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Abstract

Title. Search for Additional Higgs Bosons with the CMS Detector at the CERN LHC

Abstract. A search for charged Higgs bosons decaying into a tau lepton and a neutrino is

presented in the hadronic and leptonic final states. Emphasis is given on the leptonic final

states, performed in the muon/electron+jets channels. The search is distinguised based on

whether an hadronic tau lepton can be resolved or not. To constrain the backgrounds, the

event phase space is categorized in number of jets, b jets and in bins of Emiss
T . The search

is based on the 13 TeV dataset with 35.9 fb−1 of integrated luminosity collected with the

CMS experiment in 2016. Results are presented for charged Higgs boson mass hypotheses

ranging from 80 GeV to 3 TeV, where the intermediate mass range around the top quark

mass is included. 95% CL upper limits are set on the charged Higgs boson production cross

section. A combination with the fully hadronic final state is performed, where combined 95%

CL upper limits are set on the charged Higgs boson production cross section. The model

independent result is interpreted in the MSSM mmod-
h benchmark scenario.
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1 The Standard Model and Beyond

The Standard Model (SM) is a theory describing subatomic particle structure and the inter-

actions between elementary particles. It contains a precise mathematical description based

on symmetries and group theory to describe the electromagnetic, weak and strong nuclear

forces as well as a mechanism of particle mass generation. The theoretical development of the

SM took place from the early fifties and continued to develop for several decades. Collider

experiments throughout the last half century precisely tested the SM with an astonishing

precision, which leads the SM. Despite its success up to which level the theory was tested

experimentally, yet it does not include a description of gravity nor it can explain phenomena

observed on the cosmological scale. Even within the SM there are questions which cannot

be answered, ultimately the SM is still a descriptive model based on assumptions without

explaining the underlying structure.

1.1 Particle Spectrum of the Standard Model

The physical building blocks of the SM is a set of elementary particles, regarded as point-like,

all having a certain mass, quantum numbers and interaction rules governed by the elementary

forces. A first classification is done based on the particle’s spin: fermionic particles have

half-integer spin and obey the Fermi-Dirac statistics whereas bosonic particles have integer

spin values and obey the Bose-Einstein statistics. Fermions and bosons behave differently

in quantum systems as well as on macroscopic level as the Pauli exclusion principle only

applies to fermions, hence they are described by two different statistics. It must be noted

that the fermionic or bosonic nature is true for composite particles or quantum states.

As will be explained later, each fundamental force has its own force carrier (e.g. the

photon is the force carrier for the electromagnetic force). In the SM, force carriers are

bosons, whereas the particles where upon the force interacts are fermions (e.g. electrons).

Based to their interaction nature and quantum properties, the SM elementary particles

are classified as follows (see figure 1-1):

• Leptons: leptons are fermions which do not undergo the strong interactions. There are



1.1 Particle Spectrum of the Standard Model 3

Figure 1-1: Overview of the particle spectrum of the Standard Model.

three charged leptons (electron, muon and τ -lepton), and three neutral leptons, the

neutrinos which correspond to the charged leptons (νe, νµ and ντ respectively).

• Quarks: quarks are fermions which are subjected to all the fundamental forces. Also

six quarks exist, which are grouped in families by (up, down), (strange, charm) and

(top, bottom).

• Vector bosons: for each fundamental force (except gravity), a vector boson exist which

is acts as the force carrier.

• Scalar bosons: only one scalar boson exist which is responsible for the mass generation

and electroweak symmetry breaking.

The particle spectrum of quarks and leptons is similar and are divided in three genera-

tions, which is justified by their mass and quantum numbers. For each of the fermions, also

their anti-particles exist for which the charge change but all other quantum numbers remain

the same.



4 1 The Standard Model and Beyond

1.2 Particle and Fields

Historically, the SM emerged from the unification of special relativity and quantum mechan-

ics, which lead to a field description of the particles and forces. Each particle is represented

as a complex field whose value depends on the spacetime coordinates: φ(xµ). The kine-

matics and dynamics of theory is captured in the so called Lagrangian density L, for short

Lagrangian, which is composed of different terms as function of the field and/or derivatives,

each term describing the interactions and forces between particles. Field Lagrangians are

similar to the classical Lagrangian in the sense that the derivatives in the Euler-Lagrange

equations are not w.r.t. the general coordinates but directly to the fields themselves. By

imposing basic principles for the terms in the Lagrangian (e.g. internal symmetries, gauge

variance, action must be real, renormalizable, etc.), only a specific structure of terms is

allowed. As a fermion with mass m is described by Dirac four-component spinor fields

ψ = ψ(xµ), which simultaneously describes particle-antiparticle and takes into account the

spin. They are solutions of the free Dirac equation:

(iγµ∂µ −m)ψ = 0, (1-1)

which follows from the Dirac Lagrangian:

L = iψ̄γµ∂µψ −mψ̄ψ. (1-2)

The fields entering the Lagrangian are quantized according to the laws of quantum me-

chanics (second quantization): the field is regarded as an operator which obeys a set of

commutator rules, and is Fourier-expanded where the expansion coefficients ar creation and

annihilation operators (cfr. quantum harmonic oscillator). The quanta of this quantized

field are then identified with the individual particles. When interactions are involved be-

tween different fields, each term in the Lagrangian represents an interaction which can be

depicted by a Feynman diagram.

1.3 Description of the Forces

1.3.1 Electromagnetic Force

Classically, the well-known electromagnetic force is described by the four Maxwell equations,

which was a unification of the electric and magnetic forces by Maxwell in 1861-1862. Al-

though these equations were discovered 40 years before the introduction of special relativity,

the equations are invariant under a Lorentz transformation, as required by special relativity.
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The Maxwell equations can be derived from field theory by using gauge theories. In

short, a gauge theory is a (mathematical) transformation of the fields which does not alter

the Lagrangian, hence changing the gauge does not change the physical properties of the

Lagrangian. Starting from a (complex) scalar field φ = (φ1 + iφ2)/
√

2, with φ1,2 two real

fields, one can write down a Lagrangian:

L = (∂µφ)(∂µφ∗)−m2φ∗φ. (1-3)

This Lagrangian is invariant under a transformation φ → exp(−iΛ)φ (global gauge trans-

formation), with Λ a real constant, but such transformation clearly violates the principles

of relativity as the gauge instantaneously should change for the entire space-time. To over-

come this violation, the parameter Λ becomes as function of space-time Λ(xµ) (local gauge

transformation). In order to make eq. 1-3 local gauge invariant, extra terms must be added,

which results in the following Lagrangian:

LQED = (Dµφ)(Dµφ∗)−m2φ∗φ− 1
4
F µνFµν , (1-4)

with Dµφ = (∂µ + ieAµ)φ the covariant derivative and F µν = ∂µAν − ∂νAµ the electro-

magnetic field tensor which describes the electromagnetic fields and interactions (i.e. tensor

formulation of the laws of Maxwell).

