mass m.,; the best
estimate of the di-tau mass corresponds to the mass that maximizes this probability. The
probability is computed as follows:

Pler) = [ 80mee = mer (5. 8)p(a1g. ) (7.7)

where the tau decay pair kinematics is described by @ = (X1, ¢1,m} , Xo, o, m2)), the
visible decay product momenta are given by ¢ = (p{**, p5**) and the missing transverse
energy vector is Z. The expression p(Z|y, @) represents the probability that a given missing

transverse energy is measured knowing the values of the visible decay products momenta
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and the tau decay kinematics.

The likelihood p(Z|y, @) is the product of the likelihood functions for both tau decays
and of the likelihood function describing the compatibility of a di-tau pair decay with the

measured E7T. The individual likelihood functions are the following ones:

— Leptonic tau decays are modeled with matrix elements, and, assuming unpolarized
taus, their likelihood functions read:

dl’ My,

e = Xdmyydo ™ am?2

(m? + 2my, ) (m7 —my,). (7.8)

— For hadronic tau decays, the likelihood function is:

_dr 1 1
TdXde 2w\ e |

T

L (7.9)

where the visible decay products are considered as a single particle with mass m,;s.

— If neutrinos are the only source of missing transverse energy, the measured K7 should
be equal to the vectorial sum of the transverse momenta of all neutrinos. However
some differences between the two quantities can occur because of experimental res-
olution effects. The latter are taken into account when building the £ likelihood,
assuming a Gaussian resolution:

1 1 E—EpV>T .
e exp | == (B ) VU(E,—Spt E,—Sp)|.  (7.10
21/ |V| p< 2(Ey_2py ( P ! Py) ( )

In this expression V' is the missing transverse energy covariance matrix of the event.

With respect to the so-called visible mass, the SVfit mass, later simply denoted m.,,
improves significantly the mass resolution and ensures a better discrimination between
the scalar boson signal and the Z boson background, as illustrated in Fig. [7.7] In the
context of the analysis presented in this chapter, the improvement on the expected upper
limit brought by using the SVfit algorithm, ranges from about 10 to 40% depending on
the probed H mass, as illustrated in Fig.

7.5 Systematic uncertainties and simulation corrections

The simulations are reweighted so that they reproduce the number of true vertices
measured in data.

Theoretical uncertainties on the signal cross section arise from variations of the renor-
malization and factorization scales (2.9% and 3.1% at 7 and 8 TeV respectively), and from
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Figure 7.7: Invariant mass of two taus, using only visible decay products (left) or with the SVfit algorithm
(right). One tau is chosen to decay hadronically, while the second one decays leptonically to a muon plus
neutrinos. The Z — 77 background is represented by the filled yellow area, whereas the black distribution
represents a SM scalar boson signal with a mass of 125 GeV. The SVfit mass enhances the separation
between the two processes with respect to the visible mass, and brings a better mass resolution for the
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Figure 7.8: Expected upper limits at 95% CL on the signal strength of the H boson, in the ZH — 1T
channel, with 8 TeV data. The orange dashed line indicates the limit obtained when using the visible
invariant mass of the taus as observable, and the plain blue line shows the corresponding limit when the
SVfit-reconstructed mass, m.,, is the observable.
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uncertainties on the parton distribution functions (2.7% and 2.5% at 7 and 8 TeV respec-
tively) [112]. The ZZ production cross section also suffers from theoretical uncertainties
from parton distribution functions and QCD scale. The uncertainty on the cross section
of the ttZ process is 50% ,, while 44% uncertainty is assigned to the g9 — ZZ

background to account for theoretical uncertainties from QCD scale.

Because the lepton identification and isolation efficiencies differ in data and simula-
tions, the MC events are reweighted with some scale factors, determined via tag and probe
methods. The scale factors and their uncertainties are usually measured for different pp
and |n| values of the leptons. The uncertainties amount to 2% per single muon, 2% per
single electron and 6% per single hadronic tau. Conservatively, they are multiplied by
the number of leptons. The simulations are also corrected for the differences in trigger
efficiency observed in data. The muon and electron trigger efficiency uncertainties amount
to 1% and are also measured from tag and probe methods. An uncertainty of 1%, intro-
duced by the b-tag veto, is associated to the yield of all processes estimated from MC
simulations. The effect on the yield is relatively small because the mis-tagging rate is low.
The luminosity uncertainty amounts to 2.2% in 2011 [115] and 2.6% in 2012 [109]. It is
fully correlated between all processes estimated from MC samples, namely the irreducible
backgrounds (ZZ — 44, ttZ and ZH — ZWW) and the signal samples.

An uncertainty of 3% is related to the tau energy scale, as explained in Chapter[6] This
does not only impact the normalization of the distributions taken from MC simulations
(if a tau has a larger energy, it is more likely to pass the pr threshold requirements),
but also their distributions (m,, strongly depends on the visible four-momenta of the
two taus). Therefore the tau energy scale is considered as a shape uncertainty, and two
additional distributions for every MC-estimated process, corresponding to the variations
by +1 standard deviation of the tau energy scale, are provided to compute the limits.
The nominal and alternative distribution for the signal and irreducible backgrounds are
shown in Fig. [7.9 for two di-tau final states.

The uncertainty on the normalization of the reducible background comes from the fits
of the misidentification rates, which are statistically limited. The fit functions are mod-
ified within their uncertainties, and the yields of the reducible processes are recomputed
for the variations, which permits to compute a yield uncertainty related to the modifi-
cations of the fit functions. It can be seen that a 20 or 30% uncertainty band can cover
the variations of the j — 7, or j — e/p fit functions respectively. The uncertainty asso-
ciated to a given fit function is fully correlated between the final states where it is used
to compute the reducible background yield, while uncertainties associated to different fit
functions are fully uncorrelated. The uncertainties by final state range from 15% (£07,,73)
to 30% (¢lep). The smaller yield uncertainty in the £¢7,7;, final state is the consequence
of the better statistical precision in the fit functions because the ;7 — 7, misidentifica-
tion rate is more than one order of magnitude larger than the j — ¢ misidentification rates.
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Because the number of events after all selection criteria is low for the MC-estimated
processes, an uncertainty between 5 and 50%, depending on the final number of events,
is assigned to the MC processesEl. This uncertainty is not correlated between final states
as it only has a statistical origin, and is not correlated between processes either.

Finally, bin-by-bin errors are taken into account for every process, estimated from MC
simulations or with data-driven method. Because this results in a large number of ad-
ditional shape uncertainties, these uncertainties are pruned: only those that modify the
yield in a bin by more than 10%, or in a 50 GeV m., window around 125 GeV, are kept.
This pruning is checked to have a very limited impact on the final results.

A summary of the systematic uncertainties and of their effects on the yields of the
different processes can be found in Tab. [7.3

Systematic Source Effect on yield
HUUTRTh ‘ E€EeTHTH ‘ MUUTeTh ‘ €ETeTh ‘ HUTuTh ‘ CETTh ‘ MU TeTy ‘ CETeTy
Luminosity (2011) 2.2%
Luminosity (2012) 2.6%
g Muon trigger 1% - 1% - 1% - 1% -
e Electron trigger - 1% - 1% - 1% - 1%
g Muon 1D /iso. 4% - 4% - 6% 2% 6% 2%
& Electron ID/iso. - 4% 2% 6% - 4% 2% 6%
Tau ID/iso. 12% 12% 6% 6% 6% 6% - -
Tau energy scale shape -
b-Jet veto 1%
PDF q4 — ZZ 5%
PDF gg — 27 10%
. PDF qq — ZH 2.5%
5 | Scale variation q@ — ZZ 6%
£ | Scale variation VH (2011) 3.1%
& | Scale variation VH (2012) 2.9%
ttZ cross section 50%
g9 — ZZ cross section 44%
g Loose j — T3, rate - 20% ‘ -
‘% Medium j — 7, rate 15% -
E Tight j — e rate - 10% [ -
% Loose j — e/u rate - 30%
- Tight 7 — u rate - [ 10% -
% Bin-by-bin errors shape
% | Limited gg — ZZ sample 5% 5% 5% 5% 5% 5% 5% 5%
< | Limited qg — ZZ sample 5% 5% 5% 5% 5% 5% 5% 5%
3 7
m Limited ttZ sample 50% 50% 30% 30% 30% 30% 15% 15%

Table 7.3: Sources of systematic uncertainties, and the effects their variations by +1 standard deviation
have on the yield of the different signal and background processes.

2. The most limited MC samples after selection, which are assigned an uncertainty as large as 50%, contribute to the
expected yield by a negligible amount.
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Figure 7.10: 3D view of a event compatible with a ZH — put, 7, decay, recorded by CMS at 8 TeV
center-of-mass energy in November 2012. In the figure, starting from the upper left corner and proceeding
clockwise, the green cone indicates the hadronic tau (pr = 19.0 GeV) potentially coming from the SM
scalar boson decay, the first red line in the negative pseudorapidity region represents the first muon
(pr = 18.4 GeV), daughter of the Z boson, then, in the positive pseudorapidity, region the second red
line indicates the muon (pp = 47.5 GeV) coming from the decay of the tau from the scalar boson decay,
and the third red line represents the second muon coming from the Z boson (pr = 22.0 GeV). The Z
boson candidate has a mass of 91.0 GeV and the full di-tau mass of the scalar boson candidate, m.,, is

122.8 GeV. [116)

7.6 Results

After the selection, only 84 data events remain, and some of them have a di-tau mass
m,, compatible with 125 GeV. This is the case for example of an event recorded on
the 15th of November 2012: the event is selected with the pu7,7), selection and has m.,
equal to 122.8 GeV. A three-dimensional view of this particular event is shown in Fig.[7.10]

A simultaneous maximum likelihood fit is performed in all final states; the resulting
postfit distributions are shown in Fig. and at 7 and 8 TeV center-of-mass energy
respectively. The predicted and observed yields for the different final states and data
taking periods are detailed in Tab. The maximum likelihood fit permits to extract
the best-fit signal strength, as well as the pulls on the nuisance parameters. The signal
strength for the combination of the eight final states at 7 and 8 TeV is found to be:

fi=1.61+1.85. (7.11)

The spread of the measured signal strengths for the different di-tau final states and the
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Process H Signal Background ‘ Data ‘ HLB ‘
ee +eu 7 TeV 0.045 £ 0.002 1.0 £ 0.1 1 0.077
pp+ep 7 TeV 0.051 £ 0.002 1.0 £ 0.1 3 0.100
ee + 1,1, 7 TeV || 0.061 £+ 0.004 1.1 +£0.1 1 0.127
pp+ 1R 7 TeV || 0.073 £ 0.006 0.8 £0.1 0 0.195
ee+erp, 7 TeV 0.075 £+ 0.004 2.24+0.1 4 0.077
pp ety 7 TeV 0.078 £ 0.004 22+0.1 1 0.092
ee + uty 7 TeV 0.087 £ 0.004 1.5 +£0.1 2 0.135
pp 4+ pry 7 TeV 0.111 + 0.005 24+£03 2 0.103
ee+eu 8 TeV 0.185 £ 0.007 4.0 +£ 0.2 4 0.082
up+ep 8 TeV 0.202 £ 0.008 51403 9 0.105
ee + 1,1, 8 TeV || 0.260 % 0.020 4.8 £04 9 0.148
wp+ 1 8 TeV || 0.285 4+ 0.022 5.8 £ 04 4 0.150
ee +etp, 8 TeV 0.279 £ 0.013 | 10.2 £ 0.5 13 0.063
pp + ety 8 TeV 0.293 £ 0.014 | 122+ 0.6 8 0.081
ee + uty, 8 TeV 0.385 4+ 0.018 7.6 £ 04 11 0.149
w4+ pry 8 TeV 0.427 £ 0.021 | 10.5 £+ 0.6 12 0.092

Table 7.4: Observed and predicted event yields in all final states and data taking periods. Background
contributions are measured after a simultaneous maximum likelihood fit of all final states, whereas the
signal at my = 125 GeV is normalized to the SM expectation. The last column, S/(S + B) represents
the ratio of the signal and signal-plus-background yields in the central m.,, range containing 68% of the
signal events for mpy = 125 GeV.

different data taking periods is shown in the left-hand side of Fig. [7.13] Computing the
chi-square of this set of measured signal strengths with respect to the best-fit value [
for the combination, and comparing it to the chi-square distribution for toys generated
with the background-plus-signal hypothesis with @ = /i, one can see that such a spread is
expected and reasonable. This is illustrated in the right-hand side part of Fig. [7.13]

As no excess of data above the expected backgrounds is observed, upper limits on
the signal strength are set at 95% CL, using the asymptotic C' L, method. The limits
obtained in the four di-tau final states are shown in Fig. [7.14] The ¢{u7, final state is the
most sensitive channel because of the clear signature left by muons in the detector, while
the 001, 7, is the second one because of the large branching fractions for taus to decay
hadronically. They can be combined together, as illustrated in Fig. [7.I5] The upper
expected limits on the signal strength range from about 2.5 to 20 depending on the H
boson mass probed. These results are compatible with those obtained by the ATLAS
Collaboration [117].
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Figure 7.11: Expected and observed m., distributions in the eight different final states at 7 TeV. The
distributions are obtained after a maximum likelihood fit that includes the nuisance parameters discussed

previously.
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Figure 7.12: Expected and observed m., distributions in the eight different final states at 8 TeV. The
distributions are obtained after a maximum likelihood fit that includes the nuisance parameters discussed
previously.
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Figure 7.13: Left: Best-fit signal strengths per period and di-tau final state (black squares and red
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and chi-square distribution for toys generated with a signal strength equal to the best-fit combined value.
42% toys have a chi-square larger than the observed one, which indicates a very reasonable spread of
measured individual strengths.
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Figure 7.15: Expected and observed 95% CL upper limits on the scalar boson signal strength for the
combination of all final states at 7 and 8 TeV [116] (left) and decomposition of the expected limit between
different di-tau final states (right).

7.7 Chapter summary and personal contributions

Search for the SM scalar in the Zh — ¢¢77 channel

H — 77 is the most sensitive decay channel to test the Yukawa couplings of the
recently discovered boson. Because of the large j — 7, fake rate, studying this
decay in the dominant gluon-gluon fusion production mode leads to large Drell-
Yan and QCD multijet background. Even though the associated production with
a Z boson has a cross section more than one order of magnitude lower, searching
for ZH — (lTT events is viable due to the large background reduction that can
be achieved by selecting the two light leptons originating from the Z boson. The
irreducible ZZ — 4¢ background is estimated from MC samples, while reducible
processes are determined via the misidentification rate method. The analysis is
sensitive to about four times the expected signal cross section in the SM.

My contributions

Figures: [T278) RT3} [TIH-T5

[ have participated in the ZH — £077 results, at all stages of the analysis (selection
optimization, background estimation, ...), and have been responsible for the limit
setting.
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Chapter 8

Search for the SM scalar in the WH — eum,
channel

The cross section for the associated production of the SM scalar boson with a
W boson s several times larger compared to the associated production with a Z
boson, but the background reduction is less strong because of a less clean signature.
Two analyses have been performed with the data collected in Run-1 by the CMS
detector ,@V one for fully hadronic tau decays W H — (1,1, and the second one
for semi-leptonic di-tau final states WH — {1y1,. The eut, final state of the
latter channel, where the W boson decays to a light lepton and a neutrino, one
of the taus to a light lepton of the other flavor, and the other tau hadronically,
is the object of this chapter.

8.1 Selection

This analysis targets leptonic W boson decays with one light lepton (electron or muon),
leptonic decays of one of the taus, and hadronic decays of the other tau. The eu;, final
state is described in this chapter, whereas the pu, final state is included in [16], and the
eeTy, final state is not studied because of its lower sensitivity

The events are selected with asymmetric electron-muon trigger paths, for which the
leading lepton is required to have a transverse momentum greater than 17 GeV, and the
subleading one greater than 8 GeV. Offline, the lepton matched to the leading trigger leg
is required to have a transverse momentum greater than 20 GeV, while the lepton matched
to the subleading trigger leg should have a transverse momentum greater than 10 GeV. In
addition, the electron candidate is selected with |n| < 2.5, |d,| < 0.2 cm, loose MVA iden-
tification and a relative isolation less than 0.15 (0.10) for |n| < 1.479 (> 1.479). Requiring
the three charge estimates to be consistent with each other reduces the electron charge

1. The lower sensitivity of the eer, final state compared to the pu7y, final state can be explained by the more efficient
muon reconstruction and identification, and by the larger electron charge misidentification, which plays a role because the
light leptons are required to carry the same electric charge to reduce the Drell-Yan background.
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misidentification rate. The muon candidate is selected with |n| < 2.4, |d,| < 0.2 cm, tight
PF identification, and a relative isolation less than 0.15 (0.10) for |n| < 1.479 (> 1.479).
Both light leptons are required not to be associated to a jet that has a CSV discriminator
greater than 0.8. The tf background is drastically reduced by requiring the electron and
the muon to have the same electric charge. The 7, candidate is required to have a different
electric charge, to have pr > 20 GeV, |n| < 2.3, |d.| < 0.2 cm, and to pass the decay mode
finding discriminator, the loose working point of the cut-based isolation, the loose working
point of the cut-based discriminator against electrons, and the loose working point of the
cut-based discriminator against muons. In the case where the invariant mass between the
electron (muon) and tau candidates is in a 40-GeV wide window around the Z boson mass,
the tight working point of the discriminator against electrons (muons) is chosen to reduce
the Drell-Yan background Z/~v* — ee and Z/v* — pu contribution. All three objects are
required to be separated by at least AR = 0.5. Events that contain a b-tagged jet (tight
CSV working point), or additional identified electrons, muons or taus, are vetoed. The ex-
tra lepton veto prevents any overlap with the ZH — £¢77 analysis described in Chapter [7]

Events collected at a center-of-mass energy of 8 TeV are divided into two categories
according to L, the scalar pr sum of the three leptons: the Lp-high category is char-
acterized by Lr > 130 GeV and the Lp-low one by Ly < 130 GeV. Because of the
lower integrated luminosity in 2011, 7 TeV events are grouped in a single category with
Ly > 70 GeV. This categorization improves the sensitivity of the analysis because signal
events typically have a larger Lr than background events.

8.2 Background estimation

Irreducible backgrounds correspond to processes with at least three real leptons in the
final state, namely WZ — 30v and ZZ — 4¢. The ZZ — 4 process is reduced by
requiring the event not to have more than three identified leptons. These diboson con-
tributions are estimated from MC samples, and normalized to their predicted NLO cross
sections [11§].

Other backgrounds feature at least one misidentified object, and are classified as re-
ducible. Reducible processes include among others W-tjets, tt, though greatly reduced by
the same sign charge requirement on the light leptons, QCD multijet, and Z+jets events.
These backgrounds are estimated together with a misidentification rate method. The
principle of the method is the same as described in Chapter [7] for the ZH — ({77 analy-
sis. In this case, the "fakeable" objects are considered to be the muon and the electron,
and the j — e and j — u rates therefore have to be measured in data. These misidentifi-
cation rates are measured in a W-+jets-enriched region in data, defined in the same way
as the signal region except that the events should not include a 75, candidate. In addition,
the region is enriched in W-+jets events by requiring the transverse mass between the
"tag" lepton (the lepton that passes all identification and isolation conditions) and the
F'r to be greater than 55 GeV, and the transverse mass between the "probe" lepton (the
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lepton without identification and isolation conditions for which the misidentification rate

is measured) and the K7 to be less than 35 GeV. In order to make the topology as close
as possible to the signal region, an additional jet with py greater than 20 GeV is required
to mimic the presence of the hadronically decaying tau.

The misidentification rates for electrons and muons are determined independently with
a k-Nearest Neighbors (kNN) classifier (see Section [.7)). This allows the rates to depend
on a large number of variables. In practice, three variables are chosen in this analysis:
the probe lepton pp, the pr of the jet closest to the probe lepton, and the number of
jets with pr > 20 GeV in the event. The rate measured in collected data for jets to be
misidentified as muons is shown in Fig. 8.1 as a function of these three variables. As seen
in the context of the ZH — ({T7 analysis, the misidentification rates strongly decrease
with the transverse momentum of the closest jet. The dependence with the lepton pr is
more complicated because of the contamination of real leptons from WZ events in the
high-pr region. The number of jets variable is particularly useful to parameterize the
difference in the misidentification rates in different topologies; these rates indeed tend to
be lower for events with a large number of jets, such as tt events because of the higher
hadronic activity that spoils the probe lepton isolation. The number of nearest neighbors
is chosen to be equal to fifty, which ensures a good local description with limited statistical
fluctuations.

However, applying such a technique leads to an overestimation of the misidentification
rates, especially at high lepton pr, because of the contamination of ZZ and W Z events
with real leptons in the W +jets enriched region. To remove these contributions, two
additional kNN per lepton (muon or electron) are trained, respectively for ZZ and WZ
events in MC simulations that pass the Wjets enriched region selection. The two kNN
outputs are subtracted from the data kNN output according to the expected contributions
of WZ and ZZ events in the data region, estimated from the process cross sections. In
particular, the kNN outputs of these two MC samples are scaled by:

NMCEdata
S (8.1)
NdataEMC

where NM¢ and N9 are respectively the raw number of events in MC simulations and
data in the W +jets control region where the training is done, and £ and £9 are the
respective integrated luminosities of the MC simulations and data samples.

The rates measured in such a way are applied to data events that pass the signal region
selection, except that the muon and/or the electron candidates do not pass the isolation
and /or identification conditions. Assuming a misidentication rate f, for the electron can-
didate (f. depends on the electron pr, on the pr of its closest jet, and on the number of jets
with pr > 20 GeV in the event), and a misidentification rate f, for the muon candidate,
events with two leptons failing the isolation and/or identification conditions are weighted

with %, events with the electron passing but the muon failing the identification
e W
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Figure 8.1: Rates with which jets are misidentified as muons, as a function of the pr of the jet closest to
the lepton candidate (left), of the lepton candidate pr (center), and of the number of jets with pr > 20
GeV in the event. The misidentification rates are measured in a Wjets enriched region in data collected
in 2012 at 8 TeV center-of-mass energy. The increase of the misidentification rate with the lepton pr is
due to the contamination of real leptons from W Z events in the high py region, while the decrease with
the number of jets is caused by the higher hadronic activity, which spoils the lepton isolation.

and/or isolation conditions are weighted with f L and events with the muon passing
7

1

but the electron failing the identification and/or isolation conditions are weighted with
il S - As described in Chapter |7, the double counting of events with two fake leptons is
removed by subtracting the weighted contribution of events with two leptons failing the

isolation and/or isolation conditions, to the sum of the two other weighted categories.

The reducible background estimation method is validated in a control region where
the 75, candidate has the same sign as the electron and the muon, and does not pass the
loose working point of the cut-based isolation. This region is signal-free, and enriched
in reducible background. Fig. [8.2] illustrates the Ly and m,; distributions; predicted
backgrounds agree with observed data both in terms of normalization and distribution. A
band corresponding to 30% uncertainty on the reducible background prediction is drawn.