A gauge field Aµ and corresponding covariant derivative has been introduced to restore

the gauge variance. When converting eq. 1-4 to the Hamiltonian formalism by using the

quantum mechanical relationship p = −i~∇, one can recognize the classical equation of

an electron with mass m in an electromagnetic field described by Aµ = (φ,A). Therefore,

one can regard φ as a field with charge e which couples to Aµ the same strength e. A

mass term such as mAµA
µ is not present in the Lagrangian and adding would break the

gauge invariance. Therefore Aµ is interpreted as the massless photon propagator for the

electromagnetic force.

In general, the field φ describes a fermion with charge e whereas φ∗ describes its anti-

fermion with charge −e. The intrinsic spin of the fermion is not taken into account with

such complex scalar fields, but the Dirac spinor formalism takes the spin into account. In

that formalism, the QED Lagrangian becomes:

LQED = ψ̄(iγµDµ −m)ψ − 1
4
F µνFµν , (1-5)

The Lagrangian 1-5 formulates the field theory of quantum electrodynamics. The internal

symmetry leading to the gauge invariance is a rotation and the corresponding symmetry

group is U(1). Therefore, QED is a U(1) field theory.
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1.3.2 Strong Force

The phenomenology of the strong interaction was initially developed in electron-proton elas-

tic and deep inelastic scattering experiments. The outcome of such experiments revealed the

inner structure of the proton; it was found that the proton consists of point-like particles

which are called partons. Parton models were built to describe the proton and neutron

structure in terms of charge and spin. Those partons, later called quarks, are confined in the

proton and carry each a fraction of the proton momentum, which is described by the parton

distribution functions (PDF). In the sixties, a series of experiments at the Stanford linear

collider observed hundreds of strong unstable states (hadrons). The mystery of this ”parti-

cle zoo” was solved by theorists which found an underlying symmetry pattern which exhibit

the same quantum numbers. This gave birth to the quantum chromodynamics (QCD), the

quantum field theory of the strong interaction.

Two classes of hadrons exist:

• baryons: half-integer spin hadrons which are composed of three quarks |q1q2q3〉 (e.g.

proton, neutron). In reactions, the same number of baryons and/or anti-baryons is

produced, therefore the baryon quantum number B is a conserved quantity (B = 1(−1)

for baryons(antibaryons), B = 1/3(−1/3) for quarks(antiquarks), B = 0 for other

particles).

• mesons: integer spin hadrons which are composed of quark-antiquark pair |q1q̄2〉 (e.g.

pions). No meson number exist as mesons can decay e.g. to electrons and neutrinos

through the weak force.

Crucial in the development of QCD was the ∆++ resonance, which is composed of three

up quarks. Measurements of the spin (J = 3/2) and parity (positive) indicates the spin

of the three up quarks must be parallel: ∆++ = |u↑u↑u↑〉. This clearly violates the Pauli

exclusion principle for fermions and a new property for quarks, the color, was invented to

distinguish the three up quarks on quantum level. Each quark can have three colors: red,

green or blue (and anticolor for the antiquarks). Color anti-symmetric wave functions for

baryons and symmetric for mesons must be constructed for baryons and mesons:

B =
1√
6
εijk |qiqjqk〉 , M =

1√
3
δij |qiq̄j〉 . (1-6)

The strong interaction is mediated by gluons, massless vector bosons with spin 1. In

order to couple gluons to the colored quarks, they simultaneously carry color and anticolor.

Because three colors exist, the color space is defined by the SU(3) group, which requires 8

generators for a fundamental representation of this group (i.e. with these octet states any
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color in color space might be reconstructed). The remaining singlet state is colorless and

therefore cannot participate in the interaction.

Similarly as for the QED case, the free Lagrangian is (locally) gauged. For each quark

type, the quark spinors are described by a vector in color space: qTf = (φ1
f φ

2
f φ

3
f ), where

(1, 2, 3) denotes the color and f the quark flavor. One obtains, in spinor notation, the

Lagrangian for quantum chromodynamics, invariant under local isospin rotations in SU(3):

LQCD =
∑

f

q̄f (iγ
µDµ −mf )qf − 1

4
Gµν
a G

a
µν . (1-7)

The last term denotes the gluon kinetic term, which is a combination of the gluon fields. The

covariant derivative Dµ contains now the eight gauge fields Gµ
a (a = 1...8) which couples to

the quark spinors with strong coupling constant gs, and are identified with the gluon fields:

Dµqf =

(
∂µ − igs

λa

2
Gµ
a

)
qf , (1-8)

The traceless matrices λa are the generators of the SU(3) group. No mass terms in form of

maλ
aGµ

a appear in the Lagrangian, which is confirmed by the massless gluons.

1.3.3 Weak Force and Electroweak Unification

The weak force was discovered in β decays of unstable nuclei. Experimentally, it was known

the weak force had a very short range in the order of 10−18 m, very short compared to the

infinite range of the electromagnetic force. In view of the uncertainty principle, the range is

estimated to be ~/(2mc), hence the force carrier mass must be in the order of 100 GeV/c2.

To preserve charge conservation in the observed interaction processes, at least two oppositely

charged force carries must exist (W± bosons) to explain such ”charged current” interactions.

Later onward also ”neutral currents” where observed which was identified by a neutral weak

force carrier (Z boson).

In 1933, Fermi attempted to describe β decay by assuming a point-like interaction involv-

ing four particles (e.g. µ→ νµνee). The involving neutrinos were predicted two years earlier

by Pauli to explain the continuous energy spectrum of the decay products. Nowadays, the

Fermi theory is regarded in the limit of low momentum transfer q �MW at the interaction

vertex with coupling constant g to the W± boson:

g2

M2
W − q2

≈ g2

M2
W

= 8πα
g2

e2

1

M2
W

= 4
√

2GF . (1-9)

The coupling constant GF , that appears in Fermi’s theory, was experimentally measured to

be several orders of magnitude lower than the electromagnetic one, hence the name weak
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force. A full development of the electroweak theory was established many years later in

1973, by Weinberg, Salam and Glashow. It was based on several observations involving

charged and neutral currents and extensively relies on the electroweak symmetry breaking

mechanism.

Processes involving weak deays were studied in detail in the fifties and sixties. A crucial

observation was that neutrinos, particles that only interact with the weak force and gravity,

always found to be left-handed (i.e. the spin is always in the opposite direction than its

momentum). They possess a helicity value of h = −1, where h = s ·p/(|s||p|) is the helicity

operator with s the spin and p the momentum of the particle. This is generalized such that

charged currents only couple to left-handed fermions (and to right-handed anti-fermions).

In addition, for weak decays involving quarks, experiments found that the coupling of weak

quark decays was different among the quark families. The reason for this behavior is that for

the weak interaction involving W± boson exchange, the quark families mix and are therefore

not eigenstates of the weak interaction. Such eigenstates can be found by rotating the

quark-states, which is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix:



|d′〉
|s′〉
|b′〉


 =



Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb






|d〉
|s〉
|b〉


 . (1-10)

The meaning of this matrix is that the probability of transition from a quark q to q′ is given

by |Vqq′|2.

These experimental observations are summarized in the electroweak theory by introduc-

ing two new quantum numbers: the weak isospin I and weak hypercharge YW . Left-handed

quarks and leptons form doublets with a difference of one electrical charge unit, and can be

transformed into each other by exchange of a W± boson: they form an isospin doublet with

T = 1/2 and T3 = 1/2. Right-handed fermions are described as singlets (T = T3 = 0). The

weak hypercharge YW are singlets and are in relationship with the electric charge Q through

Q = T3 + 1
2
YW . (1-11)

A complete overview of the quantum numbers assigned to the SM fermions and gauge bosons

is given in table 1-1. Translating these ideas to field theory, the starting point is the free

Dirac Lagrangian, but written in terms of the left-handed isospinor doublets LT = (νe eL)

and right-handed isospinor singlets R = eR:

L = iRγ · ∂R + iLγ · ∂L. (1-12)

One now gauges the Lagrangian to be invariant under SU(2) (weak isospin) and U(1)
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Q T T3 YW

L
ep

to
n
s

(
νe
e

)

L

(
νµ
µ

)

L

(
ντ
τ

)

L

0
−1

1/2
+1/2
−1/2

−1

eR µR τR −1 0 0 −2

Q
u
ar

k
s

(
u
d′

)

L

(
c
s′

)

L

(
t
b′

)

L

+2/3
−1/3

1/2
+1/2
−1/2

+1/3
+1/3

uR cR tR +2/3 0 0 +4/3

dR sR bR −1/3 0 0 −2/3

G
au

ge
b

os
on

s

W± ±1 1 ±1 0

Z 0 0 0 0

γ 0 0 0 0

h0 0 1/2 −1/2 +1

Table 1-1: Overview of quantum numbers (electromagnetic charge Q, weak isospin I and
weak hypercharge YW ) for the electroweak theory.

(weak hypercharge) rotations. This requires to replace the derivatives by their covariant

derivatives,

DµL = ∂µL− igW̃µ − iYWg′B0
µL, (1-13)

DµR = ∂µR + iYWg
′B0

µR, (1-14)

with 2W̃µ = σiW
i
µ and σi the Pauli-matrices. New gauge fields and coupling constants for

both symmetries are introduced: three gauge fields (W+
µ ,W

−
µ ,W

0
µ) with coupling constant

g for SU(2) and one B0
µ gauge field with coupling constant g′ for U(1). Appropriate gauge

invariant kinetic terms should be added to the Lagrangian. A full derivation of the theory

requires the introduction of electroweak symmetry breaking (see section 1.4), which takes

into account the masses of the vector bosons. Crucial in the further development of the

electroweak theory is that the photon and Z boson now are mixed states of the W 0 and B0

states:
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|γ〉 = cos θW |B0〉+ sin θW |W 0〉
|Z0〉 = − sin θW |B0〉+ cos θW |W 0〉 . (1-15)

θW is the Weinberg angle and is defined by tan θW = g′/g and related to the electromagnetic

coupling constant by e = g sin θW . The value of θW can be obtained from various experiments

and a combined value is measured to be sin2 θW = 0.23122 [6].

1.4 Higgs Mechanism and Particle Mass

1.4.1 Electroweak Symmetry Breaking

As discussed in section 1.3.1, adding a mass term to the Lagrangian breaks the (local)

U(1) gauge invariance, therefore the photon field is massless. Similarly, for the electroweak

Lagrangian, which possesses a U(1)×SU(2) symmetry, gauge invariance requires the gauge

fields to be massless. This is in contradiction with experiment as the vector bosons are

massive. An explanation why the gauge bosons acquire mass was investigated by Englert,

Brout and Higgs in the early sixties [7, 8, 9]. To explain these ideas, consider the following

Lagrangian which possesses a global U(1) symmetry:

L = (∂µφ)(∂µφ∗)−m2φ∗φ− λ(φ∗φ)2 = (∂µφ)(∂µφ∗)− V (φ), (1-16)

with V (φ) = m2φ∗φ + λ(φ∗φ)2 the potential. φ is a complex scalar field, λ a real self-

interaction term and m a real parameter which can be negative. The ground state of this

potential is calculated by taking its derivative w.r.t. the field. For m2 > 0, the minimum

occurs at φ = φ∗ = 0 but for m2 < 0 a local minimum is found at |φ|2 = −m2/(2λ) ≡ a2.