The method of the e/p misidentification rate is cross-checked with an independent
method, which considers the 73, candidate as the possibly misidentified object. The 7 — 7,
misidentification rate is measured in a I/ +-jets enriched region in data. The events in the
control region are selected with a single muon trigger; the muon candidate is required to
have pr > 24 GeV, |n| < 2.1, to pass the tight PF identification, and to have a relative
isolation less than 0.1 and a longitudinal impact parameter of the track with respect to
the primary vertex less than 0.2 cm. The region is enriched in W+jets events by requiring
the transverse mass of the muon and the £ to be greater than 40 GeV. Two same-sign 73,
candidates, with an opposite charge with respect to the muon, are also selected. Events
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Figure 8.2: Distributions of Lz (left) and of the visible invariant mass between the 7, candidate and the
subleading light lepton (right), when all three objects have the same sign and the 7, isolation condition is
inverted. An uncertainty of 30% for the reducible background is drawn as a shaded area. No maximum
likelihood fit to the observed data has been applied. Only 8 TeV data are used in this figure.

that contain an extra light lepton (with pr > 15 GeV), or a b-tagged jet (with pr > 20
GeV) are vetoed. The j — 73, misidentification rate is measured in three pseudorapidity
regions (|n| < 0.8, 0.8 < || < 1.6, 1.6 < |n| < 2.3), separately for 2011 and 2012
data. The dependence of the misidentification rates with the 7, transverse momentum is
parameterized with Landau functions, as illustrated in Fig. The mathematical form
of Landau distributions is:

flpr) = ! /OO e~ 08T gin (1) da. (8.2)
0

™

Events in data that have a loose 7, candidate that does not pass the isolation condition
are reweighted with a weight w:

f(pr)
1— f(pr)’

in order to estimate the reducible background contribution in the signal region. This
method estimates backgrounds that have jets misidentified as 75, but does not take into
account events where the 7, corresponds to a real hadronically decaying tau or to a
e/i — 1, object. Therefore, the small Drell-Yan background contribution is not in-
cluded in the reducible background estimated with this method, and is instead directly
taken from MC samples. The reducible background obtained with the 7, misidentification
method is compared to the one obtained with the e/p misidentification method described
previously. The comparison in the high- and low-Ly regions, shown in Fig. demon-
strates an excellent agreement between both techniques within statistical uncertainties.
The background estimated with the e/u misidentification rate method is considered as the
default one, while the background estimated with the 75, misidentification rate method is
considered as an alternative with a shape uncertainty.

w(pr) = (8.3)
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Figure 8.5: Goodness-of-fit test in the epuy, final state, in data collected at 7 TeV (left) and 8 TeV (right)
center-of-mass energy.

8.3 Results

The observable used to extract the upper exclusion limits is the visible invariant mass
between the 75, candidate and the subleading light lepton. Leptons from leptonic decays
of taus originating from H bosons indeed tend to have a lower transverse momentum
than light leptons directly originating from W boson decays. The correct di-tau pair is
reconstructed in about 70% of cases with this method. The SVfit mass is not used for the
W H analyses with H — 77 because the K7 coming from the W boson decay is mixed to
the 7 from the tau decays.

Many systematic uncertainties, such as the trigger efficiency, muon and electron iden-
tification and identification, tau identification, tau energy scale, b-tagged jet veto, and
luminosity uncertainties are in common with the ZH — ({77 analysis described in Chap-
ter Uncertainties that differ include 30% uncertainty on the normalization of the
reducible background due to the e/p misidentification rate method, and the alternative
reducible background distribution from the 7;, misidentification rate method. Addition-
ally, diboson backgrounds estimated from MC samples (W Z and ZZ) are attributed PDF
and QCD renormalization scale uncertainties (about 4% each), and a statistical uncer-
tainty between 3 and 10% to account for the limited number of events remaining after
the full signal selection.

Goodness-of-fit tests are performed for the 7 and 8 TeV distributions; the results are
shown in Fig. 8.5l The observed goodness-of-fit lies in both cases in the bulk of the
goodness-of-fit distribution for toys experiments, which indicates a good agreement be-
tween the process predictions and the observed data.
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| mm [ 20| =10 | Median [ +lo | 420 | Obs. Limit |
90 GeV [[ 140 [ 1.90 | 273 [ 3.96 | 5.56 3.36
95 GeV [ 159 | 215 | 3.09 [ 449 | 6.29 3.76
100 GeV || 1.77 | 241 | 345 [ 5.04 [ 7.04 4.10
105 GeV [ 148 | 2.01 [ 2.88 | 418 | 588 2.88
110 GeV [ 213 | 289 | 414 [ 6.02 [ 846 4.09
115 GeV || 214 | 291 | 417 [ 6.08 [ 859 3.60
120 GeV [[ 233 | 317 [ 458 | 6.71 | 9.50 4.02
125 GeV || 2.84 | 388 [ 558 | 818 | 11.58 4.62
130 GeV [[ 353 | 483 [ 6.97 ]10.27 | 1458 5.53
135 GeV || 431 | 5.90 [ 859 [ 12.67 | 18.19 6.54
140 GeV [ 5.82 | 7.98 | 11.59 [ 17.09 [ 24.40 8.81
145 GeV || 7.42 [ 10.20 | 14.91 [ 22.10 [ 31.81 11.04

Table 8.1: Expected and observed limits at 95% CL on the signal strength for the WH — eur, process,
for H boson masses between 90 and 145 GeV.

The visible mass distributions obtained with the 7 TeV data, and the 8 TeV data in the
two categories, are shown in Fig.[8.0] A good agreement between predicted processes and
observed data is seen, and upper limits on the signal cross section are set at 95% CL. At
mpy = 125 GeV, the analysis is sensitive to about 4.6 times the cross section expected in
the SM. All values for H boson masses between 90 and 145 GeV are indicated in Tab. [l
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Figure 8.6: Observed and expected distributions of the visible invariant mass between the 73, candidate
and the subleading lepton, at 8 TeV in the low-Ly (top left) and high-Ls (top right) regions, and at 7
TeV (bottom left). The expected and observed limits at 95% CL on the signal cross section for the
combination of these distributions is shown in the bottom right part of the figure.
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CHAPTER 8. SEARCH FOR THE SM SCALAR IN THE WH — Eury CHANNEL

8.4 Chapter summary and personal contributions

Search for the SM scalar in the W H — eut;, channel

The W H production cross section is several times larger than the ZH production
cross section, but the level of background is higher because the W boson decay
products are less efficient to select than the Z boson decay products. The eur,
decay channel, where one of the light lepton promptly comes from the W boson
whereas the other one comes from the decay of one of the taus originating from
the H boson, is described in this chapter. A great background rejection is achieved
by requiring the two light leptons to have the same electric charge. The reducible
background is estimated with a misidentification rate method that relies on the
probability for jets to be identified as light leptons. No excess of events is observed,
and the analysis is sensitive to about five times the expected cross section times
branching fraction for the process under study.

My contributions
Figures:

I have cross-checked all W H — eut, results up to the final limits for the publication

in [L6].
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Chapter 9

Combination of searches for the SM scalar
boson decaying to taus

The two searches presented in Chapter [] and [§, respectively ZH — 1T and
WH — euty,, are combined with searches for the SM scalar boson decaying to
taus and produced in gluon-gluon fusion and vector boson fusion productions, as
well as with searches in the W H channel but with other final states (W H — 1,1,
and WH — puty). This combination provides an important test of the H boson
Yukawa couplings.

9.1 Gluon-gluon fusion and vector boson fusion production modes

The gluon-gluon fusion and vector boson fusion production modes are studied simul-
taneously. Events are separated into different exclusive categories to increase the sig-
nal /background discrimination based on kinematic properties of the signal:

— 2-jet: This category targets the VBF production. The events are required to have
at least two jets with pr greater than 30 GeV, and to pass additionally some criteria
to increase the VBF signal purity, based on the invariant mass of the jets and their
separation in the n-direction.

— 1-jet: This category targets the gluon-gluon fusion production with a jet from initial
state radiation.

— 0-jet: This category targets the gluon-gluon fusion production.

The 2-jet and 1-jet categories are the most sensitive. Meanwhile the 0-jet category is
the least sensitive because of the overwhelming Drell-Yan background, but is useful to
constrain nuisance parameters. Events are further divided accor(jing to the transverse
momentum of the H boson candidate (p¥ = |p7(m1) + p7(m) + E7|, where pr(r) and
pr(T) are the reconstructed visible transverse momenta of the taus), in order to select
H boson candidates boosted in the transverse plane, and according to the transverse mo-
mentum of the tau candidates, as they are typically larger than the pr of taus originating
from Z bosons if myg > my.
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CHAPTER 9. COMBINATION OF SEARCHES FOR THE SM SCALAR BOSON DECAYING
TO TAUS

The six possible di-tau final states are studied. The most sensitive final state is 7,7,
whereas the least sensitive final states 7.7, and 7,7, because of the small expected di-tau
branching fraction. All details can be found in [16].

9.2 Vector boson associated production

Despite the small production cross section compared to the gluon-gluon fusion and
vector boson productions, searching for a scalar boson decaying to taus and produced
in association with a vector boson permits to constrain the scalar couplings to vector
bosons. Three final states studied in Run-1 in the context of the search for a SM scalar
boson decaying to taus and produced in association with a vector boson, have not been
presented in the previous chapters: WH — um,m,, WH — er,m, and WH — ppty,. The
latter final state is covered with background estimation methods very similar to those
used in the WH — eur;, analysis detailed in Chapter , and the Z/v* — pp background
is greatly reduced by requiring the two muon candidates in the event to have the same
electric charge. The large reducible background in the W H — {7, 7, final states is reduced
by training a BDT and selecting events with a BDT output above a certain threshold.
The BDT takes as input the 7, candidate pr, the distance between the 7, candidates,
the missing transverse energy, as well as the ratio between the vectorial and scalar sums
of the 7, candidate py. The observable used to extract the results is the invariant mass
between the 73, candidates.

The results of the combination between all V H analyses with H decays to taus per-
formed in Run-1 are shown in Fig. and Tab. [0.I] The limits increase with the mass
of the scalar boson probed because of the expected decrease of the branching fraction
B(H — 771). Although there is a small deficit of observed events compared to the ex-
pected SM processes, the results are compatible both with the existence and the absence
of a SM scalar boson at a mass of 125 GeV. For this particular mass, the observed up-
per limit at 95% CL on the signal strength lies at 2.1. The combined best-fit signal
strength is 1 = —0.33 £ 1.02, which corresponds to i = 1.61 4+ 1.85 for the ZH chan-
nels, i = —3.15 4+ 2.03 for the W H channels with two hadronically decaying taus, and
it = —1.57 £ 1.65 for the W H channels with exactly one hadronically decaying tau. The
V' H analyses are expected to reach the SM sensitivity in Run-2 with the increase of
integrated luminosity and the increase of center-of-mass energy.

9.3 Combination of all production modes

A comparison of the expected sensitivity of all the final states and categories combined,
in terms of upper limits on the signal strength, is shown in Fig. [0.2] The searches in all
production modes are combined together, and their uncertainties are correlated when ap-
plicable. An excess of events is observed on top of the SM background predictions, as seen
in Fig.[9.3]in the combined distribution of the decimal logarithm log(S/(S + B)) obtained
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9.3. COMBINATION OF ALL PRODUCTION MODES
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Figure 9.1: Left: Combined expected and observed 95% CL upper limit on the signal strength parameter
= o/ogp for the VH analyses. The background-only hypothesis includes the pp — H(125GeV) — WW
process for every value of mpy. Right: Expected 95% CL upper limit on the signal strength parameter
= o/ogy in the background-only hypothesis, shown separately for each VH channel.

’ myg H —20 —1lo \ Median \ +1lo \ +20 \ Obs. Limit
90 GeV || 7.33-1071 [ 9.89 101 1.40 2.00 | 274 | 9.58-1071
95 GeV || 8.13-1071T 1.09 1.55 2.21 | 3.04 1.09
100 GeV || 8.91-1071 1.20 1.70 242 | 3.33 1.13
105 GeV || 8.52- 1071 1.15 1.63 2.36 | 3.24 1.16
110 GeV || 9.77-1071 1.32 1.87 [ 269 | 3.71 1.29
115 GeV || 9.70 - 1071 1.31 1.87 | 2.68 | 3.70 1.33
120 GeV 1.08 1.47 2.09 3.01 | 4.17 1.81
125 GeV 1.21 1.65 2.36 3.42 | 4.76 2.06
130 GeV 1.47 2.01 2.87 | 416 | 5.82 2.98
135 GeV 1.87 2.45 3.52 5.10 | 7.13 4.02
140 GeV 2.36 3.21 4.61 6.72 | 9.43 5.70
145 GeV 3.28 4.46 6.41 9.29 | 12.99 8.87

Table 9.1: Observed and expected 95% CL upper limits on the signal strength for the combination of all
V H analyses with H decays to taus performed with Run-1 data.

159



CHAPTER 9. COMBINATION OF SEARCHES FOR THE SM SCALAR BOSON DECAYING

TO TAUS
Final state TeTe TuTu TeTp ThTh
L 0.05+1.60 | —0.54+£1.38 | 0.90£1.03 | 1.31 £0.63
Final state TeTh TuTh VH All
il 0.31 +£0.55 | 1.01 £0.41 | —0.33 £1.02 | 0.78 £0.27

Table 9.2: Best-fit signal strengths for every final state for the gluon-gluon fusion and VBF analyses, for
the combination of the V H analyses, and for all H — 77 searches combined.

in each bin of the final discriminating variables for all event categories and channels, where
S denotes the expected signal yield at my = 125 GeV and B the expected background
yield in a given bin. This results in the first evidence for the decay of the H boson to
a pair of tau leptons, with an observed (expected) significance of 3.2 (3.7) standard de-
viations for a mass of 125 GeV. The best-fit signal strengths in the different di-tau final
states are given in Tab. [0.2} the slight deficit of events relative to the SM expectations
for the scalar boson essentially comes from the 7,7, and 7.7, final states in gluon-gluon
fusion and VBF production modes, and from the V H analyses as described in Section[9.2]

The best-fit value for the signal strength is well compatible with the SM hypothesis:
= 0.78+0.27 at my = 125 GeV. The combined measured mass of the excess is obtained
after a parabolic fit, illustrated in Fig.[9.3] and amounts to my = 122+7 GeV. A likelihood
scan is shown in Fig. for the combination of the analyses in the (kv, ks) plane, where
the coupling modifiers ky and k; quantify the ratio between the measured and the SM
values for the couplings of the scalar boson to vector bosons and fermions respectively;
the observed couplings are well compatible with the SM expectation. The constraints
in the ky direction essentially come from the searches for a scalar boson produced in
association with a vector boson and in vector boson fusion. After combination of the
H — 77 analysis with the search for the decay of the H boson to a pair of b quarks [119],
the CMS Collaboration could show an evidence for the decay of the H boson to fermions,
with a significance of 3.8 standard deviations (for 4.4 standard deviations expected) [120].
The ATLAS Collaboration also announced an evidence for the H boson Yukawa couplings

to taus during LHC Run-1 [121].
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9.3. COMBINATION OF ALL PRODUCTION MODES
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Figure 9.3: Left: Combined distribution of the decimal logarithm log(S/(S + B)) obtained in each bin
of the final discriminating variables for all event categories and channels, where S denotes the expected
signal yield at my = 125 GeV and B the expected background yield in a given bin. Right: Scan of the
negative log-likelihood difference as a function of myy.
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TO TAUS
20 CMS H—1r, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV
e - T T T T I T T T T I T T T T I T T T T
9,

- 95% CL .
[ m, =125GeV ° i
[ 68% CL ]
i wf Best fit i

1.5 ¢ sm —

1.0+ L —— % -
L :: "l' \“ \“‘ -
- VoL e

0.5 .

coeow o by by by
0'8.0 0.5 1.0 1.5 2.0

Ky

Figure 9.4: Scan of the negative log-likelihood difference as a function of the coupling modifiers ky and

ky. The H — WIW contribution is treated as a signal process. The red diamond indicates the SM
expectation. |16]

9.4 Chapter summary and personal contributions

Combination of searches for the SM scalar boson decaying to taus

The combination of all searches for H boson decays to taus, in the gluon-gluon
fusion, vector boson fusion and V' H associated productions, leads to an evidence for
the decay of the H boson to taus. The results are perfectly compatible with the SM
expectation, and the measured signal strength at my = 125 GeV is 1 = 0.78 +0.27.
The measured mass of the excess is my = 122 = 7 GeV.

My contributions

I have participated in the ZH — flltT and WH — eur;, results, at all stages of
the analysis (selection optimization, background estimation, ...). I have been re-
sponsible for computing and combining the statistical results (goodness-of-fit tests,
maximum likelihood fits, upper limits) of all V' H analyses.
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Part IV

BSM physics analyses

The next chapters detail four searches for an extended scalar sector, which cover dif-
ferent parts of the phase space of 2HDM type-2 and/or MSSM, or of 2HDM+S type-3.
Chapter[1(] is devoted to the search for a heavy pesudoscalar boson decaying to a Z bo-
son and a scalar boson in the context of the MSSM and 2HDM type-2, Chapter [11] to
the search for exotic decays of the 125-GeV particle to light pseudoscalar bosons in the
h — aa — pprT channel in 2HDM+S, Chapter[I9to the search for a pseudoscalar lighter
than the Z boson decaying to taus and produced in association with b quarks in 2HDM
type-2, and Chapter to the search for a heavy scalar decaying to tau leptons in the
MSSM.
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Chapter 10

Search for a heavy pseudoscalar boson A
decaying to Zh in the /{77 final state

The A — Zh decay channel is studied to uncover a hypothetical extended scalar
sector in the MSSM, or more generally in 2HDM type-2. It is sensitive to pseu-
doscalar boson masses between about 215 GeV (sum of the masses of the h and
Z bosons) and 350 GeV (twice the top quark mass), in the low tan 3 regions.
The most sensitive final states are £bb and ({17 because they cover the largest h
boson branching fractions, and, unlike the case of the SM H production in gluon-
gluon fusion, do not suffer from high backgrounds or high triggering thresholds
thanks to the additional leptons coming from the Z boson decay. Both analy-
ses have been performed using CMS data collected in 2012; the results from the
A — Zh — 00bb search are available in , while the A — Zh — 0lTT search
results are published in and described below. The analysis workflow is close
to the search for the SM H boson produced in association with a Z boson, pre-
sented in Chapter |7

10.1 Differences with respect to the SM ZH — ({77 analysis

Because there are many similarities between the selection and background estimation
methods of the present analysis and the SM ZH — ({77 analysis detailed in Chapter [7]
this section only highlights the differences; everything not mentioned should be assumed
identical to what was done for the SM ZH — (/71 analysis. The same eight final states
(corresponding to Z — pp or Z — ee, and h — 7,7, h — 7.7, h — 7,7, or h — 7.7,,)
are studied, but only in data collected in 2012 at a center-of-mass energy of 8 TeV.

The signal samples, with A boson masses between 220 and 350 GeV, are generated
with Madgraph. Some rare processes, generated with Madgraph as well, are added to the
list of irreducible backgrounds: WWZ (o = 0.0580 pb at 8 TeV), WZZ (0 = 0.0197 pb
at 8 TeV) and ZZZ (0 = 0.0055 pb at 8 TeV) triboson productions. A 50% uncertainty
is assigned to the production cross sections of these rare triboson processes .
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CHAPTER 10. SEARCH FOR A HEAVY PSEUDOSCALAR BOSON A DECAYING TO ZH
IN THE ¢¢r7 FINAL STATE
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Figure 10.1: Reconstructed A boson mass, using the SVfit-reconstructed di-tau system. The full signal
selection is applied, and all eight final states are superimposed. The resolution is between 15 and 20%
for all masses.

The observable used in this analysis is the reconstructed mass of the pseudoscalar A
boson, m’{“. It is computed as the invariant mass between the Z candidate and the
SVfit-reconstructed di-tau system. A mass resolution between 15 and 20% is obtained for
all masses. Fig. [10.1] illustrates the reconstructed mass distributions for different signal

mass hypotheses, after the full signal selection.

The 73, pr threshold is raised to 21 GeV instead of 15 GeV. This improves the sensitivity
of the analysis because signal events typically have harder hadronic taus than background
events (mostly reducible processes, but also ZZ — 4¢). The Ly thresholds described in
Chapter [7] are found to be optimal in this case also for all A boson masses probed, using
the expected upper limits as a figure of merit. The Ly distributions for the signal, and
the reducible and irreducible backgrounds are shown in Fig. for the ¢4, 1), final state;
the threshold at 70 GeV is seen to remove a large contribution from backgrounds while
keeping a good signal efficiency. All the selection criteria are summarized in Tab. [10.1]
while a cut-flow table, Tab. gives indications about the efficiency of the different
selection criteria on signal events. It can be noted that no selection criterion is applied
to the mass of the di-tau system m.,, which is expected to be close to 125 GeV for signal
events. The reason is that such a criterion would bring a negligible improvement in the
limits because m,, is highly correlated to the observable m/{ in signal and in background
events, and because the analysis is statistically limited.
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10.1. DIFFERENCES WITH RESPECT TO THE SM ZH — ¢¢rm ANALYSIS

Z — ee Z — pp
« e pr > 10/20 GeV, |n| < 2.5 -
N et < 0.3, vLoose MVA 1D -
T i - pr > 10/20 GeV, |n| < 2.4
N I < 0.3, Loose PF ID
Myy 60 < mye < 120 GeV
Charge Opposite sign charges
h — ep \ h — er, h — pth h — 1
e pr > 10 GeV, |n| < 2.5 - -
vLoose MVA ID | Loose MVA ID
- I < 0.3 I < 0.2
- Th - pr > 21 GeV, |n] < 2.3
T Loose isolation | Loose isolation | Medium isolation
< Tight anti-e Loose anti-e Loose anti-e
Loose anti-u Tight anti-p Loose anti-p
1L pr > 10 GeV - pr > 10 GeV -
In| < 2.4 In| < 2.4
Loose PF ID Tight PF ID
I < 0.3 e < 0.3
Charge Opposite sign charges
n h —ep h — et h — puth h — T
g Ly > 25 GeV > 30 GeV > 45 GeV > 70 GeV
S b-Jet veto No b-tagged jet (medium CSV working point)
© Lepton veto No additional identified and isolated electron or muon
AR between leptons > 0.5
Table 10.1: Selection criteria for the eight final states of the A — Zh — #0177 analysis.
! | purntn | ppern | ppptn | ppep | eethh | eeety | eepty | ecep |
Initial number 99 794
Trigger 61 577
At least 4 loose leptons 12136 | 11717 | 6 212 2 876 8 504 7310 | 5755 | 1865
b-Jet veto 10 109 | 10 276 5 551 2 660 7 018 6332 | 5045 | 1711
7 candidate 7 825 7 758 4 571 2 142 4 903 5266 | 2720 | 1340
h candidate 1 106 919 1485 718 764 735 950 531
Lp cut 842 919 1 362 707 612 735 892 522

Table 10.2: Number of unweighted signal events after every selection criterion, for a sample with m4 = 300
GeV.
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IN THE ¢¢r7 FINAL STATE
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Figure 10.2: Normalized distribution of the variable Ly for events selected in the £¢7j,7;, final state. The
reducible background is estimated from data, instead the ZZ irreducible background comes from MC
simulation. The events are selected, in the signal region, with Ly > 70 GeV. |123]

The normalization of the reducible processes is again taken from a control region where
the two tau candidates have a same-sign charge and pass relaxed isolation criteria. The
relaxed isolation and identification criteria have been slightly modified with respect to the
SM ZH analysis, and are namely:

— b1y, output of the MVA discriminator without lifetime information greater than
0 for both hadronic taus;

— 1.1, output of the MVA discriminator without lifetime information greater than
-0.95 for the hadronic tau, loose MVA electron ID, relative electron isolation less
than 0.3;

— Ulr,m,: output of the MVA discriminator without lifetime information greater than
-0.95 for the hadronic tau, loose PF muon ID, relative muon isolation less than 0.7;

~ Ult,7,: loose PF muon ID, no electron ID, electron and muon relative isolations less
than 2.0.