This corresponds to a non-zero vacuum expectation value (vev) of φ:

| 〈0|φ |0〉 |2 = −m
2

2λ
= a2. (1-17)

The physical fields are excitations above the vacuum state, therefore the fields must be

expanded around this vacuum state. By writing the field as

φ(x) = a+
φ1 + iφ2√

2
, (1-18)

where φ1 and φ2 are real scalar fields with zero vacuum expectation value, the Lagrangian
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in terms of the real fields φ1 and φ2 becomes:

L = 1
2
(∂µφ1)2 + 1

2
(∂µφ2)2 − 2λa2φ2

1 −
√

2λφ1(φ2
1 + φ2

2)− λ

4
(φ2

1 + φ2
2)2. (1-19)

The field φ1 became massive with mass proportional to
√
λa whereas φ2 has no mass term

and is massless. The latter is referred as a Goldstone boson. As a consequence of the

spontaneous U(1) symmetry breaking, two massive scalar fields (φ1, φ2) are transformed to

a massive particle (φ1) and massless Goldstone boson (φ2).

When translating these ideas to the breaking of a local U(2) gauge symmetry as defined

in (see Eq. 1-4), where initially two massive fields (φ1, φ2) and a massless field (Aµ) are

present, after spontaneous symmetry breaking one remains a massive scalar field (φ1) and a

massive photon. The field φ2 corresponding to the massless Goldstone boson is non-physical

and can be eliminated in an appropriate gauge.

1.4.2 Higgs-Kibble Mechanism

The idea of spontaneous symmetry breaking is applied to the theory of electroweak unifica-

tion [10, 11]. The starting point is the free Dirac Lagrangian (see eq. 1-12) which possesses

two symmetries: SU(2) weak isospin and U(1) weak hypercharge. By gauging them, co-

variant derivatives are introduced with their gauge fields Wµ and B0
µ which are invariant

under the respective transformations and are accompanied by two gauge coupling constants

g and g′ respectively (see section 1.3.3). The resulting Lagrangian describes the interaction

of charged and neutral currents to their respective components (left vs right handed), but

no mass terms for the fermions nor for the gauge fields are present. If such terms are added,

gauge invariance is broken.

To give mass to the gauge bosons, a Higgs doublet is introduced to the theory:

φ =

(
φ+

φ0

)
, (1-20)

with φ+ and φ0 two complex scalar fields. The quantum numbers are chosen to be IW = 1/2

and YW = 1, such that φ0 has no charge and and φ+ has unit charge. The Lagrangian in

terms of this field takes the following form:

L = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2. (1-21)

The minimum of the potential occurs at a vacuum expectation value of
√
−µ2
2λ
≡ v/

√
2.
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Under the (local) electroweak SU(2)×U(1) symmetry, the covariant derivative is written as:

Dµφ =

(
∂µ − igW̃µ −

i

2
g′B0

µ

)
φ, (1-22)

By virtue of the fact that the Lagrangian is local gauge invariant, one can perform indepen-

dent gauge transformations at each point in space-time. Hence, the Higgs doublet can be

parameterized as follows (unitary gauge):

φ =
1√
2

(
0

v +H(x)

)
, (1-23)

where H(x) is called the Higgs field (neutral field). In this unitary gauge, the Lagrangian

(eq. 1-21) can be written in as follows:

L =
1

4
hv4 + LH + LHG2 (1-24)

where, with the use of eqns. 1-15,

LH =
1

2
∂µH∂

µH − hv2H2 − hvH3 − 1

4
hH4, (1-25)

LHG2 = (v +H)2

(
g2

4
W †
µW

µ +
g2

8 cos2 θW
ZµZ

µ

)
. (1-26)

From these equations, the masses for the gauge bosons are identified from the quadratic

terms in the respective fields:

MW = MZ cos θW =
1

2
gv, mH =

√
2hv. (1-27)

The mass of the W± and Z bosons, and the vacuum expectation value v can be estimated

from the Fermi theory (see eq. 1-9):

M2
W =

4πα

8 sin2 θW

√
2

GF

, (1-28)

leading to a vev of 246 GeV. One free parameter in the theory, the Higgs self coupling h,

can be determined from the Higgs boson mass. Experimental verifications of the electroweak

and Higgs gauge bosons are briefly discussed in section 1.5.
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1.4.3 Fermion Mass

The Higgs field couples to the fermions with the following Yukawa interaction term (again,

in the unitary gauge):

L = − 1√
2

(v +H)(λdd̄d+ λuūu+ λeēe), (1-29)

with u, d, e the spinor fields for the up-quark, down-quark and electron field and the param-

eters λa (a = (u, d, e)) represents the coupling between the Higgs field H and the respective

fermion a. The fermion mass follows directly from the coupling terms and can be written

as:

mu = vλu, md = vλd, me = vλe. (1-30)

Similar terms can be added for the other lepton/quark families.

1.5 Experimental Tests of the Standard Model

During the early developments of the SM, theorists extensively relied on experimental obser-

vations for the understanding of the basic equations of the SM which ultimately lead to the

Lagrangian description using a gauge theory. The electron, muon and photon were already

known particles to describe QED, and their knowledge was extended and applied to the other

forces and the prediction of other particles. Though the theoretical foundations of the SM

were complete in the seventies, several particles were discovered later as they required the

proper technological tools (e.g. τ -lepton, the neutrinos, top quark). At the end, to date, all

those particles (and anti-particles) which enter the SM are discovered and their properties

are measured with increasing accuracy.

In point of view of this thesis work, two interesting experimental discoveries are briefly

discussed here: the discovery of the electroweak gauge bosons and the most recent Higgs

boson discovery.
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1.5.1 Discovery of the Electroweak Gauge Bosons

The massive electroweak gauge bosons were predicted in 1973 as unification of the electro-

magnetic and weak forces. Immediately after, in 1973, a neutrino experiment at CERN with

the Gargamelle bubble chamber observed the first neutral current interactions. Though this

observation was not a direct proof of the theory, it encouraged the experimental physicists at

CERN to further focus on the W± and Z boson experimental verification. In 1976, several

scientists at CERN proposed to transform the current Super Proton Synchrotron (SPS),

which at that time was used for fixed target experiments, to a proton-antiproton collider,

the Spp̄S. It involved technological challenges to produce and store anti-protons which

ultimately lead to the development of stochastic cooling by S. van der Meer. Two major col-

laborations were formed in 1978 for the design, construction and operation of the two large

Underground Experiments (UA1 and UA2), two large detectors which were installed along

the accelerator interaction points. The accelerator project, lead by C. Rubbia, proceeded

in parallel and first collisions at a center-of-mass energy of 540 GeV were delivered to the

experiments. This energy was sufficient to produce the W± and Z bosons, whose mass has

been accurately calculated using eq. 1-28.