These criteria have been chosen to ensure a selection efficiency as large as possible without
biasing the background composition. Indeed, in the semi-leptonic final states, relaxing
the isolation of the light lepton might lead to an over-representation of the Z-+jets back-
ground (no real isolated light lepton) over the W Z-+jets background (one real isolated
light lepton).

The j — e, j — p and j — 75, misidentification rates are reevaluated with the new
selection; and the functions for the loose electron and loose muon ID /isolation are now
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10.2. BACKGROUND ESTIMATION VALIDATION
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Figure 10.3: Visible invariant mass of the four leptons in the £47, 75, (left) and 7.7, (right) final states,
in a reducible background-dominated region, where the tau candidates carry a same sign charge, the
Ly selection criteria are not applied, and the hadronic tau isolation is inverted. Filled areas represent
background contributions estimated directly from MC simulations: the Z-+jets processes by far dominate
in the ¢¢7), 1), final state, while the W Z-jets contribution is not negligible in the other final states. The
agreement between MC predictions and data is not perfect because of large statistical and systematic
uncertainties on the MC-estimated processes.

divided into barrel and endcap regions. The systematic uncertainties on the normalization
are again computed by varying the fit functions within their uncertainties and propagating
these to the reducible processes yield.

10.2 Background estimation validation

The main components of the reducible background are Z+jets and W Zjets processes,
where one or two jets are misidentified as leptons. The first one is by far dominant in
the 00,7, final state, whereas the W Z+jets contribution becomes non negligible in all
other final states, with at least three identified light leptons. Fig. [10.3| shows some re-
ducible background distributions, obtained by inverting the charge requirement on the
tau candidates, relaxing the Ly selection criteria and inverting the hadronic tau isolation.
Contributions from MC processes are superimposed; they permit to see the background
composition, but suffer from large statistical (limited number of selected events) and sys-
tematic (jet misidentification rates not well modeled in MC) uncertainties. The same
selection is applied to produce the distributions in Fig. [10.4] except that the hadronic
tau isolation is not inverted, but simply relaxed to the very loose working point of the
MVA-based isolation with lifetime information. The data-driven reducible background
prediction is shown with the light blue line; the agreement between prediction and obser-
vation is good within the uncertainties.
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Figure 10.4: Visible invariant mass of the four leptons in the £7,7;, (left) and 7.7, (right) final states,
in a reducible background-dominated region, where the tau candidates carry a same sign charge, the L
selection criteria are not applied, and the very loose MVA discriminator is used for hadronic tau isolation.
Filled areas represent background contributions estimated directly from MC simulations: the Z+jets
processes by far dominate in the £¢7,7;, final state, while the W Z-+jets contribution is not negligible in
the other final states. The agreement between MC predictions and data is not perfect because of large
statistical and systematic uncertainties on the MC-estimated processes. The blue line represents the
data-driven prediction for the reducible background; the agreement with observed data is good.

Two di-tau final states have not been considered in this analysis: 7.7, and 7,7,. The
reason is two-fold: they have the lowest branching fractions (about 3% each) and suffer
from very large contributions from the ZZ — 4/ background. Even if signal events typ-
ically have a larger £ than background events due to the neutrinos from tau decays,
adapting the selection does not permit to obtain a significant background rejection for a
reasonable signal efficiency. It has been shown that adding these two final states would
bring less than 5% to the combined limit, with an almost zero effect for low m, signal
hypotheses. However, the flee and ¢¢upu final states can be used to validate the estima-
tion of the ZZ — 4¢ background. Fig. shows a good agreement between the ZZ
background, taken from MC simulations, and the observed data, in an ¢fee and an ¢{uu
control regions.

10.3 High K7 excess

The K7 distributions obtained after the full signal selection are shown in Fig. An
excess of events is observed at large £ values in four final states: eeepu, pupe, ecety, and
pper,. The expected and observed yields in these four final states for £ > 120 GeV can
be found in Tab.[10.3] These events pass the filters to remove events with abnormally high
K1, as described in Sectionm The characteristics of the eight events that pass the full
signal selection and have 7 > 120 GeV, are shown in Tab. m Most backgrounds, such
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Figure 10.5: Reconstructed A boson mass distribution in the ¢lee (left) and ¢¢up (right) control regions
states. The prediction for the ZZ background is well in agreement with the observed data, without any
maximum likelihood fit being applied. The A — Zh signal contribution is negligible in both final states.

as Z7Z — 40 or Z-+jets, have a low K7, whereas triboson processes including W bosons
essentially contribute in high X7 regions. The signal processes have real X7 from the
tau decays, but the typical £ for such events lies below 100 GeV. All observed events
with high K7 have two light leptons very compatible with a Z boson (invariant mass
between 85 and 93 GeV), while the two tau candidates do not correspond to a particular
resonance. The excess is interpreted as an upward statistical fluctuation, particularly of
triboson processes.

10.4 Results

Goodness-of-fit tests (see Section are performed for the four di-tau final states,
as illustrated in Fig. [10.7] The observed goodness-of-fit values generally lie in the bulk
of the toys distributions, which indicates a reasonable background description given the
observed data. Some limited tensions appear in the £¢7,7;, and /7.7, final states.

No significant excess of events is observed on top of the predicted backgrounds in any
of the final states, and model-independent limits can be set on the cross section times
branching ratio for different mass hypotheses, as illustrated in Fig. The observed
combined limit at 95% CL ranges from about 4 to 16 fb. Another search for A — Zh
decays was performed with the CMS detector in Run-1, in the final state with two light
leptons (from the Z boson) and two b quarks (from the h boson). In the hypothesis
that the ratio of the branching fractions of the h boson to taus and b quarks is the
same as in the SM, the search for A — Zh — 0bb is a few times more powerful than
the A — Zh — {llt7 search presented here. However, this hypothesis might not hold
and BSM phenomena could intervene; the A — Zh — ({77 analysis therefore has an
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Figure 10.6: E7 distributions in the £¢7;,7;, (top left), £¢7.7, (top right), U, 1y, (bottom left) and £l7.7,
(bottom right) final states. In the £¢7.7;, and £(1.7, final states, an excess of events is observed at high
Er. No maximum likelihood fit is performed on the predicted backgrounds and systematic uncertainties
are not taken into account.

] Process | eetemn | ppt+em | eeten | pu+pe |
1G> 77 — 4l 0.010 0.096 0.119 0.117
99— 27 — M 0.010 0.007 0.014 0.014

Reducible 0.090 0.027 0.018 0.016
Wwz 0.027 0.021 0.085 0.129
WzZz 0.004 0.002 0.006 0.001
2747 0.000 0.001 0.000 0.001

tz 0.000 0.019 0.150 0.054
ZH — Ut 0.018 0.017 0.019 0.020
ZH — UWW 0.002 0.001 0.025 0.027
Total background || 0.24740.105 | 0.1914+0.073 | 0.436+0.164 | 0.378+0.120
Observed data 1 2 3 2

Table 10.3: Predicted background and observed yields for £ > 120 GeV in the four final states where
an excess is observed, corresponding to the right side of Fig. [10.6]
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’ H eet+eu | eet+eu | eet+eu | eet+ery | put+ery, | ppt+en | ppt+ery, | ppt+ep

PF K7 (GeV) 298 132 173 197 201 186 256 131
pr(l1) (GeV) 106 311 138 50 196 133 30 326
pr(€2) (GeV) 25 79 104 41 72 83 27 51
pr(m) (GeV) 76 10 43 139 26 63 206 23
pr(12) (GeV) 86 277 34 23 51 31 30 42
mee (GeV) 91 93 85 91 91 90 86 93
mrr (GeV) 370 159 41 213 81 229 233 260
m2is (GeV) 167 127 19 130 25 120 144 130
mr (GeV) 308 719 346 343 307 360 330 540
Tso (¢1) 0.107 0.022 0.006 0.009 0.000 0.015 0.000 0.000
Tso (¢3) 0.024 0.086 0.000 0.012 0.130 0.076 0.240 0.190
Iso (71) 0.185 0.000 0.000 0.008 0.000 0.019 0.000 0.220
Iso (72) 0.042 0.008 0.000 0.000 0.000 0.000 1.800 0.000
Number of jets 6 3 0 1 1 0 5 3

Table 10.4: Characteristics of the observed events with ¥ larger than 120 GeV. For hadronic taus, the
absolute isolation in GeV is quoted, while for light leptons it is the relative isolation.
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Figure 10.7: Observed values (blue arrows) and expected distributions (black histograms) of goodness-
of-fit values in the 01,73, (top left), ¢lt.7, (top right), £é7,7, (bottom left) and £¢7.7, (bottom right)
final states, for a pseudoscalar boson mass hypothesis of 300 GeV.
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interest by itself, in addition to the sensitivity it could add if it was combined to the
A — Zh — 00bb search.

The results are also interpreted in the contexts of the MSSM and 2HDM, as shown in
Fig. [10.10, where the production cross sections and the branching fractions of the scalar
bosons are calculated as described in . In the MSSM, the results are interpreted in
the so-called low tan 8 scenario , for which the SUSY scale, Mgygy, is increased up
to the point where the mass of the lightest scalar boson is compatible with 125 GeV over
a range of low tan 8 and my4 values. The A — Zh — ({77 analysis is sensitive to low
tan § values (95% CL exclusion of regions with up to tan 8 ~ 2.5) because the gg — A
production cross section is very large in this regionEl, and because the A — Zh decay
mode largely dominates when the A — 77 and A — bb decays are not enhanced by large
values of tan 8. The limit steeply falls down around 350 GeV, where the A — ¢t channel
opens. In 2HDM type-2, the interpretation of the search results is based on these inputs:
the scalar boson masses tan 3, a and mi, = m? e 5. In the alignment limit, where
cos(f—a) — 0, the A — Zh branching fraction vanishes as the h boson becomes SM-like.
The other region where the analysis is not sensitive at low tan /3, for cos(f — a) values
between 0 and 1, corresponds to vanishing values for B(h — 77) when a@ — 0, as the
couplings of the h boson to leptons in 2HDM type-2 are proportional to (— sin «/ cos )

(see Tab. [2.2)).

10.5 Combination with H — hh — bbrT

The results of the search presented in this chapter are combined with those of the search
for a heavy neutral scalar decaying to a pair of SM-like scalar bosons (m;, = 125 GeV)
with two taus and two b quarks in the final state . These analyses are both sensitive
in comparable mass ranges for the heavy scalars (mgy ~ ma): above the sum of the h
and Z masses or twice the h boson mass, and below twice the top quark mass. No excess
is observed in any of the analyses, and the results are combined in the models already
described in the previous section, as shown in Fig.[10.11} The H — hh — bbrT analysis is
also sensitive to low tan 3 values in the MSSM, because it has very large production rates
in this region. In 2HDM type-2, both B(h — bb) and B(h — 77) vanish when o« — 0.
The results from the ATLAS Collaboration about h boson pair production do not show
any excess of data either [128§].

1. It is higher than the SM gg — H cross section for tan 3 ~ 1.
2. We assume here that ma = mg = my+ = 300 GeV.
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Figure 10.8: Expected and observed distributions of the reconstructed m 4 in the four different di-tau final
states at 8 TeV (left) and their corresponding upper limits on the signal cross section times branching
fraction (right). The distributions are obtained after a maximum likelihood fit. The signal is scaled to
five times its expected cross section in the MSSM low tan 3 scenario for m4 = 300 GeV and tan § = 2.
Limits are shown up to m4 = 350 GeV, where the predicted A — Zh branching fraction drastically
decreases because of the opening of the ¢t decay mode.
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Figure 10.9: Left: Comparison between the expected limits in the four di-tau final states. Right: Observed
and expected upper limits at 95% on the production cross section times branching fraction, for the
combination of all the final states studied in this analysis.
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ma =mpg = 300 GeV.
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Figure 10.11: Left: Exclusion region at 95% CL in the m4 — tan 8 plane for the low-tan 8 scenario of
the MSSM, for the combination of the A — Zh — ¢lrT and H — hh — bbrT analyses . The red area
indicates the region excluded by the mass of the SM-like scalar being inconsistent with 125 GeV. Right:
Exclusion region at 95% CL in the cos(8 — a) — tan 8 plane in 2HDM type-2 for ma = my = 300 GeV,
for the combination of the A — Zh — €077 and H — hh — bbrT analyses.

10.6 Chapter summary and personal contributions

Search for a heavy pseudoscalar A boson decaying to Zh in the ¢¢77 final state

Searching for a heavy pseudoscalar boson, A, decaying to a Z and an h bosons is
powerful to uncover an MSSM scalar sector, at low tan § and intermediate A boson
masses (between the sum of the A and Z boson masses, and twice the top quark
mass). In the analysis presented in this chapter, the Z boson decays to a pair of
electrons or muons, which allows to suppress the SM backgrounds, and the A boson
decays to a pair of tau leptons, which is characterized by a large branching fraction.
The analysis methods are close to those used in the context of the search for a
SM scalar boson produced in association with a Z boson and decaying to a pair of
taus; differences include among others the definition of the reconstructed A boson
mass as observable. As no excess of events is observed, limits are set on the cross
section times branching fraction. The results are also interpreted in the MSSM and
in 2HDM type-2. Finally, model-dependent results are shown for the combination
with the H — hh — bbrT analysis.

177



CHAPTER 10. SEARCH FOR A HEAVY PSEUDOSCALAR BOSON A DECAYING TO ZH
IN THE ¢¢r7 FINAL STATE

My contributions

Figures: [10.1410.9}

I have produced all the A — Zh — {77 results presented in this chapter from the
generation of the signal samples to the model-independent exclusion limits.
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Chapter 11

Search for exotic decays of the SM-like scalar
boson in the uu7r7 final state

As explained in Section motivations for the existence of exotic decays of the
125-GeV scalar boson are numerous. This chapter describes the search for the
decay of the 125-GeV particle to a pair of lighter pseudoscalar bosons, decaying
to a di-muon pair and a di-tau pair . The di-muon pair exhibits an excel-
lent mass resolution, which can be used to separate the signal from background
contributions. Selecting a di-tau pair on top of the di-muon pair allows for a
larger branching fraction than if two di-muon pairs were selected, and for a bet-
ter background rejection than if a b quark pair was probed. The putt final state
15 especially sensitive in 2HDM+S' type-3 with large tan 3, where pseudoscalar
decays to leptons are enhanced over decays to quarks, and can complement anal-
yses with other final states such as pubb. It can be noticed that the pprt final
state has also been studied in the context of the search of the SM scalar boson
produced in association with a Z boson and decaying to taus (Chapter m); these
two analyses therefore share similarities in the event selection and background
estimation methods and references will be made in time. A major difference lies
in the modeling of the reconstructed discriminant variable, m,, for the signal
and background processes. The last part of the chapter is devoted to the inter-
pretation of the results in the different types of 2HDM+S, and to the comparison
with other searches for exotic decays of the 125-GeV particle performed with the
CMS detector in Run-1.

11.1 Selection

The possibility of exotic decays of the 125-GeV particle is studied in the h — aa —
pptT channel, the Feynman diagram of which can be found in Fig. for the gluon-
gluon fusion production. Among the six possible di-tau final states, only 7,7, is not
studied. In addition of the low branching fraction and large ZZ — 4/ background, shared
with the 7.7, final state, it also suffers from combinatorial difficulties in grouping the
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four final state muons into two correct pairs. The selection of the four di-tau final states
common to the SM ZH — ¢¢rT and BSM A — Zh — ({771 analyses is close to what has
been presented in Chapter [7] and [10] respectively, but slightly looser to allow for a signal
acceptance times efficiency as large as possible. The signal acceptance times efficiency
is lower in this analysis than in the ZH — ¢/t7 and A — Zh — 0{TT cases as the
final state leptons typically have lower transverse momenta because they originate from
lighter particles. Signal samples are generated with Pythia using its built-in 2HDM func-
tionality, for pseudoscalar boson masses ranging between 20 and 60 GeV with 5-GeV steps.

g

g

Figure 11.1: Feynman diagram for the gg — h — aa — put7T process.

The selection criteria for the five di-tau final states studied in this analysis are sum-
marized in Tab. The events are again selected with a double muon trigger path.
The offline muon py thresholds are chosen to be as low as possible, while still on the
trigger efficiency plateau: they are one GeV above the HLT thresholds, which means 18
GeV for the leading muon and 9 GeV for the subleading one. In case there are more than
two muons in the event (ppu7.7, and pu7,7, final states), the one with the highest pyp is
considered as decaying promptly from a pseudoscalar a boson, and is paired with the next
highest pr muon with an opposite-sign charge, while the last muon is considered as coming
from a muonic tau decay. The correct pairing is obtained in more than 90% of cases, for
all pseudoscalar masses. The pr of the third muon in these final states should be larger
than 5 GeV. The di-muon pair originating from the pseudoscalar boson is formed from
two opposite sign muons that pass the loose PF identification, have a relative isolation
less than 0.4 and satisfy |n| < 2.4. There is no selection criterion on their invariant mass
because signal events do not have a real Z boson.

The five di-tau decays are selected as follows, from two opposite-sign charge particles:

—a — 7.7.: This decay is reconstructed from two opposite-sign electrons that pass
the loose MVA identification, have a relative isolation less than 0.4, a transverse
momentum greater than 7 GeV and |n| < 2.5. The contribution from the background
h — ZZ* — ppee is reduced by requiring the visible invariant pass of the four leptons
not to lie in a 30 GeV wide window around the A boson mass.

— a — 7.7,: This decay is reconstructed from an electron with pr > 7GeV, |n| < 2.5,
having a relative isolation less than 0.4 and passing the loose MVA identification,
and from a muon with pr > 5/9 GeV (depending on whether it is responsible for
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firing the trigger path), |n| < 2.4, passing the tight PF identification and having a
relative isolation less than 0.4.

— a — 7.7, This decay is reconstructed from an electron with pr > 7GeV | |n| < 2.5,
having a relative isolation less than 0.2 and passing the loose MVA identification,
and from a hadronic tau with pr > 15 GeV, |n| < 2.3, and passing the decay mode
finding, the loose MVA-based isolation, the loose rejection against muons and the
loose rejection against electrons discriminators.

— a — 7,7, This decay is reconstructed from a muon with pr > 5/9 GeV (depending
on whether it is responsible for firing the trigger path), |n| < 2.4, passing the tight
PF identification and having a relative isolation less than 0.5, and from a hadronic
tau with pr > 15 GeV, || < 2.3, and passing the decay mode finding, the loose
MVA-based isolation, the loose rejection against muons and the very loose rejection
against electrons discriminators.

— a — T This decay is reconstructed from two hadronic taus with pr > 15 GeV,
In| < 2.3, and passing the decay mode finding, the medium MVA-based isolation,
the loose rejection against muons and the very loose rejection against electrons dis-
criminators.

The leptons are required to be separated from each other by at least AR = 0.4. Events
that contain a jet with pr > 20 GeV, |n| < 2.4 and that passes the tight working point of
the CSV discriminator, or additional identified and isolated light leptons, are discarded.
There is no selection on the L; variable anymore, but two additional criteria are applied
to reduce the background contribution in the signal region. First, the invariant mass of
the four leptons, with the di-tau system reconstructed with the SVfit algorithm, is re-
quired to lie in a 50 GeV-wide window around the h boson mass: |my,,;» — 125 < 25
GeV. Second, as the di-tau pair and the di-muon pair are expected to have the same mass
in signal events, their normalized mass difference is on average low and the following se-
lection criterion is found efficient to reject background events: |my, — m..|/m,, < 0.8.
Typical distributions of theses two variables are illustrated in Fig. Both criteria
have a signal efficiency greater than 90%.

The signal acceptance times efficiency after the full selection ranges from 1 to 5% de-
pending on the final state. The efficiency to pass the double muon trigger is about 70%,
and the smallest efficiencies are generally associated to the selection of the four leptons
because of the pr threshold requirements.

The signal samples are generated for the gluon-gluon fusion production mode only,
but non negligible contributions from other production modes should also be taken into
account. Indeed, if the h boson has SM-like production modes, with a theoretical cross
section of 22.1 pb, the ggh, VBF, Wh, Zh and tth productions represent respectively
87.2, 7.1, 3.2, 1.9 and 0.6% of the total production cross section. Signal samples for
a pseudoscalar boson mass of m, = 40 GeV are generated for every production mode,
and their acceptance times efficiency is compared to the one of the gluon-gluon fusion
produced samples. The efficiency for the VBF sample is roughly the same as for the
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Figure 11.2: Normalized distributions of the m,,,,-, (left) and 100 times |m,, —m,,|/m,, (right) variables
in signal and background events.

[ | wpprete | pptetn | pptetn | pptuth | pRTATR |
| B | pr >18 GeV, [n| < 2.4, I, < 0.4, Loose PF ID |
H2 Ie; < 0.4, Loose PF ID, |n| < 2.4
pr > 9 GeV [ pr >5/9 GeV [ pr > 9 GeV [ pr >5/9 GeV [ pr > 9 GeV
Te pr > 7 GeV, |n| < 2.5, MVA ID - -
L1 < 0.4 [ I <04 [ e < 0.2
Th - - pr > 15 GeV, |n| < 2.3, Loose anti-u
Loose iso. Loose iso. Medium iso.
Loose anti-e | vLoose anti-e | vLoose anti-e
Ty - pr > 9/5 GeV - pr > 9/5 GeV -
In| < 2.4 In| < 2.4
Loose PF ID Tight PF ID
L1 < 0.4 I.e1 < 0.5
b—Jet veto No b—tagged jet in the event.
Lepton veto No additional electron or muon.
|mpprr — 125| < 25 GeV
|mpp — Mrr|/Mup < 0.8
AR between leptons > 04
[mpis,. — 125] > 15 GeV | -

Table 11.1: Selection criteria in the five studied final states. The two pr and 7 values quoted for the
muons in the pu7, 7, and pur.7, final states correspond to the case where the muons are responsible or
not for firing the trigger path.
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gluon-gluon fusion signal, because the lepton kinematics is basically unchanged and there
is no selection focuse based on the number of jets. The case of the Wh and Zh productions
is different: leptons might be produced in vector boson decays and make the event fail
the additional lepton veto, or neutrinos from the vector bosons may change the m.,
computation and make the event fail the selection criteria on m,,, or [m,, —m..|/m,.
Because of these effects, the selection efficiency for signal events produced in association
with vector bosons is approximately 40% lower than in the gluon-gluon fusion case. The
relative efficiencies with respect to the gluon-gluon fusion production for the VBF, Wh
and Zh production modes are shown in Fig. Meanwhile, the tth contribution is
negligible because of its small cross section, of the b jet veto, and of the additional lepton
veto. Therefore, signal samples produced in gluon-gluon fusion are reweighted with a
modified cross section o computed as:

o = 22.1%(0.872x1.0040.071 x 1.00+0.032 x 0.60+0.019 % 0.604-0.006 x 0.00) pb. (11.1)

8 “f 8 8
Sraf- VBF Sra- Wh S Zh
Bio- Bier Brer
c T c T c
Q4 : L 4F L4
QL QO Qo
= =P =Pt
to'er iorer Tl
1= = 1=
0.8~ —t 0.8— 0.8
£ —t— L [
0.6F 06 —4— 06— i FE——
0.4 0.4 N 0.4
02F 025 025
of I I | | ot | | I I ot | | I I
BHTT,  BHTT,  MNTT,  HHTT,  WATT, HHTT, AT,  BATT,  MATT,  MOTT, HHTT,  HHTT,  HATT, HATT,  HATT,

Final state

Final state

Final state

Figure 11.3: Ratio of the signal acceptance times efficiency in the VBF (left), Wh (center) and Zh
(right) production modes, to the signal efficiency in gluon-gluon fusion production. The acceptance times
efficiency in VBF is comparable to the acceptance times efficiency in ggh, while it is about 40% lower for
the Wh and Zh production modes.