In November 1982, the first valid W candidates were seen in the detector having a 40 GeV

electron and missing transverse energy of the same order. More events of such types were

collected (as well as in the muon channel), and tight selections were applied to the events.

The transverse mass was reconstructed and was consistent with a boson of mass of 80 GeV.

A paper was published soon after near the end of January 1983 stating the observation of

the W± gauge bosons. Similarly, the first Z boson candidates were observed in the next run

in 1983 where a back-to-back electron-positron pair were observed. On June 1983, a CERN

press release announced the discovery of the Z boson.

1.5.2 Discovery of the Higgs Boson and Couplings

Opposite to the W± and Z bosons, the mass of the Higgs boson was not known and could

be any value, but it should be around the same order than the gauge bosons. Furthermore,

the production cross section was calculated to be very low. Searches in the SppS, the large

Electron Positron collider (LEP) and the Tevatron quoted upper limits of the Higgs boson or

excluded several mass ranges. It was therefore the Large Hadron Collider was designed and

built (see section 3.1), which lead to an early discovery of the Higgs boson in the ATLAS

and CMS experiments [12, 13, 14] (see section 3.2 for a description of the CMS detector).

The discovery has been made in the ”golden channels”, h→ ZZ → 4l and h→ γγ, with a

mass of 125 GeV.

In the ongoing analyses of the LHC data, the Higgs mass is accurately measured and to
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Figure 1-2: Measured Higgs coupling constants in the appropriate channels versus the par-
ticle mass for the 7+8 TeV dataset [1].

date, a combined result of the ATLAS and CMS results quote a number of 125.09±0.21(stat.)

±0.11(syst.) GeV[15]. This proved the existence of the Higgs field which couples gives

mass not only to the massive gauge bosons, but also to the fermions (except neutrinos).

Hence the LHC data is extensively used to measure the couplings to the Higgs field, by

measuring the Higgs decay to those particles: H± → ZZ, H± → WW , H± → bb̄, H± → ττ ,

H± → µµ. Higgs couplings to the top quark are measured at production level, however

recent measurements with the CMS experiment quote a direct coupling to the top quark in

the tt̄H associated production [16]. From eqns. 1-30, the fermions and gauge boson couple

directly to the Higgs field with a factor proportional to the particle mass. Those couplings

λf are directly measured for each channel and are plotted in figure 1-2 versus the particle

mass. The dashed line represents the SM calculations with a Higgs mass of 125 GeV and

v = 246 GeV, and the solid line is a fit to the data points, which agrees perfectly with the

theory. The couplings to other particles (light quarks and electron) is very difficult as their

mass, and coupling, are very low.

An interesting coupling and, and in effect the final proof of the Higgs particle, is the

Higgs self coupling. From the EWK Lagrangian, self-interaction terms appear which will

eventually generate the Higgs mass (see eq. 1-25). To directly probe such couplings, di-Higgs

production is necessary. Despite the very low cross section, this will be achievable in the

High-Luminosity phase of the LHC (HL-LHC), which will produce roughly 10 times more

data and capable to observe di-Higgs production.
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1.6 Missing Pieces and Beyond the Standard Model

Besides the two crucial discoveries briefly mentioned in the previous section, the SM has been

tested up to TeV scale with astonishing precision. During the LHC Run II, with enhanced

collision energy to 13 TeV, the observations were in good agreement with the SM predictions.

However, still several fundamental questions are not yet solved or the SM cannot give an

appropriate answer. Some of them are listed below:

• Free parameters: the SM is a model describing the forces between elementary particles,

but it relies on a set of axioms (e.g. only specific terms in the Lagrangian) and constants

(couplings, masses, etc.). In total, 19 free parameters enter the Lagrangian of the SM

whose values had to be obtained from experiment. Those constants are rather arbitrary

and uncorrelated.

• Neutrino mass: the Higgs mechanism does not allow a mass term for neutrinos, despite

experimental observations that neutrinos are not found to be massless. Upper mass

limits have been measured for the three neutrino flavors, with the heaviest ντ lower

than 18 MeV [6]. Ad-hoc mechanisms for neutrino masses within the SM will attribute

to an additional set of free parameters, needed to be determined from experiment.

• Gravitation: the SM does not include the gravitational force. Despite unification

attempts, general relativity is difficult to treat as a quantum theory and quantum

gravity to first extent is not renormalizable. Moreover, the associated graviton as

gravity force carrier is not observed.

• Hierarchy problem: related to gravitation is the hierarchy problem, which questions

the fact why the weak force is 1024 times stronger than the gravitational force. This

huge discrepancy of coupling constants is not observed in the SM.

• Baryon-asymmetry: despite the fact that the SM only allows a small deviation of

matter-antimatter (CP-violation in kaon decays), is not sufficient to explain wht the

visible universe is made out of matter only. Higher degrees of CP violation or baryon-

number violation are needed, but not observed, to explain the baryon-asymmetry.

• Dark matter and dark energy: from cosmological experiments only 5% of the total

energy in the universe is accounted for the visible mass, as described by particles and

interactions in the SM. The remaining mass and energy is accounted for dark energy

(69%) and dark matter (26%).
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• Anomalous magnetic dipole moment: the anomalous magnetic dipole moment de-

scribes quantum loop effects to the (classical) magnetic dipole moment. For the elec-

tron, precise calculations are in agreement with observation up to 10 significant digits,

which serves as a successful precision test of QED. For the muon, however, the calcu-

lated value disagrees with 3.5 standard deviations from recent observations [17].

It is clear the SM is not able to describe (all) the physics phenomena on a fundamental

level. New theories, models and ideas are needed, whether or not based on the SM formalism.

Such theories were proposed during the development of quantum mechanics and the standard

model. Nowadays, two theories are under wide attention: string theory and supersymmetry.

Both were developed in the sixties and seventies, aiming to incorporate gravity, explaining

dark matter and several other shortcomings of the SM.

In particular for supersymmetry, which has direct implications on the existence of ad-

ditional Higgs bosons, it provided a direct way for observation. Indeed, it introduces an

additional symmetry, on top of the SM symmetries, between fermions and bosons. For each

fermion an associated boson is predicted and vice versa. Such particles can be candidates

for dark matter and could be directly produced in collider experiments, if kinematically al-

lowed. Searches are ongoing at LHC for several SM ”superpartners”, however to date only

experimental constrains the theory are set.



2 Phenomenology of the Charged Higgs

Sector

Charged Higgs bosons appear naturally in extensions in the Higgs sector of the Standard

Model. Such extensions exhibit a more complex Higgs sector yielding additonal Higgs bosons

with different masses, charges, and other properties. Whereas the 125 GeV Higgs boson is

compatible with both the SM and extensions, the detection of a charged Higgs boson would

unequivocally point to new physics beyond the SM. The properties of the observed 125 GeV

Higgs boson constrain, but not exclude, several parameters in the extended models.

2.1 Two Higgs Doublet Model

The most natural extension of the SM Higgs sector is adding a second doublet to the elec-

troweak symmetry breaking theory. As described in section 1.4.2, the SM Higgs theory

relies on a Higgs doublet that breaks the Lagrangian symmetry. In the Two Higgs Doublet

Model (2HDM) [18], two identical Higgs doublets φ1,2 with weak isospon IW = 1/2 weak

hypercharge YW = ±1 are introduced. Accordingly, the Higgs potential is modified to allow

all possible quartic interactions:

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −
[
m2

12Φ†1Φ2 + h.c.
]

+ 1
2
λ1(Φ†1Φ1)2 + 1

2
λ2(Φ†2Φ2)2

+ λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+
[

1
2
λ5(Φ†1Φ2)2 + [λ6(Φ†1Φ1) + λ7(Φ†2Φ2)](Φ†1Φ2) + h.c.

]
. (2-1)

In this equation, the parameters m11,m22,m12 and λ1,2,3,4 are real, whereas the remaining

parameters λ5,6,7 could be complex. Both doublets couple to quarks and leptons through

Yukawa couplings. When expanding the full Yukawa Lagrangian, interaction terms describ-

ing CP-violation and tree-level flavor changing neutral currents (FCNCs) are present. Such

terms can be removed when a Z2 symmetry is imposed on the Lagrangian: Φ1 → Φ1 and

Φ2 → −Φ2. By requiring this symmetry on 2-1, the constants λ5,6,7 must be zero. The
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resulting Lagrangian contains 8 degrees of freedom for the coupling terms.

The doublet fields are expanded around their vacuum expectation values (where, as before

by virtue of the local gauge principle, the direction of the vev is assumed to be along the

second component):

〈Φ1〉 =
1√
2

(
0

v1

)
, 〈Φ2〉 =

1√
2

(
0

v2

)
, (2-2)

and the global vacuum expectation value should be equal to the one found in the SM:

v =
√
v2

1 + v2
2 ≈ 246 GeV. Together with the definition tan β = v2/v1, the doublets can be

written with a proper translation of the vevs:

Φ1 =

(
φ+

1
1√
2
(v cos β + φ0

1)

)
, Φ2 =

(
φ+

2
1√
2
(v sin β + φ0

2)

)
, (2-3)

with φ+
1 , φ

0
1, φ

+
2 and φ0

2 complex scalar fields. From the initial 8 degrees of freedom, three

are absorbed to give mass to the W± and Z bosons, leaving 5 degrees of freedom which are

identified with 5 massive physical Higgs states:

• h: CP-even neutral scalar,

• H: CP-even neutral, scalar, with, per definition, mH > mh,

• A: CP-odd scalar,

• H±: pair of charged Higgs bosons.

The five physical Higgs states can be written in terms of the complex scalar fields [19].

In particular for the charged Higgs boson, the physical state is obtained from the charged

field component orthogonal to the vev:

H+ = −φ+
1 sin β + φ+

2 cos β. (2-4)

Similarly, the pseudoscalar Higgs boson can be written as:

A = −Im(φ0
1) sin β + Im(φ0

2) cos β. (2-5)
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The masses of both states are in relationship w.r.t. each other and are as follows:

M2
A =

2m2
12

sin 2β
− λ5v

2, MH± = M2
A +

1

2
v2(λ5 − λ4). (2-6)

The remaining two CP-even neutral scalars (h,H) mix with an angle α according to:

(
h

H

)
=

(
− sinα cosα

cosα sinα

)(
Re(φ0

1)

Re(φ0
2)

)
, (2-7)

and their masses are obtained by diagonalization of the mass-matrix. To relate the

neutral scalar states with the observed 125 GeV Higgs boson, it is convenient to work in the

Higgs basis, defined as a rotation over β:

H1 =

(
H+

1

H0
1

)
≡ Φ1 cos β + Φ2 sin β, H2 =

(
H+

2

H0
2

)
≡ −Φ1 sin β + Φ2 cos β. (2-8)

The vacuum expectation values of these states are 〈H0
1 〉 = v/

√
2 and 〈H0

2 〉 = 0, such that

the physical state H0
1 is identified by the SM Higgs boson (see section 1.4.2). An explicit

representation of the neutral scalar states in the Higgs basis is written as:

(
h

H

)
=

(
− sin(β − α) cos(β − α)

cos(β − α) sin(β − α)

)(
ReH0

1 − v
ReH0

2

)
, (2-9)

from which it become clear that the SM Higgs boson coincides with h if cos(β − α)→ 0 or

with H if sin(β − α)→ 0.
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Type UR UR UR λUU λDD λLL

I Φ2 Φ2 Φ2 cot β cot β cot β

II Φ2 Φ1 Φ1 cot β − tan β − tan β

Lepton-specific Φ2 Φ2 Φ1 cot β cot β − tan β

Flipped Φ2 Φ1 Φ2 cot β − tan β cot β

Table 2-1: Four different 2HDM types and their couplings to the doublets. Per definition
the up-quark types couples to the second doublet φ2.