11.2 Background estimation and its validation

The background estimation methods are generally similar to those used in the context
of the SM ZH — llrT7 and MSSM A — Zh — 077 searches. The ZZ background is
directly taken from MC simulations and normalized to its NLO cross section [118], while
the reducible processes are estimated with data-driven methods.

The normalization of the reducible processes comes from the misidentification rate
method. The 5 — u, 7 — e and j — 75, misidentification rates are measured for the iden-
tification and isolation working points used in this analysis; they are shown in Fig. [11.4]
They are parameterized with decreasing exponential functions as a function of the trans-
verse momentum of the closest jet, but in the case of light leptons with ps less than 15 GeV,
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’ H U TeTe \ MUT Ty, \ U TeTh \ T, Th \ WITRTH \ Combination
Data 13£3.6 14 + 3.7 65 £ 8.1 24+49 56 £ 7.5 172 £13.1
Mis-ID rate method || 11.2+£5.6 | 13.3+6.6 | 57.56+21.8 | 25.8 9.8 | 689+ 17.2 | 176.7 £ 30.7

Table 11.2: Comparison between the yield in data with two SS tau candidates, and the yield obtained in
the SS region with the misidentification rate method.

they are measured in two five-GeV wide bins. The low-pr behavior of the muon misidenti-
fication rate is due to events with a very low pr spurious track with potentially one hit in
the muon chambers, which are reconstructed as muon candidates but do not pass the muon
identification. Because of the large pileup, many such muons are reconstructed, but their
misidentification rate is small because they do not pass the identification conditions. The
normalization of the reducible processes is estimated by subtracting the contribution of
events with two tau candidates that fail the isolation or identification conditions, weighted
by a factor that depends on the misidentification rates, from the weighted contribution
of events with exactly one tau candidate that fails the identification or isolation conditions.

To validate the estimation of the reducible background, the yields obtained with the
misidentification rate method are compared with the observed data in a region where the
two tau candidates have the same electric charge. The statistical uncertainties are reduced
by relaxing the selection criteria on |m,,, —m.-|/m,,, M- and my,,. The results are pre-
sented in Tab. the yields from the misidentification rate method are very compatible
with the observation. An additional cross-check consists in comparing the yields of the
misidentification rate method when the rates are parameterized as a function of the pr of
the closest jet or of the lepton. The difference between both methods is limited (between
5 and 30%) and well covered by the uncertainty assigned to the reducible background
normalization[l] Nevertheless, the parametrization as a function of the pr of the closest
jet is chosen because it gives the best agreement between prediction and observation in
the closure test described in the previous paragraph.

The di-muon mass (m,,,) distribution of the reducible background is taken from data
in a region where both tau candidates have the same electric charge and are selected with
relaxed isolation and identification criteria, namely:

— uuT.Te: relative isolation less than 1.0 for both electrons;

— ppt.T,: relative isolation less than 2.0 for both leptons;

— pptey: loose MVA electron identification, relative electron isolation less than 5.0,

BDT output of the tau isolation including lifetime information greater than -0.95;

— ppTy, s loose PF muon identification, relative muon isolation less than 5.0, BDT

output of the tau isolation including lifetime information greater than -0.95;
— pptpTy: BDT output of the tau isolation including lifetime information greater than
-0.90.
The m,,, distribution obtained in this way is compatible, within the large statistical un-

1. The uncertainties range from 25 to 50% depending on the final state, as explained in Section
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certainties, with the distribution coming from the misidentification rate method, as shown

in Fig. [[1.5
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Figure 11.5: Comparison between the m,,, distributions obtained via the misidentification rate method
and from data with SS tau candidates (default method), in the five different final states.

Distributions of the m,,, variable observed in data and their predictions for SM pro-
cesses, before cutting on |m,, — m..|/m,, nor m,,., are shown in Fig. and demon-
strate a good background description in the full mass range, and especially in the more
populated Z peak region.

11.3 Modeling of the experimental m,, distributions

Because of the excellent di-muon mass resolution, an unbinned shape analysis, using
m,,, as observable, is performed. All processes are parameterized separately in the five
final states.
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Figure 11.6: Data, predicted SM backgrounds, and signal (m, = 40 GeV) di-muon mass distributions
in the pprete (top left), pprer, (top right), purer, (center left), ppr, 7 (center right), and ppr,m,
(bottom left) final states, and their combination (bottom right). The cuts on the variables m,,, ., and
|mpup — Mer|/my, are not applied to increase the number of selected events. The signal samples are
scaled as thirty times the normalization obtained with o(h) as predicted in the SM, B(h — aa) = 10%,
and considering decays of the pseudoscalar a boson to leptons only. No maximum likelihood fit to the
data has been performed. [129]
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11.3.1 Signal
Signal distributions are parameterized with Voigtian functions, which are convolutions
of Gaussian and Lorentzian profiles:

V(m) = N G(m/,o)L(m —m/, a)dm/, (11.2)

—00

where the Gaussian profile is centered on 0 and defined as:

e—m?/(20°)
G(m,o) = v (11.3)
and the centered Lorentzian distribution is:
L(m,«a) = - (11.4)

w(m? + a?)’

In practice, the Voigtian function, and its components, are centered close to the a boson
mass hypothesis. The Lorentzian component reflects the natural width of the signal, while
the Gaussian component takes into account experimental resolution effects.

Signal samples are generated with Pythia, for masses between 20 and 60 GeV, with 5
GeV steps. Fits are performed for every mass hypothesis and every final state, after the
full selection has been applied. The Gaussian component is seen to vanish in the final
states with three muons (pp7.7, and pu7,7,), and the signal distributions in these final
states are therefore fitted with simple Lorentzian functions. The signal fits in the different
final states for m, = 40 GeV are shown in Fig. [11.7} a good fit quality is observed for all
of them.

A method is designed to interpolate the signal description to any mass between 20 and
60 GeV, and to extrapolate it up to my /2 = 62.5 GeV. The fit parameters extracted from
the fits to the signal samples, are parameterized as a function of the generated a boson
mass with polynomials with three degrees of freedom. The mean of the distributions is, as
expected, close to the generated a boson mass, while the width parameters, o and o, show
a more complex behavior. The distributions of the fit parameters are shown in Fig. [11.8
for all final states. The signal acceptance times efficiency, measured for all masses in
every final state, is also parameterized as a function of the mass hypothesis, as shown in
Fig. [[T.9) These parameterizations allow the description of the signal distribution and
normalization at any mass, as illustrated in Fig.

A closure test is performed to validate the interpolation procedure. A signal sample
is removed from the fit of the Lorentzian and Voigtian parameters as a function of the
a boson mass, and the signal distributions resulting from the extrapolation with this pa-
rameterization are compared to the direct fits to this signal sample. The test is performed
for intermediary masses, and for an extreme mass (m, = 60 GeV): interpolating to in-
termediary masses and extrapolating outside the range of generated masses both give a
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final states. The black dots correspond to events selected in MC samples. [130]
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Figure 11.8: Lorentzian or Voigtian fit parameters extracted from fits to signal samples in the different
final states, with pseudoscalar boson masses ranging from 20 to 60 GeV.

190



11.3. MODELING OF THE EXPERIMENTAL M,,, DISTRIBUTIONS

™
@

TR

I
R R

HUT T

)
&

nuT T,

Normalization
¥

Normalization

Normalization
=

|
0 20 30 40 50 60

50 S‘D
m, (GeV) m, (GeV) m, (GeV)
s 5
O HpT T, OS2 UHT T,
K " 3 hh
N N
© ©
2- 2—
£ £
(=} o
z z
1.5 1.5]
J
1= 7 1=
05— 05—
L L L L L L L L L
10 20 30 40 50 60 0 20 30 40 50 60
m, (GeV) m, (GeV)

Figure 11.9: Signal normalization as a function of the pseudoscalar boson mass, for an i boson production
cross as expected in the SM, a decays to leptons only and B(h — aa) = 10%. The plateau trend between
30 and 50 GeV is due to the interplay between the boost of the a bosons at low m, and the boost of the
tau leptons at high m,,.

good agreement with the direct fits. The results of the closure test for m, = 55 GeV are
shown in Fig. [11.11}

11.3.2 77 background

The ZZ background is parameterized with Bernstein polynomials, which are linear
combinations of Bernstein-basis polynomials. The n+ 1 Bernstein-basis polynomials used
to build a Bernstein polynomial with n degrees of freedom are defined as:

)

b () = (7) 2 (1 — )™, with i =0,....n, (11.5)

where ZL are binomial coefficients. Bernstein polynomials are positively defined for x

between 0 and 1, which makes them a good choice to describe data limited by statistics.

The polynomial coefficients are extracted from a fit to the events selected in the ZZ
MC simulation. As the number of selected events is extremely low in the ppu7,7), final
state, the hadronic tau isolation is relaxed from the medium to the loose HPS working
point. This does not bias the bias the m,, distribution, and increases the number of
selected events by more than 50%. The fits are shown in Fig. for all final states.

The degree of the Bernstein polynomial is chosen to be the lowest that gives a good
data description; in other words, the degree n is chosen if the degree n 4 1 does not bring
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Figure 11.10: Signal description extracted from the parameterization of the Voigtian and Lorentzian fit
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Figure 11.12: Modeling of the ZZ background, estimated from MC simulations, using fifth-degree Bern-
stein polynomials, in the pp7.7. (top left), ppre7, (top right), pur.m, (center left), ppr, 7, (center right),
and puty 7, (bottom) final states. The black dots correspond to events selected in MC samples. [129]
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11.4. UNCERTAINTIES

Polynomial degree (n — n+ 1) 2x (NLL, — NLLy1)
ppTeTe | putey | pptetn | ppmn | pptama
3—4 94.8 0.05 9.07 4.29 6.17
4—5 18.2 1.65 0.78 0.67 2.99
55— 6 0.20 0.61 2.87 2.22 2.01

Table 11.3: Twice the difference between the minimum negative log-likelihood values for two adjacent
polynomial degrees in the different final states, for the fit of the ZZ background. The improvement
brought by the additional degree of freedom is judged significant if this value is larger than 3.85. The
sixth degree does not improve the fit quality significantly for any of the final states, and the fifth degree
is thus chosen.

a significant improvement to the fit quality. The minimized negative log-likelihood, NLL,
which describes the level of agreement between the fit function and the distribution of the
selected events, can be measured for the fits with polynomials with degree n or n + 1. It
can be shown that twice their difference follows a chi-square distribution with one degree
of freedom: 2 x (NLL, — NLL, 1) ~ x%. The number of degrees of freedom n + 1 is
chosen over n if the chi-square between these two fits shows no significant improvement
(p-value < 0.05 with a F-distribution [131]): P(x? > 2 x (NLL, — NLL, 1)) < 0.05.
A significant improvement therefore consists in 2 x (NLL, — NLL, ;) > 3.85. Such a
method has been used in . The differences for the fits with Bernstein polynomials
of different degrees are shown in Tab. [II.3} the fifth degree is the one that permits to
describe efficiently all final states. The fourth degree would have been optimal for all
final states except upurt.7., which is the most populated by ZZ events; this choice does
not impact the final results because the ZZ background is negligible with respect to the
reducible processes in these final states.

11.3.3 Reducible background

Like the ZZ background, reducible processes are modeled with Bernstein polynomi-
als. The same method is used to determine the optimal polynomial degree; as shown
in Tab. [[1.4] the third degree is the best choice. It can be noticed that the reducible
background is described with a polynomial with less degrees of freedom than the ZZ
background, which is subdominant. The reason is that the distribution of the ZZ back-
ground is better constrained by the large statistics from the MC sample, especially in the
upt.T. final state, whereas the reducible background distribution comes from a statisti-
cally limited number of observed events in a control region in data. The results of the
fits, together with their uncertainties, are illustrated in Fig. [T1.13]

11.4 Uncertainties

The systematic uncertainties that affect the yields of the signal and background pro-
cesses are:
— Theoretical signal prediction: A 10% uncertainty affects the signal yield, to
account for uncertainties on the theoretical signal prediction.
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Polynomial degree (n — n + 1) 2x (NLL, — NLL, 1)
pprete | pptety | ppTetn | ppmumh | ppmnmh
2—3 6.80 9.35 0.84 0.76 12.5
3—4 0.41 0.12 1.55 0.11 0.07

Table 11.4: Twice the difference of the minimum negative log-likelihood values for two adjacent polynomial
degrees in the different final states, for the fit of the reducible background. The improvement brought
by the additional degree of freedom is judged significant if this value is larger than 3.85. The fourth
degree does not improve the fit quality significantly for any of the final states, and the third degree is
thus chosen.
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Figure 11.13: Modeling of the reducible background with third-order Bernstein polynomials, in the
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11.4. UNCERTAINTIES

— Signal efficiency: An uncertainty between 5 and 8% is considered in each final
state to account for the uncertainty on the parameterization of the normalization of
the signal as a function of the mass, illustrated in Fig. [11.9]

— Luminosity: The uncertainty on the luminosity, which affects the ZZ background
and the signal, is measured to be 2.6% [109).

— Tau energy scale: As discussed in Chapter [6] the tau energy scale in data is
known with 3% precision [103]. This does not affect the m,, distributions, but has
an effect on the estimated yield of processes from MC simulations because of the pr
thresholds applied to select hadronic taus. When the tau energy scale is varied by
+3%, the acceptance for the signal and ZZ processes is modified by up to 10% in
the ppr,m, final state, and up to 4% in the ppr.7, and ppr, 7, final states. The yield
uncertainties in the ppu7,7, final state, and in the pp7.m, and pur,m, final states, are
uncorrelated because different HPS isolation working points are used.

— Tau identification: An uncertainty of 6% is considered for any single hadronic
tau [103]; and this number is conservatively doubled in the puu7,7, final state.

— Muon identification: A 1% uncertainty is considered, conservatively multiplied by
the number of muons in the final state.

— Electron identification: A 2% uncertainty is considered, conservatively multiplied
by the number of electrons in the final state.

— Trigger efficiency: The uncertainty on the double muon trigger efficiency is esti-
mated to amount to 2%.

— B jet veto: Applying a b jet veto brings a 1% uncertainty on the yield of the signal
and ZZ processes, both estimated from MC simulations.

— Z 7 theoretical cross section: Uncertainties in the parton distribution functions
(PDF) and variations of the renormalization and factorization scales lead to respec-
tively 5 and 6% yield uncertainties on the ZZ background.

— Limited number of Z7Z events in MC samples: After the full selection, the
number of MC events remaining for the ZZ process is limited, and an uncertainty
ranging between 1 and 15% depending on the final state is associated the global
normalization of the ZZ background.

— Reducible background normalization estimation: The uncertainty on the nor-
malization of the reducible background is estimated by recomputing the yields after
modifying the misidentification rate fit functions within their uncertainties. An un-
certainty is associated to every fit function, and the total uncertainty in a given final
state varies between 25 and 50%

Meanwhile, the shape uncertainties considered in the analysis are:

— Signal modeling: Statistical uncertainties on the parameterization of the signal
are accounted for through the uncertainties on the fit parameters (a, o) describing
the signal distribution.

— Muon energy scale and muon momentum resolution: The muon energy scale
and momentum resolution uncertainties are found to shift the mean of the signal
distributions by up to 0.2% when they are varied by +1 standard deviation. This

197



CHAPTER 11. SEARCH FOR EXOTIC DECAYS OF THE SM-LIKE SCALAR BOSON IN
THE pprm FINAL STATE

Systematic uncertainty Relative change in yield
Signal ‘ 77 ‘ Reducible backgrounds
Luminosity 2.6% 2.6% -
Trigger 1% 1% -
Tau identification 0-12% 0-12% -
b-Jet veto 1% 1% -
Tau energy scale 0-10% 0-10% -
Electron identification 0-4% 0-4% -
Muon identification 2-4% 2-4% -
Signal prediction 10% - -
Signal efficiency 5-8% - -
PDF - 5% -
QCD scale VV - 6% -
77 statistics in MC - 1-15% -
Reducible background normalization - - 25-50%
Reducible background distribution - - shape only
Signal modeling shape only - -
Muon energy scale shape only - -

Table 11.5: Systematic uncertainties on the yields or shapes of the signal, ZZ and reducible processes. The
relative change in yields resulting from a variation of the nuisance parameter equivalent to one standard
deviation is indicated.

is accounted for as a parametric uncertainty on the mean of the Lorentzian and
Voigtian functions.

— Reducible background distribution estimation: The three uncertainties asso-
ciated to the three degrees of freedom of the Bernstein polynomials used to model
the reducible background, are decorrelated and considered as shape uncertainties.

All the uncertainties are summarized in Tab. [[1.4 Given the very low expected yields
expected over the full mass range, and the excellent di-muon mass resolution, the analysis
is mostly statistically limited, and the systematic uncertainties described above generally
play a little role in the results.

11.5 Results

The expected and observed m,,, distributions in the different final states are shown in
Fig. The expected distributions are the result of a simultaneous background-only
maximum likelihood fit to the observed data. Every observed event is indicated together
with its precise m,,, value. The yields are detailed in Tab. [I1.6; the number of observed
events is compatible with the SM expectation.

Upper limits can be set on the cross section times branching fraction for the process

h — aa — pptT, but a more easily interpretable result consists in upper limits on
o(h)/osy x B(h — aa) x B(a — 77)2. Indeed, if the production cross section of the h
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a simultaneous maximum likelihood fit that takes into account the systematic uncertainties. [129]
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Signal Backgrounds Obs.
mg = 20 GeV ‘ mg = 60 GeV 77 ‘ Reducible ‘ Total
UUTeTe 0.20+0.02 0.58+0.06 4.644+0.39 | 2.49+1.03 | 7.134+1.10 8
HUTTy, 0.58+0.08 1.424+0.16 0.104+0.01 | 1.70£0.74 | 1.8040.74 2
IUTeTh 0.7440.08 2.0240.20 0.164+0.02 | 5.65+1.77 | 5.814+1.77 5
T, Th 0.96+0.10 2.3040.22 0.134+0.02 | 0.99+0.31 1.12+0.31 1
LT T 0.60+0.06 1.90+0.18 0.064+0.01 | 4.64+0.98 | 4.704+0.98 3
Combined 3.08+0.31 8.224+0.82 5.0940.39 | 15.474+2.41 | 20.56+2.44 19

Table 11.6: Expected and observed yields in the different final states. The signal samples are scaled with
o(h) as expected in the SM, B(h — aa) = 10% and considering decays of the pseudoscalar a boson to
leptons only. The background yields are obtained after a maximum likelihood fit to observed data, taking
into account the systematic uncertainties described previously.

boson is the same as predicted in the SM, the first term is equal to 1, while the last term
is also almost equal to 1 in the hypothesis that the a boson does not decay to quarksEI.
The latter hypothesis is a good approximation at large tan 8 in 2HDM+S type-3. The
B(a — pp) branching fraction can easily be expressed as a multiple of B(a — 77), given
that in 2HDM and their extensions, one has:

D= ) _ ™Miy/1 = Gmi/m) (11.6)
Da =) mey/T = (Gndfmd) '

The asymptotic approximation cannot be used to extract the C'Lg limits because of
the low expected event yield, and other techniques have to be used . Indeed the
test statistic distributions in this analysis do not follow chi-squares, as supposed by the
asymptotic approximation. Therefore toys need to be generated for every mass point and
every final state to obtain the exact test statistic distributions. The limits obtained with
the full C'Lg calculation are shown in Fig. [11.15] Under the hypotheses that the h boson
production cross section is the same as expected in the SM and that the a boson does
not decay to quarks, B(h — aa) larger than values between 4 and 15% can be excluded
for pseudoscalar masses ranging from 20 to 62.5 GeV. An excess of events is seen at low
mg in the put.7, final state. The local significance of the excess is about three stan-
dard deviations, but a large look-elsewhere effect, due to the narrow signal resolution, the
large mass range probed and the five different final states needs to be taken into account.
The up-crossing method (see Section is not appropriate in this case to evaluate the
look-elsewhere effect because there exists a correlation between the background descrip-
tion in neighbor bins, but the trial factor, which relates the global to the local p-value is
measured by throwing toys based on the background-only expectation and counting the
fraction of times an excess as the one in the 7.7, final state is observed. The trial factor
is larger than thirty, which leads to a global significance less than two standard deviations.

2. B(a — 771) > 0.995 for all a boson masses larger than 20 GeV if there is no decay to quarks.
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Figure 11.15: Expected upper limits at 95% CL on the production of h — aa relative to the SM h
production, scaled by B(a — 77)2, in the pure7e (top left), uuret, (top right), uprer, (middle left),
ppr,m, (middle right), and ppry 7, (bottom left) final states, and for the combination of these five final
states (bottom right). B(a — 77)2 is close to 1 in the hypothesis where the pseudoscalar a boson does
not decay to quarks. No excess has a global significance larger than 2 standard deviations.
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The ATLAS Collaboration has also published results on the search for the exotic decay
of the 125-GeV particle to a pair of light pseudoscalar bosons in the final state with two
muons and two taus . The analysis targets masses of the pseudoscalar boson be-
tween twice the tau mass, and 50 GeV, and makes use of special techniques to reconstruct
boosted di-tau pairs. Because the strategy used by ATLAS is optimized for boosted di-
tau pairs and thus low pseudoscalar masses, the CMS analysis described in this chapter
is roughly one order of magnitude more sensitive for pseudoscalar masses above 20 GeV.

If a type of 2HDM+S and a value of tan 8 are chosen, the branching fractions of the
pseudoscalar boson to any SM particle can be determined univocally for any mass m,.
Assuming that the production cross section for the h boson is the same as predicted in
the SM, this analysis is sensitive to B(h — aa) < 1 values at large tan  (tan 8 > 1.8)
in 2HDM+S type-3, and small tan 8 (tan 8 < 0.5) in 2HDM+S type-4, as illustrated in
Fig. [I1.16] It is however not sensitive to branching fractions less than unity for any tan /3
in 2HDM+S type-1 and type-2.

CMS Preliminar 19.7 b (8 TeV 19.7 fb™ (8 TeV
e 5.0 0 «a 10
T g 5 %
€ s i <
m m
X X
+0 5 23
o Blo
3.5 S 15
o 3}
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h — aa) for the combination of all di-tau
final states in 2HDM+S type-3 (left) and type-4 rlghjsl

11.6 Interpretation and comparison with other CMS searches

A large variety of exotic h decays is allowed in 2HDM+S, with little indirect constrains
from other CMS measurements. It is therefore a favored model to compare the reach of
different exotic h decay searches. Five decay modes with two light pseudoscalar bosons
have been studied with the data collected by CMS in Run-1:

1. h = aa — putt, 20 < m, < 62.5 GeV [129]. Tt is the analysis described at length
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in this chapter.

2. h — aa — pubb, 20 < m, < 70 GeV [134]. This analysis is pretty similar to the first
one, but suffers from larger backgrounds because of the difficulty to identify b jets.

3. h = aa — 7777, 5 < m, <9 GeV [135]. Because of the low pseudoscalar mass, the
di-tau pairs are boosted, and special boosted reconstruction techniques have been
used.

4. h = aa — 7777, 5 < M, < 15 GeV [136]. Even if the final state is the same as in
the previous analysis, different boosted reconstruction techniques are used, and this
analysis particularly targets the W h associated production mode.

5. h — aa — pppp, 0.25 < m, < 3 GeV [137]. Apart from its reach in 2HDM+S, this
analysis is also interpreted in dark SUSY models. A similar analysis has also been

published by the ATLAS Collaboration |13§].

In 2HDM-+S, the pseudoscalar a inherits its couplings to fermions from the SM-like scalar,
while it cannot decay to gauge bosons. The branching fractions of the a boson depend
on the type of 2HDM+S, and on the value of tan 3, the ratio between the vacuum ex-
pectation values of the two scalar doublets. The formulae presented in Section [I.3.3] still

apply, with some notable differences due to the pseudoscalar nature of the boson and to
the presence of a second doublet [18]52].

The partial decay width of the pseudoscalar to fermions reads:

L(a— ff) = Wgaffmamf 1- T2 (11.7)

where the differences with the SM case lie in the power of the last term (1 for a pseu-
doscalar, 3 for a scalar), and in the scaling by the square of g,;7, which multiplies the
coupling from the SM, depends on tan $ and is given in Tab. for all types of 2HDM. It
can be noticed that, for two different kinds of leptons, the ratio of the branching fractions
is simply the ratio of their squared masses when m, > 2my, for example:

Bla = pp) _m;
B(h—771)  m2 (11.8)

T

In the case of decays to quarks, the previous formula still holds with N = 3 and specific
QCD corrections, amounting to about 20%. The QCD corrections can be decomposed in
two terms: A, and A2, with

A T 2

Dy = 567 + (35.94 — 1L.35Ny) (%) , (11.9)
~2 2 2
ag m; 1 ,m

A2 = ) (3.83 - IOgﬁg + 8 log m—;) : (11.10)
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The symbol ag indicates the running of the strong coupling constant at the renormaliza-
tion scale m,, and m, is the running of the quark mass in the modified minimal subtraction
(MS) scheme \ | at the same renormalization scale. In 2HDM+-S type-1 and type-
2, when neglecting the QCD correction terms, and for pseudoscalar boson masses large
compared to twice the b quark mass, the ratio between the branching fractions of the
pseudoscalar to b quarks and to tau leptons is given by:

B(a—bb)  mj

_— - ~ 3 11.11
B(h — 77) m2’ ( )

where the factor 3 comes from the number of colors.
The partial decay width to a photon pair via b- or t-quark loopSEl, is given by:

2
2 _Aa ma
E Ne@79ar7AT 2 <—4m?>

f

2
2,3
Gram;,

where ¢y is the electric charge relative to that of the electron. The form factor A{ /o 18
simply given by:
1a(r) = 207" f(2), (11.13)
with
arcsin?/z, if x < 1;
flz) = 1 1++/1-1/z . ? . (11.14)
—3 (log H/T—l/x —m | otherwise.

There is no QCD correction to take into account.

Finally, the partial decay width to a pair of gluons, through c-, b- or t-quark loops is:

2
o [ ma 97 7 as
Z Jaqq11)2 (4_m3> (1 + (Z — aNf) ?> : (11.15)

q=t,b,c
The NLO corrections in the last term are computed with the renormalization scale of the
strong coupling constant equal to the pseudoscalar mass.

=2 3
Gragm;,

I'(a— gg) = 36v2r8

The branching fraction for each decay can be obtained by dividing the partial decay
width over the total decay width. Fig. [[1.17] shows the branching fractions of the pseu-
doscalar a to SM particles, in the four types of 2HDM-+S, for different values of tan 3.

The largest branching fraction for the pur7r final state, B(aa — pur7), is obtained
for large tan 8 values in 2HDM+S type-3, where the decays to leptons are enhanced over
the decays to quarks. The largest B(aa — pubb) is also obtained in 2HDM+S type-3,
but for tan f ~ 2: it is the best compromise between the enhancement of the couplings

3. Unlike the SM case, there is no contribution from W loops because of the pseudoscalar nature of a.
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Figure 11.17: Branching fractions of the pseudoscalar boson a to SM particles for different types of
2HDM+S and different tan 8 values. There is no tan 5 dependence in 2HDM-+S type-1. The calculations
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Figure 11.18: Branching fractions of a pair of a bosons to purt (left) and pubdb (right) as a function of
tan 3, in the four types of 2HDM-+S without tree-level FCNC.

to leptons and the reduction of the couplings to quarks. The branching fractions to both
final states are shown in Fig. for a pseudoscalar with a mass of 40 GeV as a function
of tan A in all four types of 2HDM+S without tree-level FCNC. The interplay between
the h — aa — ppbb and h — aa — ppTT analyses in type-3 and type-4 is shown in
Fig. [[1.19} h — aa — pp7T is more sensitive in type-3 for tan § > 1.8 and in type-4 for
tan 5 < 0.5.

In 2HDM+S type-1 and type-2, the ratio between the branching fractions of the pseu-
doscalar to down-type quarks and to leptons does not depend on tan 3. The results of all
analyses can therefore be rescaled to limits on (o(h)/osa) x B(h — aa) x B(a — 77)%,
or equivalently on (o(h)/osn) x B(h — aa) x B(a — pu)?, as shown in Fig. [11.20] In
type-3 and type-4 however, down-type quarks and leptons do not couple to the same

scalar doublet, and the ratio between their branching fractions depends on tan .

The branching fractions of the pseudoscalar boson to muons and taus hugely depend on
the pseudoscalar mass; and more intuitive limits can be set on (o (h)/osy) X B(h — aa).
This requires to make a hypothesis both on the model and on tan 3. The results are
shown for three tan 8 values in every type of 2HDM-S in Fig. [11.21
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Figure 11.19: Comparison between the reach of the h — aa — ppbb and h — aa — ppr7 as a function
of tan 3 for a pseudoscalar mass of 40 GeV, in 2HDM/S type-3 (left) and type-4 (right).
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Figure 11.20: Comparison between the different analyses h — aa searches performed in Run-1 with the
CMS detector, in 2HDM+S type-1 and type-2. The white areas between 3.55 and 5 GeV, and between
15 and 20 GeV, correspond to mass regions where no analysis was performed.
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11.7. CHAPTER SUMMARY AND PERSONAL CONTRIBUTIONS

11.7 Chapter summary and personal contributions

Search for exotic decays of the SM-like scalar in the pu77 final state

The existence of exotic decays of the 125-GeV boson is still allowed with relatively
large branching fractions by the precision measurements on this 125-GeV state.
This chapter presents a search for the h — aa — ppur7 decay, which is particularly
enhanced at large tan § in 2HDM+S type-3. The observable is the invariant mass
of the two muons, and given its excellent resolution, an unbinned shape analysis
is performed. No excess is observed over the tiny predicted SM backgrounds, and
exclusion limits can be set. Branching fractions of the h boson to a pair of light
pseudoscalar a bosons as low as 4% can be excluded, in 2HDM+S type-3 with large
tan . The performance of this analysis is then compared with those of the other
exotic h decay searches performed with the CMS detector in Run-1, in the four
different types of 2HDM-+S without FCNC.

My contributions

Figures: [11.1H11.21

I have produced all the results of the h — aa — ppur7 search presented in this
chapter, and have made the summary plots combining the five different searches for
exotic h decays performed with the data collected by CMS in Run-1.
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Chapter 12

Search for a light pseudoscalar decaying to taus

In some particular scenarios of 2HDM type-2, light pseudoscalar A bosons can
be produced in association with b jets with a large cross section accessible with
LHC Run-1 data, as explained in Section [2.2.3.  This low mass region, below
the Z boson mass, has been barely explored at the LHC, unlike the high mass
region where many analyses test various hypotheses. A difficulty in analyzing
such a mass region s that the final state leptons typically have low transverse
momenta and do not pass the trigger thresholds. In this chapter, we study the
bbA — bbrT process, as published in . Whereas the bbA — bbup process
1s more easily accessible because of the efficient identification and triggering of
muons, the branching ratio of the A boson to muons is more than two orders of
magnitude lower than its branching fraction to taus.

12.1 Analysis overview

The Feynman diagram of the signal process considered in this analysis is shown in
Fig. [12.1} Three di-tau final states among the six possible ones are studied: 7.7,, 7,7,
and 7.7,. The 7.7, and 7,7, final states are discarded because of their low branching
fractions and of the large backgrounds, while the trigger thresholds in the 7,7, final state
are too high (45 GeV per hadronic tau) to study a light resonance.

Signal samples are generated with Pythia, for pseudoscalar masses between 25 and 80
GeV. Because the selection efficiency is low given the low average transverse momentum
of final state leptons, all events are generated with at least one lepton with pr greater
than 15 GeV, and a reweighting is performed to account for the generator level efficiency.
The Drell-Yan, W-jets, ¢t (fully leptonic, semi leptonic and fully hadronic) and diboson
(WW, WZ and ZZ) processes are also generated with Madgraph. Finally, single top and
SM H boson processes are generated with Powheg. The W -+jets and Z+jets samples are
produced inclusively, and exclusively for different numbers of generated jets. This permits
to increase the selection efficiency for these important processes with large cross sections,
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Figure 12.1: Feynman diagram for the production of a light pseudoscalar with a pair of b quarks, and
decaying to taus.

c 0.30 —————— R B Tev
EH C B Sl ]
£ o025 -i-€H 3
< C [ €T ]

0.20f /N 3
B N P
015k By r%@ =
L 1 \ 2\ O
B l\l 1 ./ ]
C f : ]
0.10~ .
0.05F -
[ 1 L L L | L L L | L L L
00050 40 60 80

m,, [GeV]

Figure 12.2: Measured masses and mass resolutions obtained with the SVfit algorithm in the three final
states studied in the analysis, for signal samples with generated A boson masses between 25 and 80 GeV
with 5 GeV steps. The resolution in the ey final state is a few percent worse because of the presence of
one additional neutrino in the final state.

and to obtain more precise templates. The different samples can be combined with the
stitching technique. The Z/v* — 2¢ samples are further divided into two mass regions:
myee > 50 GeV and 10 < my < 50 GeV. It has been checked that both mass regions can
be joined smoothly. The data have been collected in 2012 at 8 TeV center-of-mass energy,
and amount to 19.7 fb~! integrated luminosity. A summary of the MC processes with
their cross sections, as well as the collected datasets, can be found in Appendix [A]

A binned analysis is performed, using the full di-tau invariant mass m., as observable,
and upper limits on the cross section times branching fraction are set with the asymptotic
CL, method. The SVfit algorithm is seen to perform well for low mass resonances, and
a mass resolution of about 15% is obtained for all final states and all masses between 25
and 80 GeV, as shown in Fig. [12.2
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12.2 Selection

A vertex with at least four degrees of freedom is required in the event, with a position
with respect to the beam interaction such that —24 < z < 24 cm and |r| < 2 cm. If
there are more than one vertex satisfying these conditions, the one with the highest scalar
pr sum of the tracks is chosen as the vertex of the hard-scatter interaction. In all final
states, the events are required to have at least one jet with pr > 20 GeV, |n| < 2.4
and passing the medium CSV b-tagging working point. The next sections describe the
selection criteria specific to the three different di-tau final states.

12.2.1 7.7, final state

The events in the 7.7, di-tau final state have to fire a trigger path that requires at
HLT level a muon and an electron with pr greater than 8 and 17 GeV respectively for the
leading and subleading lepton. At analysis level, the pr requirements are chosen such that
the trigger efficiency is close to the plateau, and either a muon with pr greater than 10
GeV and an electron with pr greater than 20 GeV, or a muon with pr greater than 18 GeV
and an electron with pr greater than 10 GeV are required. The 2 GeV difference between
the leading electron and muon criteria comes from the slower trigger efficiency turn-on for
electrons. The pseudorapidity conditions on the leptons also come from trigger constrains
and are || < 2.3 for muons and |n| < 2.1 for electrons. In addition, the selected objects
are required to correspond within AR < 0.5 to the objects that fired the trigger paths.

The electron and the muon are required to be isolated, with relative isolation less than
0.15 in the endcaps (|n| > 1.479) and 0.10 in the barrel (|n| < 1.479). The electron should
pass the conversion veto and the loose MVA identification, while the muon should be
tightly identified. The |d,| and d,, parameters are required to be less than 0.2 and 0.02
cm respectively for both leptons. The electron and the muon need to carry an opposite-
sign charge, and to be separated by at least AR = 0.5.

In order to reduce the backgrounds from Drell-Yan or diboson productions, events that
have more than one isolated and identified electron and muon are vetoed. In particular,
the extra electrons are selected with the following characteristics:

— pr > 10 GeV, |n| < 2.5;

— dyy < 0.045 cm, |d.| < 0.2 cmy;

— relative isolation less than 0.3;

— loose MVA identification and conversion veto,
while extra muons pass the following conditions:

— pr > 10 GeV, |n| < 2.4;

— dyy < 0.045 cm, |d.| < 0.2 cm;

— relative isolation less than 0.3;

— tight PF identification.

The t¢ contribution is reduced by selecting events with P, defined in Chapter |§|, greater

than -40 GeV. In addition, the transverse mass between the dilepton system and the 7
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is required to be less than 25 GeV; this further reduces the ¢t contribution and removes
a large fraction of electroweak backgrounds. Over the probed mass range, the expected
upper limits on the signal cross section times branching fraction improve by 40-55% by
applying the P selection, and by 8-20% by additionally applying the transverse mass
selection; the largest improvement is seen at low my .

12.2.2 7,7, final state

The trigger path used to select events in the 7,7, final state requires at HLT a muon
with pr greater than 17 GeV and a hadronic tau with pr greater than 20 GeV. At analysis
level, a muon with pr greater than 18 GeV and |n| less than 2.1, and well as a tau with pr
greater than 22 GeV and || less than 2.3, are required. The reconstructed objects should
correspond to the objects that fired the trigger paths within AR < 0.5. The muon should
pass the tight PF identification, and have a relative isolation less than 0.1. Its d,, and its
|d.| are required to be less than 0.045 and 0.2 cm respectively. The hadronic tau should
pass the decay mode finding discriminator, the tight MVA identification including lifetime
information, the loose cut-based rejection against electrons, as well as the medium MVA
rejection against muons. Both leptons are required to carry an opposite-sign charge and
to be separated by at least AR = 0.5.

To remove contributions from Z/v* — uu events, the events are vetoed if they contain
a second muon that has an opposite-sign charge compared to the selected muon, and with
a relative isolation less than 0.3, pr > 15 GeV, |n| < 2.4, |d,| < 0.2 cm, separated from
the tau candidate by at least AR = 0.15, and being identified as a global, PF and tracker
muon. In a more general way, all events that have an electron (pr > 10 GeV, |n| < 2.5,
loose MVA identification, relative isolation less than 0.3, |d.| < 0.2 cm, separated from
the muon and tau candidates by at least AR = 0.15) or a second muon (pr > 10 GeV,
In| < 2.4, tight PF identification, relative isolation less than 0.3, |d.| < 0.2 cm, separated
from the muon and tau candidates by at least AR = 0.15) on top of the already selected
muon and tau candidates are vetoed. The contribution from Wjjets and tf events is

reduced by requiring the transverse mass between the muon and £7 less than 30 GeV.

12.2.3 7.7, final state

At HLT level, an electron with transverse momentum greater than 22 GeV and a
hadronic tau with transverse momentum greater than 20 GeV are required. Offline, the
events are selected with an electron with pr > 24 GeV and || < 2.1 and a hadronic tau
with pr > 22 GeV and |n| < 2.3. The electron is required to pass the tight MVA identifi-
cation, and to have a relative isolation less than 0.1, whereas the hadronic tau passes the
decay mode finding discriminator, the tight MVA isolation including lifetime information,
the medium MVA discriminator against electrons as well as the loose cut-based discrim-
inator against muons. Both candidates have |d,| < 0.2 cm, and are matched to trigger
level objects. Moreover, the electron and the tau have an opposite-sign charge and are
separated from each other by at least AR = 0.5.
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Extra lepton vetoes are applied to reduce the contribution from Drell-Yan and multi-
lepton processes. Any event with an additional electron (pr > 10 GeV, |n| < 2.5, loose
MVA identification, relative isolation less than 0.3, |d,| < 0.2 cm, separated from the
electron and tau candidates by at least AR = 0.15) or muon (pr > 10 GeV, |n| < 2.4,
tight PF identification, relative isolation less than 0.3, |d,| < 0.2 cm, separated from the
electron and tau candidates by at least AR = 0.15) is discarded. To reject more specifi-
cally the Z/v* — ee background, the events are also not selected if they contain a second
electron that has an opposite-sign charge to the other electron, and has the following
characteristics: pr > 15 GeV, |n] < 2.4, tight MVA-based identification, relative isolation
less than 0.3, |d,| < 0.2 cm, separated from the electron and tau candidates by at least
AR = 0.15. The contribution from W-jets aILd tt backgrounds is reduced by requiring

the transverse mass between the electron and 7 to be below 30 GeV.

12.3 Background estimation

12.3.1 Z/y* — 717

The Z/v* — 77 process is a major irreducible background, and it is therefore crucial
to estimate it correctly. To do so, so-called embedded samples are used . They are
produced from Z/v* — pup observed events collected with a muon trigger. The recon-
structed muons are replaced by simulated taus that are subsequently decayed with Tauola,
and polarization effects are modeled with TauSpinner . The detector response to the
tau decay products is modeled via Geant. Jets, K7, and hadronic taus are then recon-
structed with the PF algorithm, while lepton isolations are recomputed given the new
set of particles. Embedded samples based on the full collected data are generated for
every di-tau final state. Such a method implies that most event properties, for example
the 7 or the jet characteristics, are directly taken from data and do not suffer from
modeling uncertainties. The normalization is taken from the MC simulation for the se-
lection without any requirement on the number of b jets, and a scale factor derived from
the embedded samples is applied to account for the differences in the selection. Because
tt — WbWb — pvbuvb events contaminate the di-muon events selected in data, embed-
ded tt samples generated from MC samples are also produced, and subtracted from the
embedded Z/~* — 77 after reweighting. Generally, the contribution from t¢ events is low,
but it can become significant if b jets are required in the selection. In addition, the m.,,
distributions of the ¢ and Drell-Yan samples are extremely different, and the tf process
becomes proportionally more important in the m,, tails, where searches are performed.

Embedded samples are produced for invariant masses of the leptons greater than 50
GeV, while MC samples are used to model Z/v* — 77 events with my below 50 GeV.
More precise distributions are obtained for the MC samples by relaxing the b-tagging
CSV working point.
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12.3.2  Z/v* — pp/ee

These processes contribute essentially to the ur, and er, final states, when one of the
light leptons is misidentified as a hadronic tau. Because the e — 7, and even more so the
1 — 71, misidentification rates are low, these processes represent only a small contribution
to the total background. They are entirely estimated from MC samples.

12.3.3 W-jets

The W +jets background is composed of events where a jet is misidentified as a hadronic
tau (er, and p7y, final states) or as a light lepton (ep final state). It is estimated with
different methods depending on the final state.

In the er;, and ury, final states, this background is strongly reduced by requiring the

transverse mass between the light lepton and the 7 to be less than 30 GeV. While its
distribution comes from MC samples, its normalization is estimated directly from observed
data. In the region where the transverse mass is greater than 70 GeV, the W -jets process
is by far the dominant background, and a scale factor can be estimated in such a way as
the normalization of the MC sample corresponds to the number of observed events, from
which the other small background contributions, estimated from MC samples, have been
subtracted. The scale factor measured in the high my¢ region is then applied to the MC
simulation in the low mq signal region. As the tau py distribution is seen to differ in
MC simulations and data, an event-by-event correction that accounts for the differences
between data and MC simulations in the energy scale of hadronic taus arising from j — 7,
misidentification is applied. It is measured in a control region with my > 50 GeV, and
depends on the transverse momentum of the hadronic tau in the MC sample. The weight
w can be expressed as a function of the hadronic tau pr as:

w=0.79 — 0.15.2 — 0.03.2> — 0.08.2% (12.1)

where x = (pr/GeV — 149.83)/100. (12.2)

In the ey final state, all backgrounds that have at least one jet misidentified as a muon
or an electron are estimated together with a data-driven method, which is explained in
the next section.

12.3.4 QCD multijet

The QCD multijet background is an important event contribution in the low di-tau
mass region. It arises from jets misidentified as hadronic taus, muons or electrons, and
from real light leptons from the semi-leptonic decays of jets from heavy flavor quarks.
The QCD multijet background is estimated with data-driven methods that depend on
the final state.
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In the er, and p7, final states, the normalization of the QCD multijet background
is obtained from a same-sign (SS) charge region, where the charge requirement on the
two leptons has been inverted. The contribution from other processes, such as W-jets
or tt production, is estimated from MC simulations and subtracted from the observed
data, which gives the QCD multijet m,, distribution. The normalization of this process
is not necessarily the same in the SS and opposite-sign (OS) regions, and a scale factor
to extrapolate the SS normalization to the OS normalization is needed. It is measured in
data, by taking the ratio between OS and SS events with inverted light lepton isolation
and hadronic taus passing the very loose working point of the MVA isolation instead of
the tight one. The relaxation of the tau isolation and the inversion of the light lepton
isolation permit to obtain a signal-free (QCD-enriched region, from which the tiny contri-
butions from other processes are subtracted. The ratio is measured as a function of the
di-tau mass as some dependence is observed, and is applied to events in the isolated SS
region to extract the QCD multijet normalization in the signal region.

The m., distribution of the QCD multijet background in the e}, and u7, final states is
also taken from an SS region. Compared to the signal region, the tau isolation is relaxed
to the loose MVA working point instead of the tight one to obtain more populated tem-
plates, and the muon isolation is required to lie between 0.2 and 0.5 to remove the W+jets
contribution. A bias in the m,, distribution of the QCD multijet template is introduced
by relaxing the tau isolation; this is corrected by applying an event-by-event weight that
represents the probability for a hadronic tau that has passed the very loose MVA-based
isolation to pass the tight working point. This weight is measured in three different pseu-
dorapidity regions, as a function of the tau transverse momentum. Additionally, the bias
introduced by selecting events in the SS region instead of the OS one is corrected with the
same m.,.-dependent weight derived to extract the QCD multijet normalization. Fig.[12.3
shows a schematic summary of how the QCD multijet normalization and m.., distribution
are estimated in the er;, and pu7, final states.