2.1.1 Fermion Couplings

The physical Higgs boson state couple to fermions described by Yukawa interactions. A

wide variety of coupling schemes possible, resulting in several types that are summarized

in table 2-1. Per definition, the up-quark type couples to the second doublet φ2, leaving 4

possibilities:

• Type I: the down-type quark and leptons couple to the same doublet φ2;

• Type II: the down-type quark and leptons couple to the other doublet φ1;

• Lepton-specific: the down-type quark couples to φ2 whereas the leptons couple to φ1;

• Flipped: the down-type quark couples to φ1 whereas the leptons couple to φ2.

When writing the full Yukawa interactions in terms of the charged Higgs fields (equa-

tion 2-4), one obtains a set of 9 free parameters describing the couplings to the fermions:

λuu, λdd, λss, λcc, λbb, λtt, λee, λµµ and λττ . In general, their hierarchy is constrained by the

mass of fermions, e.g. mµµ|λµµ| � mττ |λττ |.
In the assumption that one doublet couples to each class of fermions (i.e. prevent flavor

changing neutral currents), the charged Higgs states couples to fermions ff̄ with the following

coupling constants [19]:

gH±ūidj =
iV CKM
ij√
2MW

(
λUU

1− γ5

2
+ λDD

1 + γ5

2

)
(2-10)

gH±ν̄``
=

i√
2MW

λLL
1 + γ5

2
, (2-11)

with V CKM
ij the CKM matrix and λFF the fermion-specific coupling depending on tan β (see

table 2-1).
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2.2 Charged Higgs Production

In general, the production of charged Higgs bosons depend on the mass and parameters of

the model (2HDM and MSSM). In the latter, production cross sections can differ whether

superymmetric particles are involved or not. Depending on the mass, three regimes are

distinguished: light, intermediate and heavy mass regime.

2.2.1 Light Mass Regime

The light mass regime is defined as charged Higgs produc-

tion below the top quark mass (mt ≈ 172.5 GeV). Typical

experimental searches range from 80 to 160 GeV, as be-

low 80 GeV the charged Higgs is mainly excluded by LEP

measurements (see section 2.5), and above 160 GeV top-

interference effects start to become important (see section

2.2.2). In this regime, charged Higgs bosons are dominantly produced from top quark de-

cays. Hence, searches for light charged Higgs bosons are focused on the measurement of the

branching ratio µ = B(t → H±b), or any deviation of the tt̄ cross section. From the known

tt̄ cross section σtt̄ (831.76 pb at 13 TeV), the charged Higgs cross section can be calculated

as:

σH+ = µ2σtt̄ + 2µ(1− µ)σtt̄ ≈ 2µ(1− µ)σtt̄ (2-12)

The approximation is valid because the branching ratio is typically to be considered below

percent level, as no larger deviations in the tt̄ cross section have been observed. (within the

uncertainties).

2.2.2 Intermediate Mass Regime

For charged Higgs boson masses around the top quark mass, interference effects due to the

top-width become important as well as resonant and non-resonant diagrams must be taken

into account. Hence, the full process pp → H±W±bb̄ must be taken into account in the

calculations with massive bottom quarks. Due to this additional diagrams the computation

becomes rather complex, especially at NLO accuracy, yet recently the results were calculated

and summarized in [2].

The contributing LO diagrams are shown in Fig. 2-1: non-resonant top-quark contribu-

tion (a), single resonant top quark contribution (b), double-resonant top quark contribution

(c) and contributions with neutral scalars (d). In the latter case, many additional diagrams
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Figure 2-1: Leading order diagrams for the full process pp→ H±W±bb̄ [2]: (a) non-resonant
top quark contribution, (b) single resonant top-quark contribution, (c) double-
resonant top-quark contribution and (d) contributions with neutral scalars.

could be present depending on the neutrals involved. Restricting to the SM, only the 125

GeV Higgs neutral Higgs boson can contribute but in the general 2HDM also the heavy and

pseudoscalar Higgs bosons (H,A) can contribute. As a result the production cross section

becomes model dependent as it relies on the assumptions on the couplings and masses of

these neutral scalars. With appropriate mass, the A/H contributions can become resonant,

which is better described with pp → A/Hbb̄, where A/H decays to charged Higgs bosons.

In general, is was shown that the contributions of the neutral scalars is almost negligible [2].

2.2.3 Heavy Mass Regime

Figure 2-2: Production of a heavy charged Higgs boson according to 4FS (left) and 5FS
(right). Both contributions are added using the Santander matching scheme.

The charged Higgs boson with a mass larger than the top quark mass is produced in

association with a top quark through the process gg → H±t(b) as illustrated in Figure 2-2.

The associated b-quark in the production is typical for the so-called four-flavor scheme (4FS,

left figure) but is not present in the five-flavor scheme (5FS, right figure). The difference

between both at QCD tree level is that in the 4FS the bottom quark takes part of the hard

scale of the process whereas in the 5FS the bottom quark is part of the proton wave function.
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Total inclusive cross sections of both descriptions (σ4FS and σ5FS) are calculated up to NLO

accuracy, and they are combined using the Santander Matching weighted average [20]:

σmatched =
σ4FS + wσ5FS

1− w , (2-13)

where the weight w is defined as:

w = ln

(
mH±

mb

)
− 2, (2-14)

with mb the mass of the bottom quark (≈ 4.75 GeV). Considering that mH± � mb,

the 5FS cross section is dominant for the entire heavy mass range. This is illustrated in

Fig. 2-3 (left), where the solid lines represents the full inclusive cross section for the 4FS

(red) and 5FS (blue) and Santander-matched (black). It must be noted that no SUSY QCD

correctiond are applied (see section 2.3).
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Figure 2-3: Production cross sections in the 4FS and 5FS with the Santander-matched
results as function of mH± (left) or tan β (right) [3], for Type-II MSSM like. No
SUSY QCD corrections are incorporated in these results.
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2.3 2HDM Scenarios and the Minimal Supersymmetric

Model

In the 2HDM described above, in total there are seven free parameters:

• masses of the Higgs states: mH± , mh, mH , mA;

• tan β, the ratio of the vacuum expectation values;

• sin(β − α), with α the mixing angle between the CP-even Higgs states;

• m12, the diagonal term of the mass matrix of the Higgs doublets.