In the ep final state, all processes where at least one jet is misidentified as one of the
light leptons, are estimated together with a method that relies on the 7 — e and j — u
misidentification rates. The probability for loosely preselected, or so-called "fakeable",
leptons to pass the full lepton identification and isolation as required in the signal region
are measured in signal-free regions. Fakeable electrons have the following characteristics:
GSF candidate, pr > 10 GeV, || < 2.3, dy, < 0.2 cm, |d,| < 0.1 cm, conversion veto,
transverse shower shape parameter o;,;,, < 0.01(0.01) in the barrel (endcaps), |A¢;,| <
0.15(0.10) in the barrel (endcaps), |An;,| < 0.007(0.009) in the barrel (endcaps), and
relative track, electromagnetic and HCAL isolations all less than 0.2. Meanwhile fakeable
muons are selected as global muons with pr > 10 GeV, |n| < 2.1 and d,,, < 0.2 cm. If the
muon transverse momentum is greater than 20 GeV, the fakeable candidate is required to
have its relative track, electromagnetic and HCAL isolations all less than 0.4; otherwise
its absolute track, electromagnetic and HCAL isolations should all be less than 8 GeV.
The complete signal selection is applied to data events with fakeable electrons and muons,
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Figure 12.3: Schematic overview of the QCD multijet background estimation in the e, and p7y, final
states.

and the events are divided into three categories:

— Nyt The fakeable electron and the fakeable muon both fail the lepton identification
or isolation requirements. These events are weighted by w = #{LM

— Npy: The fakeable electron passes the full electron requirements but the fakeable

muon fail the identification or isolation criteria. These events are weighted by w =
fu
I—fu’
— Ny,: The fakeable muon passes the full muon requirements but the fakeable electron

fail the identification or isolation criteria. These events are weighted by w = 7 i =

In order to remove double-counted events, which have both a misidentified muon and a
misidentified electron, the normalization of the reducible background is estimated with a
weighted combination of the three categories: N,¢+ Ny, — Nss. The contamination from
events with real leptons is estimated to 17% and the yield of the reducible background
estimated with the misidentification rate method is reduced by this amount.

12.3.5 tt production

The top quark pair production is another large irreducible background, which con-
tributes over the entire di-tau mass range. This contribution is particularly important
because of the b jet requirement in the selection of all channels. The ¢t process is esti-
mated from MC samples, and reweighted to the cross section measured in a tt-enriched
region in data, obtained by selecting events with an electron, a muon and two b jets.
Because the distributions of the top quark transverse momentum differ in data and MC
samples, a weight is assigned event-by-event to correct the MC distribution.
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12.3.6 Other backgrounds

Single top and diboson backgrounds are only a small fraction of the background, and
are fully estimated from MC samples and scaled to their NLO cross section [118]. The
contribution from the SM-like scalar with a mass of 125 GeV is taken into account in all
its dominant production modes. The H — WW decay mainly contributes in the ey final
state.

12.3.7 Control distributions

The agreement between data and predicted backgrounds is shown for a set of variables
in Fig. for the ey final state, and in Fig. for the other two final states.

12.4 Systematic uncertainties

The systematic uncertainties considered in this analysis are detailed in Tab. [12.4]

The uncertainties on the lepton trigger, identification and isolation efficiencies are
treated together, and amount to 2% per muon, 2% per electron and 8% per hadronic
tau. Because some hadronic taus are selected with pr in trigger turn-on efficiency curves,
a shape uncertainty consisting in the difference between the measured and plateau effi-
ciencies is considered for low pr taus. All processes estimated from MC simulations are
affected by a 2.6% uncertainty related to the luminosity measurement

The Z/~* — ee and Z/~* — pp processes are attributed a 30% uncertainty related
to the e — 7, and u — 7, misidentification rates respectively, while all Drell-Yan events
with myg, > 50 GeV have a 3% uncertainty related to the theoretical predicted cross sec-
tion [146]. A 10% uncertainty is considered for the low mass Drell-Yan events. The other
processes also have normalization uncertainties: 15% for the diboson production theoreti-
cal cross section, 10% for the measured tf cross section, 30% for the reducible background
in ey related to the misidentification rate method, 30% for the h — 77 process because
of the uncertainty on the measured signal strength, 20% for the QCD multijet because of
the uncertainties on the OS/SS and misidentification rate functions, and finally 30% for
the W +jets background in the e, and u7, final states due to the propagation of the £
uncertainties to the scale factor measured in the high-m region.

Shape uncertainties include the uncertainties on the electron and tau energy scales,
and on the ¢t pr reweighting. Bin-by-bin uncertainties are considered for all processes to
account for the limited number of events in every single bin of the distributions, while
the W+jets and QCD multijet processes also have a shape uncertainty related to their
data-driven estimation methods.

Theory uncertainties affecting the signal include the differences in acceptance observed

when using an LO generator instead of NLO (20%). Theoretical uncertainties arising from
the underlying event and parton showering matching scale, PDF [147], and the dependence
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Figure 12.4: Control distributions in the eu final state. The events are selected as in the signal region
except that there is no requirement on the number of b-tagged jets. The electroweak background is
composed of diboson and single top backgrounds, while the misidentified e/p background is due to
QCD multijet and W-jets events. The contributions from the SM scalar boson and from the signal are

negligible and therefore not shown. A maximum likelihood fit to data, taking into account systematic
uncertainties, is performed [145]
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Systematic source Yield uncertainty
HUTh ‘ €Th ‘ eu
Integrated luminosity 2.6% | 2.6% | 2.6%
Muon ID/trigger 2% - 2%
Electron ID/trigger - 2% 2%
Tau ID/trigger 8% 8% -
i — 75, misidentification rate 30% - -
e — T3, misidentification rate - 30% -
'5 b tagging efficiency 1-4% | 1-4% | 1-4%
3 b mistag rate 1-9% | 1-9% | 1-9%
= FE'r scale 1-2% | 1-2% | 1-2%
g Z/v* — 77 normalization 3% 3% 3%
2 Z/v* — 77 low-mass normalization 10% | 10% | 10%
QCD multijet normalization 20% | 20% -
Reducible background normalization - - 30%
W +jets normalization 30% | 30% -
tt cross section 10% | 10% 10%
Diboson cross section 15% 15% 15%
H — 77 signal strength 30% | 30% | 30%
Electron energy scale - - shape
,S Tau energy scale shape | shape -
E Distribution of QCD multijet and W-jets || shape | shape -
E Trigger efficiency shape | shape -
E Limited number of events shape | shape | shape
tt pr reweighting shape | shape | shape
o Underlying event and parton shower 1-5% | 1-5% | 1-5%
5 Scales for A boson production 10% 10% 10%
= PDF for generating signal 10% 10% 10%
= NLO vs. LO 20% | 20% | 20%

Table 12.1: Systematic uncertainties considered in the bbA — bbrT analysis.

221



CHAPTER 12. SEARCH FOR A LIGHT PSEUDOSCALAR DECAYING TO TAUS

19.7 fb* (8 TeV) 19.7 fb (8 TeV)
T ™

e e e e e UL B e e o e o - S B o B o e o R
% 90: CMS et —o— Observed ~ 2200: CMS pt —@— Observed E
o Bof_Unpuinshed z-u 3 9 2000 Unpublished dz-mu 3
— F i c E Bt E
[%) F [ EwK E O 1800F [ Ewk E
= 70 I - > o E
& _F R certaimy U 1600F E00 ncertainty
> 60 ) R33 g.uncertalmy__ E 23] Bkg. uncertainty E
L F E 1400 =
S0F . E 1200F .

40F 3 1000

E 800F

600

400F

200F-fd
150 ™3 1 0 1 2
e

ps [GeV] n

Figure 12.5: Control distributions in the e, (left) and u7y, (right) final states. The events are selected as
in the signal region except that there is no requirement on the number of b-tagged jets. The electroweak
background is composed of Z — ee, Z — uu, W+jets, diboson, and single top quark contributions. The
contribution from the SM scalar boson and from the signal are negligible and therefore not shown. A
maximum likelihood fit to data, taking into account systematic uncertainties, is performed.

on factorization and normalization scales are considered for signal. The PDFs uncertainty
is taken as the difference in the signal acceptance for the signal simulation with CTEQ6L1,
MSTW2008NLO [148], and NNPDF2.3NLO [149] PDF sets, leading to a 10% uncertainty.

12.5 Results

A simultaneous maximum likelihood fit is performed in the three final states with
all the systematic uncertainties taken into account. The pulls and goodness-of-fit tests
indicate a good description of the processes. The di-tau mass plots after the fit are shown
in Fig[12.6] together with their zoomed-in versions at low m.,. A slight excess is observed
in the p7, mass spectrum around 35 GeV, but it is compatible with the background-only
hypothesis within the statistical and systematic errors. Model-independent upper limits
can be set on the cross section times branching ratio using the asymptotic C'L, technique;
they are shown for each final state in Fig. [I2.7 Even though the level of background is
higher at large m.,,, the exclusion limits improve sharply with the A mass; this is due
to the rapidly increasing signal acceptance times efficiency with the pseudoscalar mass,
illustrated in Fig. [12.8 The combination of the three final states is shown in Fig. [12.9]
which contains also colorful points indicating theoretically viable scenarios. All red-orange
points have cross sections above the ones excluded by the analysis: this process is excluded
in 2HDM type-2 with wrong sign Yukawa couplings. The theoretical points are shown up
to ma = my,/2, but the exclusion is even stronger for heavier A pseudoscalar bosons due
to the absence of h boson decays to a pair of pseudoscalars.
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Figure 12.6: Observed and predicted m.,, distributions in the u7r, (top), er, (center) and ey (bottom)
final states. The plots on the left are the zoomed-in versions for m,, distributions below 50 GeV. A
signal for a mass of m4 = 35 GeV is shown for a cross section of 40 pb. In the p7, and ety final states,
the electroweak background is composed of Z — ee, Z — uu, Wjets, diboson, and single top quark
contributions. In the ey final state, the electroweak background is composed of diboson and single top
backgrounds, while the misidentified e/u background is due to QCD multijet and W+jets events. The
contribution from the SM H boson is negligible and therefore not shown. m
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Figure 12.7: Observed and expected upper limits at 95% on the cross section times branching fraction
for a light pseudoscalar boson produced in association with two b quarks and decaying to taus, in the
uty, (left), er, (center) and ey (right) final states. [142]
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Figure 12.8: Signal acceptance and efficiency for different A masses for the three di-tau final states. The
acceptance times efficiency increases sharply with the pseudoscalar boson mass. [145)]
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Figure 12.9: Expected and observed upper limits at 95% confidence level on the cross section times
branching fraction for the combination of all three final states. The points represent typical expected
cross sections in 2HDM type-2. The blue and green points correspond to models with SM-like Yukawa
couplings, with low tan 3, sin(3 — a) =~ 1, cos(8 — a) > 0 and low m?,; while the orange and red points
correspond to models with a wrong-sign Yukawa coupling, with large tan 3, sin(f8 + «) ~ 1 and small
cos(8—a) < 0. Theoretical points are shown up to A boson masses equal to half of the A boson mass. |142)]
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12.6 Chapter summary and personal contributions

Search for a light pseudoscalar decaying to taus

In some parameter space of 2HDM type-2, a pseudoscalar lighter than the Z boson
mass can be produced with a large cross section, while still being consistent with
the results from all high-energy experiments. The search is performed in a mass
range from 25 to 80 GeV, which was previously almost unexplored at the LHC. The
associated production with b quarks is studied, and the search is performed in three
di-tau final states: 7.7,, 7,7, and 7.7,. The dominant backgrounds are estimated
from data-driven methods. No significant excess is observed in the low di-tau mass
region, and limits between 7 and 39 pb are set on the production cross section
times branching fraction. These results exclude the signal hypothesis in 2HDM
type-2 with wrong-sign Yukawa coupling, where the sign of the Yukawa couplings
of the h boson is not SM-like.

My contributions

Figures: [12.1H12.9]

I have been responsible for the results in the ep final state, and for the combination
results of the three final states.
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Chapter 13

Search for a heavy di-tau resonance in the
MSSM

Supersymmetry is the most elegant solution to many shortcomings of the SM,
such as the existence of dark matter or the hierarchy problem. Its simplest ver-
sion, the MSSM, can be probed at the LHC. Searching for heavy neutral res-
onances (P = AJH/h) decaying to a pair of tau leptons is the most powerful
way at the LHC to uncover an MSSM scalar sector at large tan 3, given the in-
creased scalar couplings to leptons and down-type quarks. This chapter presents
such a search, for resonance masses between 90 and 1000 GeV ,@/ This anal-
ysis supersedes the previous results obtained with the same dataset by the CMS
Collaboration @/ The differences between the analyses are the categorization
according to the 7, candidate pr, described later in the text, and the MVA-based
identification of 1, in the latest analysis. The six possible di-tau final states are
studied with 7 and 8 TeV data collected by CMS in 2011 and 2012. The treat-
ment of the ., 7,7, and 7.7, decay modes is similar to a large extent to the one
described in Chapter[13, and only the differences will be mentioned. The 7.7, and
7,7, final states are by far the least sensitive, because of the small branching frac-
tions and large levels of backgrounds; and they will not be described in details in
this chapter. Finally, the 1,7, channel, which has not been studied in Chapter[13
because of the high pr thresholds at trigger level, is in this analysis particularly
sensitive thanks to the large branching fraction and the typically high pr decay
products of heavy resonances. The analysis in this channel will be described at
length wn the next sections.

13.1 Categorization

In the MSSM, neutral scalar bosons can be produced either by gluon-gluon fusion, or
by b-associated production. The gluon-gluon fusion proceeds essentially via top and bot-
tom quark loops, but contributions from light squarks can also play a limited role. The
first production mechanism is dominant for small and moderate tan 8 values, whereas the

227



CHAPTER 13. SEARCH FOR A HEAVY DI-TAU RESONANCE IN THE MSSM

latter becomes more important at large tan § due to the enhancement of the couplings to
down-type quarks. It can also be noticed that at large tan /3, the couplings to leptons are
increased in the same proportions, and the branching fraction of the heavy resonance to
tau leptons can reach up to 10%E|. The first step of the categorization aims at separating
the two different production modes.

The events are divided into two categories, depending on their number of b-tagged

jets:

— B-tag: This category targets the gg — ®bb production mode. The events should
contain at least one jet with pr > 20 GeV, |n| < 2.4 and passing the medium CSV
working point. The large tt contribution is reduced by limiting the number of jets
(b-tagged or not) with pr > 30 GeV to maximum one.

— No-b-tag: This category targets the gg — ® production mode. The events are
required not to contain any jet with pr > 20 GeV, |n| < 2.4 and passing the medium
CSV working point.

These two categories permit to measure the cross sections independently for the two pro-
duction modes, and ensure a better analysis sensitivity because the signal over background
ratio is larger in the b-tag case, especially at large tan 8. It can be noticed that the re-

quirement on the maximum number of jets with pr > 30 GeV in the b-tag category is not
applied in the bbA — bbr7 analysis detailed in Chapter [L1]

The events collected at 8 TeV in the ery,, ur, and 7,7, final states are further categorized
based on the transverse momentum of the hadronic taus. The b-tag category is divided
into two sub-categories:

— Low: The hadronic tau pr, in the et and pu7, channels, is between 30 and 45 GeV.
In the 7,7, final state, the subleading hadronic tau is required to have a transverse
momentum between 45 and 60 GeV.

— High: The hadronic tau pz, in the e, and p7, channels, is greater 45 GeV. In
the 7,7, final state, the subleading hadronic tau is required to have a transverse
momentum greater than 60 GeV.

Meanwhile the no-b-tag category is divided into three sub-categories:

— Low: The hadronic tau pr, in the et and pu7, channels, is between 30 and 45 GeV.
In the 7,7, final state, the subleading hadronic tau is required to have a transverse
momentum between 45 and 60 GeV.

— Medium: The hadronic tau pr, in the er, and p7r, channels, is between 45 and
60 GeV. In the 7,7, final state, the subleading hadronic tau is required to have a
transverse momentum between 60 and 80 GeV.

— High: The hadronic tau pr, in the er, and p7m, channels, is greater 60 GeV. In
the 7,7, final state, the subleading hadronic tau is required to have a transverse
momentum greater than 80 GeV.

The classification is summarized in Tab. These sub-categories also have different
signal-to-background ratios, which improves the sensitivity for signal events with high py

1. In this case, the resonance only decays to b quarks and tau leptons, and the ratio between both branching fractions
does not depend on tan 3 because they couple to the same doublet.

228



13.2. 747y FINAL STATE

y Channel | 30 <p <45 GeV | 45 < p <60 GeV | 60 < pj* <80 GeV | p7' >80 GeV |
e/, b-tag Low High
ety / Ty, no-b-tag Low Medium \ High
ThTh b-tag - Low High
ThTh NO-b-tag - Low Medium \ High

Table 13.1: Categorization based on the ppr of the 7, candidates, according to the final state and the
b-tagging category.

hadronic taus. The categorization according to the hadronic tau pr is seen to improve the
expected upper limits by about 20% in ery,, 30% in 7, and 40% in 75,73, for all signal mass
hypotheses. This corresponds to increasing the dataset size by a factor between 1.5 and 2.

The pp and ep channels, as well as all data collected at 7 TeV, are not categorized
based on the final state lepton transverse momenta because they are either limited by the
small number of selected events, or much less sensitive than the others.

13.2 7,7, final state

The 7,7, channel has not been studied in the bbA — bbrT analysis because of the
high py thresholds imposed by trigger constraints. In the case of the search for a heavy
resonance however, the taus are produced with a larger transverse momentum, and the
signal acceptance grows with the resonance mass. The 7,7, channel has the largest di-tau
branching fraction (about 44%) and as such, improves considerably the sensitivity of the
analysis in the regions with large meg.

13.2.1 Selection

A combination of two triggers is used to select events in the 75,7, channel. If the trans-
verse momentum of the leading tau in the event is less than 350 GeV, the events should
pass a trigger path requiring two hadronic taus with pr greater than 35 GeV at HLT.
Otherwise, a single jet trigger path, requiring at HLT level a PF jet with pr greater than
320 GeV, is applied to the events. The latter path is seen to be more efficient for events
with high pr taus. The double tau trigger path was deployed during the year 2012, and
only 18.3 fb~! are exploitable for this analysis.

Offline, the events are selected if they contain two hadronic taus with visible py greater
than 45 GeV and |n| < 2.1, corresponding within AR < 0.5 to the objects that fired the
trigger path. Both tau candidates are required to pass the tight working point of the
MVA isolation including lifetime information. The subleading tau should additionally
pass the loose working point of the MVA discriminator against electrons. The two taus
are required to be of opposite charge. In case more than two taus pass these selection
criteria, the two most isolatedEl taus that have an opposite charge are chosen.

2. The decision is based on the raw output of the MVA isolation including lifetime information.
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13.2.2 Background estimation

The estimation of the Z/v* — 77 background is similar in all the final states studied
in this analysis. Embedded samples are used, and they are normalized in an inclusive
category (combination of all five event categories) to the yield obtained from MC sam-
ples. The normalization in the individual exclusive categories is obtained by multiplying
the yield in the inclusive category by an acceptance factor measured in the embedded
samples. The contamination from ¢t events is estimated and subtracted.

The QCD multijet process is a particularly overwhelming background in the 73,7, chan-
nel, because of the large ;7 — 7, misidentification rate. The QCD multijet estimation relies
on the measurement of the probabilities for the leading 73, to pass the tight MVA isolation
working point, as required in the signal region, or to pass a relaxed isolation working
point (loose or very loose) but fail the tight one. These probabilities are measured in a
QCD-enriched control region, obtained by inverting the charge requirement on the tau
candidates, and subtracting the limited contribution of other processes, based on MC
samples. The probabilities are measured as a function of the tau transverse momentum,
and in three pseudo-rapidity regions (|n| < 1.2, 1.2 < || < 1.7 and 1.7 < |n| < 2.1).
The ratios f, between the probabilities to pass the tight isolation and to pass the relaxed
but to fail the tight isolations are fitted with linear functions as a function of the 7, pr.
The shape and normalization of the QCD multijet background are obtained by selecting
events that pass the full signal selection except that the leading tau does not pass the tight
isolation working point but a relaxed one, and reweighting them by the ratios measured
in the previous step. The contribution from other small processes is estimated from MC
predictions and subtracted. The relaxed working point is the loose one in the no-b-tag
category and the very-loose one in the b-tag category. In addition, because the number
of selected events in the b-tag category is still low, the CSV working point is relaxed to
loose, which is checked not to bias the QCD multijet background distribution. The ratios
are illustrated in Fig. [13.1

The estimation of all other backgrounds (¢, W-jets, diboson, ...) is the same as de-
scribed in Chapter [12] for the bbA — 77 analysis in the e, and p7, channels.

The resulting distributions in the five different categories are shown in Fig. [13.2]

13.2.3 Trigger efficiency

The efficiency of the double tau trigger is measured in data and in MC simulations in
order to derive correction factors for the simulations. The efficiency is measured for one
tau, and the total efficiency is given by the product between the efficiencies for the two
taus. The measurement is performed in a region enriched in Z/v* — 7,7, events.

To perform the measurement, the events are first triggered with a single muon trigger,

and the presence of a muon with pr > 25 GeV, |n| < 2.1, tightly identified and with a
relative isolation less than 0.1 is required. The 75, candidate is selected with pr > 20
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Figure 13.1: Ratios f; between the probabilities for the leading hadronic tau to pass the tight isolation,
and to pass the loose (top) or very loose (bottom) but to fail the tight isolations, for |n| < 1.2 (left),
1.2 < |n| < 1.7 (center) and 1.7 < |n| < 2.1 (right). They are fitted linearly with functions of the 75, pr:
the red line indicates the best fit, while the green and violet lines indicate the variations by +1o of the
decorrelated fit uncertainties.
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Figure 13.2: Observed and expected m,, distributions in the 73,7, channel, in the five subcategories. The
expectation is shown after a maximum likelihood fit to data. [42]
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GeV, |n| < 2.1, and has to pass the decay mode finding and the tight working point
of the MVA-based isolation. The muon and the tau should be separated by at least
AR = 0.5, and to have an opposite sign charge. The W-+jets background is reduced
by requiring the transverse mass between the muon and the 7 to be less than 20 GeV.
The set of events selected in such a way constitutes the denominator of the efficiency ratio.

The numerator of the efficiency ratio is obtained by requiring the events to pass a
trigger path that requires a muon and a hadronic tau. The muon selection at trigger level
is looser compared to the single muon trigger applied in the previous step, and all events
pass this part of the trigger. The tau requirements of this muon-+tau trigger are the same
for a single tau as those used by the double tau trigger under study, except that the tau
pr threshold at L2 and L3 is 25 GeV for the first one and 35 GeV for the latter one. To
correct for this, the muon-+tau trigger path is required to be fired and an offline cut on
the L2 and L3 tau pr is applied to emulate the double tau trigger operation.

The efficiency is measured as a function of the tau pr by dividing the numerator and
denominator events, both in data and in MC events. It is fitted with the convolution of
a Heaviside step function and of a Gaussian curve, which reflects resolution effects:

€

flpr) = 5

br — p
1+erf <\/§0—\/p_:r)] , (13.1)

where ¢ and o are the mean and width of the Gaussian, representing the inflection point
of the curve and its spread, and € is a normalization factor, representing the efficiency at
the plateau. The error function is defined as:

2 [T,
erf(x):ﬁ/o e " dt. (13.2)

An unbinned fit is performed. The resulting curves in MC simulations and in data are
shown in Fig. [13.3

The division between the data and MC efficiency curves gives a pr dependent scale
factor to be applied to correct simulations. The correction amounts to up to 10% for taus
with pr > 45 GeV as used in the analysis. The uncertainty on the correction is estimated
to be 4.5% per single tau. The trigger efficiency for high pr taus is seen to decrease steeply
in MC samples because of a problem in simulations, and reaches efficiencies below half its
plateau value. The decrease is parametrized by a second order polynomial for taus with
pr > 140 GeV, which is used to correct the simulations. A 100% uncertainty is associated
to this correction.
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Figure 13.3: Trigger efficiency measured in MC simulations (left) and data (right). The uncertainties
obtained by varying the three decorrelated fit uncertainties by one standard deviation are shown with
dashed lines.

13.3 Differences from the light pseudoscalar boson search analy-
sis in the e7,, um, and ey final states

The selection of the ery,, u7, and ep final states proceeds almost similarly as in the case
of the search for a light pseudoscalar decaying to taus and produced in association with
b jets. The main differences lie in the categorization according to the number of b-tagged
jets and to the transverse momentum of the 7, candidates. Additionally, these final states
are also studied here with data collected at 7 TeV center-of-mass energy. Because the
search concentrates on heavy resonances, the Drell-Yan contributioncriterion is estimated
only for an invariant mass of the leptons above 50 GeV.

13.3.1 Differences specific to the ey channel

The leading muon is required to have a transverse momentum greater than 20 GeV
instead of 18 GeV. There is no selection on the transverse mass between the dilepton
system and E7, and P is required to be greater than -20 GeV.

13.3.2 Differences specific to the er, and u7, channels

The selection of the er;, and 7, final states is almost identical, except for the catego-
rization discussed before. Another difference is that the OS/SS scale factor measured to
scale the QCD multijet background extracted from a region where the two tau candidates
have the same sign, is not measured as a function of the di-tau mass anymore, but is es-
timated to be a constant equal to 1.06, with a 5% uncertainty. The lepton thresholds are
also modified compared to the bbA — bbrT analysis: the taus are selected with pr > 30
GeV (instead of 20 GeV), and the muons with pr > 20 GeV (instead of 18 GeV). The
distributions obtained with 8 TeV data are shown for the er, and 7, channels in Fig.[13.5

and respectively.
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IN THE Ery, pryy AND Ep FINAL STATES
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Figure 13.4: Observed and expected m,, distributions in the ey channel, in the two subcategories. The
expectation is shown after a maximum likelihood fit to data. [42]
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Figure 13.5: Observed and expected m.,, distributions in the er), channel, in the five subcategories. The
expectation is shown after a maximum likelihood fit to data. [42]
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Figure 13.6: Observed and expected m,, distributions in the p,7;, channel, in the five subcategories.
The expectation is shown after a maximum likelihood fit to data.
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13.4. ® Ppr REWEIGHTING

13.4 & pr reweighting

The transverse momentum of the ® resonance produced in gluon-gluon fusion depends
on the relative contributions from top, bottom, stop and sbottom quark loops, and there-
fore is related to tan 5. This variable is not directly used in the analysis, but it has an
influence on the transverse momenta of its daughter tau leptons. A modification of the ®
transverse momentum will cause changes on the signal acceptance due to py thresholds,
and event migrations from a pr category to another. Signal samples are generated at LO
with Pythia, and the ® bosons are produced without any transverse momentum other
than coming from initial state radiations. The description of the ® p; variable is cor-
rected using the procedure outlined in [151] and briefly explained here. The ® pr spectra
are computed at NLO level with Powheg, and some weights are derived to correct the
pr spectra obtained via Pythia. The reweighting factor is taken as the average between
the factors obtained with tanf = 2 and tan = 30, and the difference is considered
as a shape systematic uncertainty. Reweighting the Pythia distributions typically makes
the pr spectra softer, and therefore contributes to a decrease of the analysis sensitivity,
especially for small mg. The effect of the shape uncertainty on the final upper limits is
limited to less than 5%.

13.5 Result interpretation

The statistical uncertainties in the tail of the m.., distributions are large, and a fit of the

Mmrr
co+C1 Xmerr

c1 are constant terms. The binned distributions are used at low m,,, while the fit func-
tions are used to model the different processes at higher m.., ValuesEl. The uncertainties
on the decorrelated parameters are considered as nuisance parameters in the likelihood
functions. Simulation corrections and other systematic uncertainties are generally similar
to those considered in the context of the bbA — bbrT analysis. Additional uncertainties
are related to the categorization. The full invariant mass m.,, reconstructed with the
SVfit algorithm, is again used as observable to extract the results. Fig. [13.7] illustrates
the difference between the visible invariant mass and m,, distributions for the Z — 77
background and for the signal with different masses. The m., distributions are centered
on the true mass, and have a typical resolution of 20%. Their high mass tail is due to £
resolution effects, while the low mass tail comes from events where the tau candidates are
back-to-back and have little visible pr.

form f(m,,) = exp (— > is performed for every major background, where ¢y and

No significant excess compatible with a heavy resonance is observed in any of the final
states or categories, and model-independent limits on the cross section times branching
fraction can be set for the two production modes. Upper limits are set at 95% CL with
the C'Lg asymptotic technique, and are shown in Fig.[I3.8 The fact that both production
modes contribute to the b-tag and non b-tag categories is taken into account. The signal

3. The threshold where the parameterization starts is between 150 and 325 GeV depending on the final state and on the
category.
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Figure 13.7: Visible mass m,;s and full SVfit mass m,, distributions for the Z — 77 background and
different signal hypotheses. [42]

templates are considered as the sum of the contributions of the two MSSM neutral bosons
degenerated in mass, while the third boson contribution is seen to be negligible.

The results can also be interpreted in some specific MSSM benchmark scenarios, as

illustrated in Fig.[I3.9) The six benchmark scenarios considered are:

— mp**: The parameters are designed to maximize the mass of the lightest scalar,
up to about 135 GeV. As the mass of the SM-like scalar has been measured to be
125 GeV, a large part of the parameter space in this benchmark scenario is already
excluded by this indirect constraint, but this scenario can be used to set conservative
lower bounds on m 4 and tan j3.

- mzw‘”: The parameters are modified such that the h mass is compatible with the
mass of the observed SM-like scalar, by reducing the amount of mixing in the stop
sector. The stop mixing parameter is chosen to give the best agreement with the
measured value of muon anomaly (g — 2),.

- mZ‘Od_: The mass of the h boson is compatible with 125 GeV, and the stop mixing
parameter is chosen to give the best agreement with the measured rate of b — s7.

— Light-stop scenario: The mass of the h boson is compatible with 125 GeV, and the
rate for the h boson production through gluon-gluon fusion is reduced.

— Light-stau scenario: The mass of the h boson is compatible with 125 GeV, and the
rate for the decay of the h boson to photons is increased.

— Tau-phobic scenario: The mass of the A boson is compatible with 125 GeV, and the
couplings of the h boson to leptons and down-type quarks are reduced.

More details about these benchmark scenarios can be found in [152}[153].
Similar results have been obtained by the ATLAS Collaboration in Run-1 [154], and

results with an almost equal sensitivity have been published with the data collected at 13
TeV center-of-mass energy in 2015 [155].
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Figure 13.8: Model-independent observed and expected upper limits at 95% CL on o(gg®).B(® — 77)
(left) and o (bb®).B(® — 77) (right), for the production of a narrow resonance that decays into tau pairs,
beyond the discovered SM-like boson of mass 125 GeV.
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Figure 13.9: Regions of the my — tan 8 plane excluded by this analysis (blue) and by the constraint

mMSSM = 125 + 3 GeV (red) in the my** (top left), m;lmd"' (top center), mzwd_

(top right), light-stop

(bottom left), light-stau (bottom center) and tau-phobic (bottom right) MSSM benchmark scenarios.
The 3 GeV uncertainty on the h mass comes from theoretical predictions on mj, in supersymmetric
models. [42]

239



CHAPTER 13. SEARCH FOR A HEAVY DI-TAU RESONANCE IN THE MSSM

13.6 Chapter summary and personal contributions

Search for a heavy di-tau resonance in the MSSM

The search for a heavy resonance decaying to a pair of taus is by far the most
powerful way to discover an extended scalar sector in the MSSM when tan 3, the
ratio between the vacuum expectation values of the two scalar doublets, is large.
At large tan 8 values, the decays of the heavy resonance ® = A/H/h to taus are
enhanced, as is its production in association with b quarks. The analysis sensitivity
is improved by categorizing events according to their number of b-tagged jets, and
to the transverse momentum of their leading hadronic tau if applicable. As no
excess of data is observed on top of the predicted SM backgrounds, limits are set on
the cross section times branching fraction of a signal in the bb® and gg® production
modes, for resonance masses between 90 and 1000 GeV. Results are also interpreted
in different MSSM scenarios, and are seen to exclude a large part of the parameter
space, especially at large tan 5.

My contributions

Figures: [13.1H13.3}

I have synchronized with the LLR Polytechnique group in the 75,7, final state, which
consists in reproducing all results from scratch up to the final limits and reaching
a better than 10% agreement between the two analyses. I have also measured the
tau trigger efficiency in data and MC simulations.
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Status and prospects






Chapter 14

Overview of LHC results and prospects for
future colliders

After the discovery of a particle compatible with the scalar boson of the SM,
many fundamental questions remain. Searches performed at the LHC in Run-1
have not permitted to discover BSM physics, but a few deviations from the SM
expectations have been observed with a low significance. These will require more
data, collected in Run-2 or later, to be confirmed or invalidated. Next sections
describe the status of the results of the CMS experiment after Run-1 and their
projections in the coming runs, with particular emphasis on the scalar sector, as
well as the prospects for the next collider experiments.

14.1 Overview of CMS measurements in the scalar sector

14.1.1 SM precision measurements

The significance of the excess of events at a mass of about 125 GeV has long since
exceeded five standard deviations, and physicists are now performing precision measure-
ments on the recently discovered particle, to assess its compatibility with the SM scalar
hypothesis. The most precise decay channels are H — vy and H — ZZ* — 4¢. The
H — ~~ analysis |132] is characterized by a small narrow resonance above a large falling
continuum background. To increase the sensitivity of this analysis, different categories
are defined, with various signal purity and mass resolution. Results are extracted from
a fit of the parameterized background and signal distributions to the observed data. In
the H - ZZ* — 40 channel , at least one of the Z bosons is produced off-shell. The
so-called golden channel corresponds to the case where both Z bosons decay to leptons
(essentially ee or puu). Despite the low cross section times branching fraction, this decay
channel is extremely powerful and is one of the main components of the discovery in
2012, because of the low level of backgrounds and the excellent lepton identification and
reconstruction.
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As detailed in Chapter [7] the fermionic decay channels, despite their large branching
fractions at my = 125 GeV, are less sensitive because of the large level of backgrounds
in the gluon-gluon fusion production mode. The decay channel H — bb has the largest
branching fraction in the SM, but is extremely complicated experimentally because the
difficult distinction between jets originating from b quarks — b jets — and other jets makes
the QCD multijet background overwhelm the signal. Luckily, some production modes of
the scalar boson give handle to reduce the backgrounds: this is the case of the vector
boson fusion production with two additional energetic forward jets, and of the associated
production with a vector boson where the decay products of this vector boson may be easy
to identify. These two production modes have been studied at CMS, and although the
results are still far from a discovery in the bb decay mode, an excess at a mass close to 125
GeV has been observed with a significance of 2.1 and 2.2 standard deviations respectively
in the associated production and vector boson fusion production modes ,. The
main challenges in searching for H — 77 decays are to distinguish tau leptons decaying
hadronically from jets originating from quarks or gluons, and to reduce the large multijet
backgrounds coming from Drell-Yan QCD processes. Additionally the invariant mass of
the tau pair can only be reconstructed with a poor resolution (~ 20%). The analysis of
data taken in 2011 and 2012 at the LHC has shown an evidence for the existence of H de-
cays to tau leptons, and all measurements (signal strength, mass, ...) are compatible with
SM expectations. More details can be found in Chapter [7] The combined significance of
the H — bb and H — 77 searches exceeds three standard deviations, which leads to an
evidence for the decay of the 125-GeV particle to fermions [120].

Although the branching fractions of the SM scalar boson to a pair of electrons or
muons are tiny and not accessible with a low amount of data such as that collected dur-
ing LHC Run-1, the searches H — pu and H — ee are still performed because the
observation of such decays would be a clear evidence for BSM physics. In these anal-
yses , the signal hypothesis forms a narrow resonance on top of SM backgrounds,
which enables the analysts to use shape-based techniques to extract a potential signal.
No excess has been observed in any of the decay channels, and upper limits have been
set by the CMS Collaboration at 95%CL on the branching fraction of the new particle
to electrons (B(H — ee) < 0.0019) or muons (B(H — up) < 0.0016), assuming the SM
production cross section for scalar boson.

The combination of ATLAS and CMS results in the H — vy and H — ZZ* — 4/
channels led to the most precise measurement of the new particle mass [158]:

mpy = 125.09 £+ 0.21 (stat.) £0.11 (syst.) GeV. (14.1)

All production and decay channels have been taken into account in a CMS-only combi-
nation ; the combined signal strength is found to be very compatible with the SM
expectation:

fi = 1.00 £ 0.09 (stat.) 0 0s (theo.) 4 0.07 (syst.). (14.2)
The signal strengths measured for the different production and decay modes are all in a
good agreement with the SM expectations, as shown in Fig.[I4.1] An interesting feature is
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Figure 14.1: Measured signal strengths in different event categories that tag different production (left)
and decay (right) modes.

the excess observed in the t¢H production mode [159]. Table summarizes the signal
strengths and significances measured in the different production and decay channels of
the SM scalar boson, with the data collected in Run-1 by the CMS detector.

Such a mass for the scalar boson, associated to the measured top quark mass [160]:
my = 172.44 £ 0.13 (stat.) £ 0.47 (syst.) GeV, (14.3)

implies that in the SM without addition of new physics, the universe lies at the boundary
between stability and instability of the electroweak vacuum [161}[162], as illustrated in
Fig. [[4.2] The electroweak vacuum lifetime in this meta-stability region fortunately ex-
ceeds the age of the universe. The fact that the universe lies at the edge of the electroweak
vacuum expectation value raises many questions: why did early fluctuations not destabi-
lize the potential?, does it play a role in inflation?, .... This apparent meta-stability might
be a hint in understanding deeper physics.

Another great achievement of Run-1 is the extraction of an upper bound on the H
boson width, equal to 5.4 times the value predicted in the SM for a boson mass of 125
GeV . This bound is obtained under the SM hypothesis, in the g9 — H — ZZ
channel, and relies on the determination of the relative off-shell and on-shell productions.
Indeed, the respective cross sections are:

2 2
on-shell Y99 Inz2 (14.4)
H—ZZ* — .
99— H— mHFH
2 2
off-shell . Y9gnInzZ (14.5)
g9—H*—=Z7Z 4m2Z )
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Table 14.1: Best-fit signal strengths and observed significances, measured in Run-1, for different production and decay modes of the SM

scalar boson. Results come from EEEEEEEEE
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Figure 14.2: Regions of stability, meta-stability and instability of the electroweak vacuum without any
BSM physics at the TeV scale. @

where gyon and gpzz are the H boson couplings to gluons and Z bosons respectively,
and 'y is the H boson width. The indirect upper limit of 'y < 22 MeV at 95% CL
complements the existing experimental results on the H boson width, and gives a value
more precise by more than two orders of magnitude.

All the above-mentioned physics analyses have shown a good agreement between the
properties of the 125-GeV particle and those predicted for the scalar boson of the SM.
This is however not the end of the story, as many BSM theories with an extended scalar
sector have an alignment limit, where the properties of one of their scalars tend to be
SM-like. Highlighting deviations from the SM expectations therefore requires to reach a
greater precision, and to analyze larger datasets. The LHC is expected to collect about 300
fb~1 of proton-proton data by 2022, after which a long shutdown is planned for upgrades
of the machine and detectors. The High Luminosity LHC (HL-LHC) will eventually
permit to collect about 3000 fb~! data with an increased instantaneous luminosity and
larger average pileup. Projections of the precision measurements on the scalar boson
have been extrapolated from the Run-1 operation in the 300 and 3000 fb~! cases [164].
An optimistic and a pessimistic scenarios have been studied: the first one supposes the
theoretical uncertainties are reduced by a factor two and the other uncertainties are
scaled by the square root of the luminosity, while the second one assumes the systematic
uncertainties are the same as in Run-1. In any case, the performance of the detector
and trigger is considered to be the same as in Run-1. The projections of the precision
on the measurements of the signal strength for a SM-like boson are shown in Fig. [14.3}
in particular the precision on the H — 77 signal strength, equal to approximately 30%
in Run-1 can be reduced to 8-14% with 300 fb~! data at 14 TeV, and 5-8% with 3000
fb=! data at 14 TeV. The increased precision obtained at the HL-LHC might lead to the
observation of deviations with respect to the SM predictions, and be an indication of the
existence of BSM physics.
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Figure 14.3: Projected precisions on the measurement of the signal strength for a SM-like H boson with
300 (left) and 3000 (right) fb~! data collected at 14 TeV. The two scenarios are described in the text. [164]

14.1.2 Exotic scalar decays

Three categories of searches for exotic scalar decays are explored with data collected

at the LHC:

— A summary of the CMS searches for the exotic decay of the 125-GeV particle to
two light pseudoscalar bosons has been presented in Chapter |11, The results of
the searches are interpreted in the context of 2HDM+S; the analyses can exclude
branching fraction B(h — aa) values less than one in some scenarios (especially large
tan (3 in type-3, where the decays to leptons are enhanced over the decays to quarks)
and in some pseudoscalar mass ranges. These analyses will be performed with Run-2
data, and new final states and mass ranges will be covered to probe a larger phase
space.

— Lepton-flavor violating scalar decays are also studied with CMS data [165]. Decays
such as H — ut or H — et are not allowed in the SM if the theory is renormaliz-
able, and their observation would be an evidence for the existence of BSM physics
above a finite mass scale. An excess of events compatible with H — pu7 decays is
observed with a significance of 2.4 standard deviations, and corresponds to a best-fit
branching fraction B(H — u7) = (0.841932)%. The ATLAS experiment does not
confirm the excess seen by CMS but does not exclude its existence, and more
precise results from the next LHC runs are looked forward to.

— In some BSM models, the SM-like scalar boson could decay to invisible particles with
a large branching fraction. Such a possibility is investigated through final states with
a large transverse missing energy coming from H decays to invisible particles, and
other physics objects from H production in association with a Z boson, in the vector
boson fusion production mode, or in the gluon-gluon fusion mode with a jet from
initial state radiation. The combination leads to an upper limit at 95% CL of 36%
on the branching fraction of the 125-GeV state to invisible particles [167].
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Figure 14.4: 95% CL exclusions contours as obtained by the most sensitive CMS analyses in the context
of the MSSM that have been performed on the LHC Run-1 dataset. The colored filled areas correspond
to the regions in m 4 and tan 8 that have been excluded at 95% CL. The colored (slightly darker shaded)
lines with hatches correspond to the regions that were expected to be excluded. The exclusions are shown
for the (left) MSSM m"*** scenario with = 200 GeV, and the (right) hMSSM scenario. The regions in
my and tan 8 where the hMSSM is not strictly applicable are marked in gray. The theoretical uncertainty
of the MSSM predictions on my, has been estimated to be +3 GeV.

14.1.3 MSSM and 2HDM scalar searches

Different parts of the MSSM parameter space can be covered by the study of a variety
of scalar decays. As described in Chapter [13] the search for resonances decaying to a
pair of tau leptons can exclude scenarios with large tan 3, for which the scalar couplings
to leptons and down-type quarks are enhanced. Decays sensitive in the same high tan
region, but less powerful, include H — pup and H — bb. At low tan (8, different final
states can uncover an MSSM scalar sector: H - WW , H — ZZ, A — Zh and H — hh.
Meanwhile the search for a charged scalar boson is sensitive to the low m, region. A
summary of the searches for an MSSM scalar sector performed with the CMS data in
Run-1 is presented in Fig. in the m;'w‘” , and hMSSM benchmark
scenarios . As the MSSM is a special type of 2HDM, these searches can also be
interpreted in 2HDM . However, because of the larger number of free parameters,
the comparison of the results of several analyses is not as straightforward. No excess has
been observed in any search for a 2HDM scalar sector in Run-1 or Run-2 as of now.
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Figure 14.5: Comparison of theoretically-predicted cross sections for various SM processes at 7, 8 and 13
TeV, with experimental measurements made with the CMS detector in Run-1 and Run-2. |173]

14.2 Overview of other SM and BSM results of the CMS exper-
iment

14.2.1 Standard model

With the 25 fb~! proton-proton data collected by the CMS detector in Run-1, un-
precedented precision on the measurement of the cross section of SM processes could be
achieved ,. All measurements and theory predictions are in remarkable agreement
at 7, 8, and 13 TeV center-of-mass energy, as presented in Fig. [14.5] The top quark mass
measurement precision reached a great accuracy in Run-1 at CMS: m, = 172.44 + 0.13
(stat.) £0.47 (syst.) GeV [160]. This value supplants the "world combination" performed
in 2014 with the results of the ATLAS, CDF, CMS and D0 experiments [172]. More SM
measurements were made in Run-1 [170,[171], but are not be detailed here.

14.2.2 Dark matter

Unlike direct and indirect detection experiments, collider experiments not only search
for dark matter (DM) candidates, but could also in principle produce them. DM candi-
dates produced at the LHC are assumed to have weak-scale mass and interaction cross

250



14.3. FUTURE COLLIDER EXPERIMENTS

section with baryonic matter, and therefore to escape the detector leaving as signature a
momentum imbalance. Most CMS searches for dark matter look for pair-produced dark
matter candidates, characterized by a large transverse missing energy K7, produced in
association with an object identifiable in the detector; such analyses are generically called
mono-X + K7. The most sensitive mono-X + K7 channel is the monojet, where one jet
is produced from initial state radiation (ISR) and can be triggered on. Other mono-X -+
K analyses include the mono-photon, mono-scalar, mono-Z, mono-top and mono-lepton
channels. Collider experiments are complementary to direct and indirect detection exper-
iments, and are typically more sensitive to low DM particle masses (mpy; < 10 GeV) and
spin-dependent interactions. Assuming a simplified model with a vector particle decaying
to a pair of DM particles, the CMS experiment excludes at 90% confidence level (CL) in
the monojet channel, mediator masses up to 1.6 TeV with Run-1 and 1.3 TeV with Run-2

data, for low DM particle masses ,.

14.2.3 Supersymmetry

A broad variety of analyses have searched for SUSY particles and processes in Run-1,
without finding any hint of BSM physics . If they are light enough to be produced at
the LHC, strongly-produced SUSY particles are expected to have the largest production
cross section of all sparticles. CMS analyses set limits on simplified models where gluinos
or squarks are pair-produced, with inclusive searches. Other searches target processes
with smaller production cross sections, such as the direct production of stop quarks,
sbottom quarks or electroweakinos. Results from different gluino and stop quark searches,
interpreted in Simplified Model Spectra (SMS) are shown in Fig. [14.6] Even though the
masses probed almost reach the highest possible mass for superparticles, many SUSY
models have not been addressed yet, and a large parameter space remains unexplored.
The SUSY physics program at the LHC will continue in the next runs.

14.2.4 Others

Many searches for exotic models (Z' boson, W’ boson, leptoquarks, heavy stable
charged particles, excited leptons, heavy Majorana neutrinos, ...) have been performed
at the LHC . As of now only one promising excess has been reported by both the
ATLAS and CMS collaborations: an excess of events in the diphoton mass spectrum at a
mass of about 750 GeV [179[180]. The global significance is about two standard deviations
in the ATLAS analysis with Run-2 data, and somewhat lower for CMS, but it is intriguing
that an excess is seen at the same place in both experiments. Many theoretical models
have been proposed to address such a deviation from the SM if it were to be confirmed
with larger datasets in Run-2.

14.3 Future collider experiments

The HL-LHC program extends until about 2035, but it is already time to design its
successor, as many fundamental questions will remain. If no new physics is observed at
the LHC, the reason could be that the new physics mass scale is beyond the LHC reach,
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Figure 14.6: Summary of exclusion limits in Simplified Model Spectra from several SUSY gluino (left)
and stop (right) searches performed with the data collected by the CMS detector in 2012. m

or that the mass scale is accessible at the LHC but the final states are elusive to the direct
search. Different options of linear and circular colliders are studied to address both cases.
In general, electron-positron colliders have the advantage to provide an extremely clean
experimental environment, with an absence of strong-interaction backgrounds and with
controlled electroweak backgrounds, allowing for very precise measurements. Addition-
ally, such colliders do not suffer from underlying event and pileup collision contamination,
and the triggering is easy with a 100% efficiency. On the other hand, hadronic colliders
have a larger mass reach for the exploration of new physics, but require carefully-designed
subdetectors for the identification of particles in a crowded environment. Circular collid-
ers, relative to linear colliders, can provide a much higher luminosity because of larger
collision rates, continuous injection and multiple collision points, and their beam energy
can be measured with great accuracy. However, the center-of-mass energy they can reach
is lower because of synchrotron radiation, they consume a large power, and their beams
are difficult to polarize. A comparison between the luminosity and center-of-mass energy
linear and circular colliders can reach is shown in Fig. for some collider projects.
Different collider projects are described in the next paragraphs.

The FCC-ee (also known as TLEP) [181] program involves electron-positron collisions
at a center-of-mass energy of 91 (Z boson pole), 160 (WW threshold), 240 (H production
peak, dominated by Higgsstrahlung) and 350 (¢t threshold) GeV in a circular collider with
a circumference between 80 and 100 km situated in the Geneva basin. The FCC-ee would
allow for extremely precise SM process measurements with permille-level uncertainties,
and could set indirect constrains on heavy BSM particles. The dominant uncertainty
associated to the measurement of SM processes would be theoretical. The scalar physics
program of the FCC-ee consists in determining all scalar boson couplings in a model-
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Figure 14.7: Comparison between the instantaneous luminosity linear (ILC and CLIC) and circular
(TLEP/FCC-ee with four interaction points) colliders can deliver as a function of the center-of-mass

energy. [181]

independent way, in measuring its total decay width indirectly and evaluating its rare
or exotic decays. The FCC-ee physics program for electroweak precision measurements
relies on the production of about 10'® Z bosons, 108 W bosons and 10° ¢ pairs.

After a dozen years of operation (about two years at the Z pole, one or two years at
the WW threshold, five years as a "Higgs factory", and five years at the ¢¢ threshold), and
more than two million scalar bosons produced, the FCC-ee could potentially be upgraded
to become a proton-proton collider, FCC-hh, with a center-of-mass energy of around 100
TeV . Because the energy is proportional to the magnetic field and to the collider
radius, such an energy can be achieved by multiplying the magnetic field by a factor two
and the radius by a factor four relative to the LHC. The combination of FCC-ee and
FCC-hh reduces the costs of having two experiments, and would permit to obtain the
best precision, sensitivity and reach for new physics among all other collider options. The
FCC-hh could collect between 250 and 1000 fb~! every year, which would lead to about
20 ab™! after twenty-five years of operation. The option of a circular collider between
electrons and hadrons, FCC-eh, is also under study .

The International Linear Collider (ILC) [184] is a linear electron-positron collider that
could be built in Japan in a few years. The ILC would in a first phase collect 500 fb~!
at an energy in the electron-positron center-of-mass of 250 GeV, 200 fb~! at 350 GeV,
and 500 fb~! at 500 GeV, and in a second phase 3500 fb~! at 500 GeV and 1500 fb~! at
250 GeV. Such a machine has a low beamstrahlung, and its luminosity and energy can be
determined precisely. The ILC provides a clean environment to measure the scalar boson
couplings with a great accuracy, which would allow to eventually highlight deviations
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Figure 14.8: Left: Expected precision on the measurement of the H boson signal strength at the HL-
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Right: Precision on the top quark and W boson mass measurements achievable with different projects of

colliders.

from the SM predictions. Its physics program also covers measurements of the proper-
ties of the top quark with a great accuracy, and searches for new particles at the TeV scale.

A comparison of the expected reach of the HL-LHC, FCC-ee and ILC in terms of scalar
boson signal strength precision, top quark mass and scalar boson mass measurements is

shown in Fig.
14.4 Chapter summary

Overview of LHC results and prospects for future colliders

The CMS physics program has covered an impressive range of new physics searches
and precision measurements as of now. The highlight of the Run-1 is the discovery
of a new particle compatible with the SM scalar boson and the measurement of some
of its properties, but the fact that searches for BSM physics, such as dark matter or
SUSY, do not observe any deviation from the SM in a large parameter space is not
less interesting. Future collider studies and designs have started in order to take
over the LHC physics program and to address the unanswered questions after the
LHC stops running.
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The LHC started operating in 2010, at an unprecedented center-of-mass energy of 7
TeV. Its Run-1 extended until the end of 2012 with a center-of-mass energy of 8 TeV. After
a first long shutdown, the LHC resumed its operations in 2015 with proton-proton colli-
sions at a center-of-mass energy of 13 TeV. The discovery of a new particle, H, compatible
with the Brout-Englert-Higgs boson of the standard model (SM) is without contest the
highlight of the Run-1 of the LHC.

The discovery of the new particle was driven by the searches in the H — ~v and
H — Z7Z decay channels, but many other decay modes are open in the SM for a mass
of the scalar boson equal to 125 GeV. Measuring the production cross sections and the
branching fractions of the new boson for all possible production and decay modes is essen-
tial to assess its compatibility with the SM predictions. In Chapters [7] and [§]is described
a search for the SM scalar boson, produced in association with a Z boson or a W boson
respectively, and decaying to a pair of tau leptons. The di-tau final state is the most
sensitive fermionic decay channel, and therefore gives the most precise measurement of
the Yukawa couplings of the scalar particle. While the vector boson associated production
has a small cross section relative to the gluon-gluon fusion and vector boson fusion pro-
duction modes, an efficient background rejection is obtained by selecting the light leptons
originating from the vector boson decays. Both analyses are not sensitive yet to the cross
section predicted in the SM for the scalar boson, but their results are compatible with the
SM scalar boson hypothesis. After combination with the dominant production modes,
the first evidence for the decay of the H boson to a pair of tau leptons is achieved with a
significance of 3.2 standard deviations, as detailed in Chapter [0

In the SM, the H boson decays approximately 6% of the time to tau leptons if it has
a mass of 125 GeV. The H — 77 decay channel is challenging because of the similarity
between hadronically decaying taus, and quark and gluon jets. In CMS, the Hadrons
Plus Strips (HPS) algorithm is used to reconstruct and identify hadronic taus (73,), as de-
scribed in Chapter [0 It first proceeds by checking that tau candidates correspond to one
of the possible tau decay modes by counting the number of tracks and deposits in strips of
the electromagnetic calorimeter, and measuring their compatibility with a hadronic tau
hypothesis. The second step consists in rejecting jets, electrons and muons by applying
further selection criteria, based among others on the isolation of the tau candidates. A
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typical selection efficiency of 50% can be reached, for a j — 7, misidentification rate at
the percent level, and e — 7, and p — 7, misidentification rates at the permille level
or below. The performance is also measured in data collected both in Run-1 and Run-2:
it is generally compatible with the performance in MC simulations, but some data-to-
simulation scale factors not equal to unity are also derived, for example for the e — 7
and p — 7, misidentification rates. The uncertainties on the tau identification efficiency
and tau energy scale in data amount to 6% and 3% respectively.

The SM is known not to answer a series of questions, and is thought to be a good
approximation at low energies of a more fundamental theory. This is motivated among
others by the existence of dark matter and dark energy, the hierarchy problem, describ-
ing the fact that the H boson mass receives huge corrections, or the will to unify all
fundamental interactions. Many of the models that address some of these questions in-
troduce an extended scalar sector. This is the case of the minimal supersymmetric SM
(MSSM), which contains three neutral and two charged scalars. The MSSM can be de-
scribed at tree level by two parameters: m, the mass of the neutral pseudoscalar, and
tan § the ratio between the vacuum expectation values of the two scalar doublets. Dif-
ferent searches should be performed to cover the full parameter space of the MSSM; for
example H/A/h — 77 is sensitive at large tan  while A — Zh searches are powerful
at low tan 3 only. More general models are two-Higgs-doublet models (2HDM), which
also give rise to five (pseudo)scalars. Depending on the choice of its parameters, it can
motivate the existence of light pseudoscalars. A simple extension of 2HDM is 2HDM+S,
where a scalar singlet is added to the two scalar doublets. Such models make the decay of
the 125-GeV particle to non-SM particles possible, even after the precision measurements
on the SM-like scalar performed in Run-1. In general, tau leptons are important objects to
uncover a potentially extended scalar sector, because the scalar boson Yukawa couplings
are proportional to the mass, and taus are by far heavier than muons and electrons.

Chapter [10] details the search for A — Zh decays in the ¢/77 final states. The light
leptons originating from the Z boson allow for an efficient background rejection, while
h — 771 has a large branching fraction relative to most other decay channels. The analysis
is performed with 8 TeV data, and combined with H — hh — bbr7, which is also sensitive
at low tan f and in a comparable mass range. No excess is observed in any of the final
states, and the results are interpreted as model-independent upper limits on the cross
section times branching fraction, and as model-dependent limits in the m 4 — tan 5 plane
in the MSSM and 2HDM type-2. Cross sections times branching fractions between 5 and
17 fb are excluded at 95% CL for pseudoscalar boson masses ranging between 220 and
350 GeV in the A — Zh — ({77 analysis.

The possibility of exotic decays of the h boson to a pair of light pseudoscalar bosons
is studied in Chapter [[T} The h — aa — pu7t is especially sensitive in 2HDM+S type-3,
where, for tan 8 > 1, the decays of the pseudoscalar a boson to leptons are enhanced over
its decays to quarks. The expected SM backgrounds are particularly low, and an unbinned
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shape analysis is performed. No significant excess is observed, and upper limits between 4
and 15% can be set on B(h — aa) in the hypotheses that the h production cross section is
the same as predicted in the SM, and that the a boson does not decay to quarks, which is
a good approximation at large tan # in 2HDM+S type-3. The end of the chapter presents
an interpretation of all h — aa searches performed with the CMS detector in Run-1, in
different types of 2HDM+S and for different tan § values; pseudoscalar masses between 1
GeV to half of the h boson mass are covered by the analyses.

In 2HDM and for a given choice of the model parameters, the production of light
pseudoscalars is allowed with large cross sections, while not contradicting other LHC
measurements. Chapter [12| describes the search for a light pseudoscalar decaying to taus
and produced in association with b quarks. The search covers a mass region between 25
and 80 GeV, which was unexplored before at the LHC. No excess is observed in any of the
three di-tau final states studied, and stringent upper limits are set on the cross section
times branching fraction. The analysis is seen to exclude such a process for pseudoscalar
masses between 25 and 80 GeV in 2HDM type-2 with negative Yukawa couplings of the
h boson to down-type fermions.

Chapter [L3| presents the search for a heavy resonance (& = A/H/h) in the MSSM, with
an improved sensitivity obtained by categorizing the events according to the pr of their
hadronic taus, and by using the MVA tau identification including lifetime information.
The ® — 7,7, decay channel, which has the largest branching fraction, is described in
details. Again, no excess of data above the predicted SM backgrounds is observed, and
limits are set on the production cross section times branching fractions for the bb® and
gg® production modes. The excluded cross section times branching fraction ranges ap-
proximately from 22 pb to 8 fb depending on the resonance mass and on the production
mode. The results are also interpreted in some benchmark scenarios, where large parts
of the regions with high tan g are excluded. In particular, tan 5 values as low as about 3
can be excluded in the mj'** scenario of the MSSM for m 4 ~ 140 GeV.

No evidence for BSM physics has been observed in any of the searches presented in this
thesis, neither in other CMS measurements performed in Run-1 as detailed in Chapter [14]
The Run-2 of the LHC started at the beginning of 2015, with an increased center-of-mass
energy, which permits to explore completely new regions. The large luminosity that
will be collected together with the increased center-of-mass energy, will make searches
for BSM processes with smaller cross sections or heavier particles possible, and allow
for more precise measurements of the SM-like scalar properties, which might highlight
deviations from the SM expectation. The MSSM parameter space has been impressively
well covered in Run-1, though unexplored regions, especially at large and intermediate
my, still remain. In addition, many new physics signatures have not yet been studied.
This is only the beginning of the LHC program, and many discoveries most likely lie ahead
of us.
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Appendix A

Technical details about physics analyses

A.1 Monte Carlo samples and collected datasets

The collision datasets used in the analyses described throughout this thesis are pre-
sented in Tab. [A 1], [A.2] and [A.3] at 7, 8 and 13 TeV center-of-mass energies respectively.
The Monte Carlo samples, together with their generators and cross sections are indicated

in Tab. [A 4] [A.5] and [A.6]

A.2 Triggers

The trigger paths used in the analyses described throughout this thesis are indicated
in Tab. [A.7] for every studied final state.

Dataset Run-range L (fb) Chapters
6|7 |8[10]11]12]13
2 /DoubleMu/Run2011A-16Jan2012-v1 160329-175770 | 0.211 v
= /DoubleMu/Run2011B-16Jan2012-v1 175832—-180252 2.562 v
o | /DoubleElectron/Run2011A-16Jan2012-v1 | 160329-175770 | 0.211 v
© | /DoubleElectron/Run2011B-16Jan2012-v1 | 175832-180252 | 2.562 v
5 /MuEG/Run2011A-16Jan2012-v1 160329-175770 | 0.211 v
© /MuEG/Run2011B-16Jan2012-v1 175832-180252 | 2.562 v

Table A.1: Datasets collected at 7 TeV center-of-mass energy, used in the physics analyses detailed in
this thesis.

259



APPENDIX A. TECHNICAL DETAILS ABOUT PHYSICS ANALYSES

Dataset Run-range L (fb) Chapters
6 | 7|8 ]10]11]12]13
o /TauPlusX/Run2012A-22Jan2013-v1 190456-193621 0.887 v v
li /TauPlusX/Run2012B-22Jan2013-v1 193833196531 | 4.446 vV |V
E /TauPlusX/Run2012C-22Jan2013-v1 198022203742 | 7.153 v v
© /TauPlusX/Run2012D-22Jan2013-v1 203777-208686 7.318 v v
/TauParked/Run2012B-22Jan2013-v1 193833-196531 3.885 v
/TauParked/Run2012C-22Jan2013-v1 198022—203742 | 7.153 v
& /TauParked/Run2012D-22Jan2013-v1 203777-208686 | 7.318 v
& /JetHT/Run2012B-22Jan2013-v1 193833-196531 | 3.885 v
/JetHT/Run2012C-22Jan2013-v1 198022203742 7.153 v
/JetHT/Run2012D-22Jan2013-v1 203777-208686 | 7.318 v
/MuEG/Run2012A-22Jan2013-v1 190456-193621 0.887 v v v
2 /MuEG/Run2012B-22Jan2013-v2 193833-196531 | 4.446 v vV |V
© /MuEG/Run2012C-22Jan2013-v3 198022-203742 7.153 v v v
/MuEG/Run2012D-22Jan2013-v4 203777-208686 7.318 v v v
/DoubleMu/Run2012A-22Jan2013-v1 190456-193621 0.887 v v v
= /DoubleMuParked/Run2012B-22Jan2013-v1 | 193833-196531 | 4.446 v v v
< | /DoubleMuParked/Run2012C-22Jan2013-v1 | 198022-203742 | 7.153 v v v
/DoubleMuParked/Run2012D-22Jan2013-v1 203777-208686 7.318 v v v
/DoubleElectron/Run2012A-22Jan2013-v1 | 190456-193621 | 0.887 v v
© /DoubleElectron/Run2012B-22Jan2013-v1 193833-196531 4.446 v v
© /DoubleElectron/Run2012C-22Jan2013-v1 | 198022203742 | 7.153 v v
/DoubleElectron/Run2012D-22Jan2013-v1 | 203777-208686 | 7.318 v v
/SingleMu/Run2012A-22Jan2013-v1 190456-193621 | 0.887 | v
/SingleMu/Run2012B-22Jan2013-v1 193833-196531 | 4.446 | v
= /SingleMu/Run2012C-22Jan2013-v1 198022-203742 | 7.153 | v
/SingleMu/Run2012D-22Jan2013-v1 203777-208686 | 7.318 | Vv

Table A.2: Datasets collected at 8 TeV center-of-mass energy, used in the physics analyses detailed in
this thesis. This table considers only the ery,, u7y, ey and 7,75, final states of the MSSM & — 77 analysis

described in Chapter

Dataset

Chapters
|7][8]10]11]12]13

6
/SingleMuon/Run2015C25ns-16Dec2015-v1 | v
/SingleMuon/Run2015D-16Dec2015-v1 v

Table A.3: Datasets collected at 13 TeV center-of-mass energy, used in the physics analyses detailed in

this thesis.

Process Generator | XSxB (pb) Chapters
6|7 [8]10]11]12]13
Z7Z — 4L Pythia 0.106 V|V
gg9 — 27" — 2020 Pythia 0.005 v
WZ — 3lv Madgraph 0.868 v
tz Madgraph 0.139 v
WH/ZH/ttH with H — 77 Pythia 0.021 v IV
H— WW — 202v, WH, ZH,ttH Powheg 0.0053 V|V

Table A.4: MC samples, with their generators and cross sections used in 7 TeV analyses. The cross
sections for the SM scalar boson are indicated for mpy = 125 GeV.
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Process Generator | XSxB (pb) Chapters
6 | 7 [8[10]11]12]13
WW — 202v Madgraph 5.824 v |V
WZ — 202q Madgraph 2.207 vV I v
WZ — 3tv Madgraph 1.058 v v IV
727 — 4 Madgraph 0.187 VI Vv | Vv|VY
8 27 — 4l Pythia 0.130 oIV
2 qgg — ZZ* — 2020 Pythia 0.012 v v
= 27 — 22w Madgraph 0.716 v
:; Z7 — 202q Madgraph 2.502 v I v
g WW (inclusive) Pythia 69.9 v
5 W Z (inclusive) Pythia 33.2 v
ZZ (inclusive) Pythia 8.4 v
WwZzZ Madgraph 0.058 v
WZzZz Madgraph 0.020 v
7277 Madgraph 0.006 v
tt — 2b202v Madgraph 26.198 v IV
tt — 2b0v2q Madgraph 109.3 v |V
g tt — 2b4q Madgraph 114.02 VI
&= tt (inclusive) Madgraph 245.8 v
t/t — tW Powheg 22.2 v v |V
ttz Madgraph 0.208 v v
Z[~v* — 20 +jets, mee > 50 GeV Madgraph 2950 v v v IV
Z/v* — 20 + 1 jet, mye > 50 GeV Madgraph 561 v |V
= Z/y* — 20 + 2 jets, me > 50 GeV Madgraph 181 v |V
> Z[~v* — 20 + 3 jets, mge > 50 GeV Madgraph 51.1 v |V
?j Z[~v* — 20 + 4 jets, mge > 50 GeV Madgraph 23 v |V
A Z[v" — 20 +jets, 10 < myge < 50 GeV Madgraph 11050 v
Z/v" — 20 + 1 jet, 10 < myge < 50 GeV | Madgraph 716.0 v
Z/v* — 20+ 2 jets, 10 < myge < 50 GeV | Madgraph 309.7 v
W — lv + jets (inclusive) Madgraph 30400 v v |V
% W — lv + 1 jets Madgraph 5400 v v |V
T W — v + 2 jets Madgraph 1750 v vV |V
= W — lv + 3 jets Madgraph 519 v v |V
W — Lv + 4 jets Madgraph 214 v v |V
H — 77, gg fusion Powheg 1.218 v | v
g H — 77, VBF Powheg 0.0997 v |V
= WH/ZH/ttH with H — 77 Pythia 0.0789 Vv
% H—rr, ZH Powheg 0.0265 v
= H—WW — 202v, ggH Powheg 0.438 v |V
@ H — WW — 202v, VBF Powheg 0.0358 v | v
H—WW — 202v, WH, ZH, ttH Powheg 0.0065 v
A — Zh — Ut Madgraph - v
" h — aa — pptT, gg fusion Pythia - v
= h — aa — pprT, VBF Pythia - v
§ h — aa — purt, Wh Pythia - v
= h — aa — pprT, Zh Pythia - v
CE/QJ bbA — bbrT, ma < 90 GeV Pythia - v
® — 77, gg fusion Pythia - v
® — 771, b-association Pythia - v

Table A.5: MC samples, with their generators and cross sections used in 8 TeV analyses. The k-factors
are respectively for Wjets, Z/v* — 20+4jets mgy > 50 GeV and Z/v* — 20+jets 10 < myy < 50 GeV,
1.234, 1.188 and 1.33. The cross sections for the SM scalar boson are indicated for myg = 125 GeV.
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Process Generator | XSxB (pb) Chapters

6 |7 ]8]10]11]12]13
VV — 202v aMC@NLO 11.95 v
Z7 — 202q aMC@NLO 3.22 v
27 — 4L aMCQNLO 1.21 v
WW — U1lv2q aMC@NLO 50.00 v
WZ — 202q aMC@NLO 5.60 v
WZ jets aMCQNLO 5.26 v
WZ — 31y aMC@NLO 4.71 v
WZ — 103v aMC@NLO 3.05 v
WZ — W1lv2q aMC@NLO 10.71 v
tt (inclusive) Powheg 831.8 v
t/t — tW Powheg 71.2 v
Z [y — 20 +jets, mge > 50 GeV | Madgraph 6025.2 v
W — v + jets (inclusive) Madgraph 61526.7 v

Table A.6: MC samples, with their generators and cross sections used in 13 TeV analyses. W-+jets and
Z+jets cross sections are quoted at NNLO.

Year Path Chapters
6 | 7 [8]10]11]12]13

& 2012 Ele22_eta2pl_WP90Rho_LoosePFIsoTau20 Ve v
= 2012 IsoMul7_eta2pl_LoosePFIsoTau20 v IV
& 2012 DoubleMediumIsoPFTau35_Trk5_eta2pl v
IS 2012 DoubleMediumIsoPFTau35_Trkl_eta2pl Ve

2011 Mu8_Elel7_CaloIdL v

2011 Mu8_Elel7_CaloIdT_CaloIsoVL v
< 2012 Mu8_Elel7_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL v v |V
© 2011 Mul7_Ele8_CaloIdL v

2011 Mul7_Ele8_CaloIdT_CaloIsoVL v

2012 Mul7_Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL v vV |V

2011 DoubleMu7 v
= 2011 Mul3_Mu8 v
< | 2011/2012 Mul7_Mu8 v v |V

2012 Mu17_TkMu8 v v v
© 2011 Elel7_CaloIdL_CaloIsoVL_Ele8_CaloIdL_CaloIsoVL v
© Elel7_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_

2011/2012 Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL v v
2011/2012 IsoMu24_eta2pl v

= 2015 IsoMui8 v

Table A.7: Trigger paths used in the analyses detailed in this thesis. For the MSSM ® — 77 analysis of
Chapter only the ery,, uth, 7n7h and eu final states at 8 TeV center-of-mass energy are covered.
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