Scenarios are built which impose specific relations among the free parameters in order

to reduce them such that experimental constraints become possible. Among the Type-

II models, one of the most popular models is the minimal supersymmetric extension to the

standard model (MSSM) [21]. This model predicts the minimum amount of super symmetric

particles necessary in SUSY theories, in particular the Higgs sector is similar to the one

described in the 2HDM. At tree level, the MSSM-like model can be described with two free

parameters (see e.g. [19] for a description): tan β and mH± . The other parameters are

constrained by: m2
H±

= m2
A + m2

W ≈ M2
A in case of heavy SUSY particles, sin(β − α) = 1

which means the Higgs state h is identified with the observed 125 GeV Higgs boson, hence

mh = 125 GeV, mH = mA and m2
12 = m2

A tan β/(1 + tan β2) (which implies λ5 = 0).

The phenomenology of the 2HDM and charged Higgs in particular strongly depends on

the Yukawa sector. For the Type-II models, the fermion couplings introduce 9 additional free

parameters which can be further relaxed under certain assumptions. For the MSSM, adding

supersymmetric particles to the model requires radiative corrections which are referred as

SUSY QCD corrections. The free choice of these parameters give rise to several scenarios

within the MSSM [22, 23]. For a given set of input parameters, the charged Higgs production

cross section is calculated together with the branching rations of possible decays (see next

section). Often such scenarios are used as benchmark to interpret several searches within the

same model (e.g. constraints from H → ττ searches can be compared to constraints obtained

from mH± → τντ ). Under the assumption of no SUSY particles (i.e. absence of SUSY QCD

corrections), example charhed Higgs production cross section as function of tan β or mH± is

given in figure 2-3.
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2.4 Charged Higgs Decay

Decays of charged Higgs to quarks (u, d), fermions (ν`, `) or supersymmetric particles if

incorporated in the model. In the Type-II 2HDM, the light charged Higgs dominantly

decays to τντ , whereas for the heavy charged Higgs the top-bottom final state is dominant.

This can be understood due to enhanced couplings to the third generation SM particles (t, τ)

as a result of their larger masses. However, as the leptons couple directly to tan β in Type-II

(see equation 2-11), the τντ final state also has a sizable branching ratio for high charged

Higgs masses. As a result, the tb and τν final states are interesting for direct charged Higgs

searches and put constraints on the 2HDM parameter space in Type-II.

In figure 2-4, the branching ratios of the charged Higgs decay to tb, cs, τντ and µνµ is

plotted as function of mH± for tan β = 10 (left) and tan β = 50 (right). The values have been

calculated for the mmod−
h MSSM scenario, which assumes SUSY particles at the TeV scale

and is compatible with the observed 125 GeV Higgs boson [22]. From the plot one can see

that indeed the τντ is dominant in the light mass regime, and the tb takes over at high mass,

with a non-negligible contribution of the τντ final state. For higher charged Higgs masses,

SUSY decays become more dominant, especially at low tan β (not shown on the plot).
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Figure 2-4: Charged Higgs branching ratio as function of mH± for tan β = 10 (left) and

tan β = 50 (right) [3]. Themmod−
h MSSM scenario is used to obtain the branching

ratios for the several decay channels. Invisible SUSY decay mode(s) are not
shown on the plot.
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2.5 Overview of Past Searches

The search for charged Higgs particles was performed in the CERN LEP, Fermilab Tevatron

and CERN LHC Run I/II experiments. Exclusion limits were set on the production cross

section as function of the charged Higgs mass, within the kinematic reach of each experiment.

At LEP, charged Higgs bosons could be produced pairwise in Drell-Yan events (e+e− →
γ/Z → H+H−). The dominant decay modes are H± → τν and H± → cs. 95% CL limits on

the charged Higgs mass were set, excluding a charged Higgs mass below 80 GeV [24].

For the Fermilab Tevatron [25, 26] and CERN LHC hadron experiments, the searches

focused on charged Higgs masses above 80 GeV. Mainly the LHC Run I results are dominant

due to the large luminosity and higher energy than the Tevatron. Several searches were

covered such as τντ [27, 28, 29, 30, 31, 32, 33], tb [31, 34], cs̄ [35, 36] and cb̄ [37]. Additionally,

indirect searches by the ATLAS and CMS collaborations put constraints on the 2HDM

(MSSM) parameter space [38, 39, 40, 19]. In such searches, charged Higgs bosons have

been searched from 80 GeV to the TeV scale, putting upper limits on the production times

branching fraction.
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To probe the laws of Nature on quantum level, typical high energy experiments are con-

ducted. Since the initial developments of quantum mechanics and related field theories,

experiments in high energy physics used cosmic rays and accelerated particles bombard-

ing fixed-targets to study the interactions between elementary particles. In particular the

accelerator-driven experiments were very useful because they provided a controlled way of

experiments (e.g. the kinematics of the experiments were fixed). Later on, in the seventies,

technologies became available to collide two particle beams head-on, which roughly increased

the interaction energy with a factor of two.

Nowadays experiments are only based on colliding two particle beams head-on. Upon

collision, several particles can be created according to the laws of quantum mechanics, either

short or long-lived, which eventually decay in known SM particles or new particles wich are

not yet discovered. Such particles eventually decay to stable particles which can be measured

by installing detectors around the interaction point (IP). Large multi-purpose detectors are

installed around the IP to measure the properties of each stable, visible particles such as mo-

mentum, mass and charge. Based on this reconstructed information, the underlying physics

can be revealed by reconstructing those particles to their initial states, which comprises the

physics theory.

Due to the probabilistic nature of quantum mechanics, several particles could be created

and several final states are possible. Each process is described by a cross section σ, a

number which is proportional to the interaction probability and can be calculated from the

underlying theory. For processes with low cross section (e.g. Higgs boson, new physics),

many collisions are necessary to be able to produce such processes. Hence, the aim of

accelerators is to produce as many colissions as possible, to enhance the production rate of

such rare processes. To deal with such amount of events, statistical methods are necessary to

separate the to-be-studied process (the signal) from the other processes (the backgrounds).

This can be done by having the knowledge of each background process, which can be achieved

through event simulation.
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3.1 Particle Accelerators and the LHC

As already stated in the introduction, nowadays in HEP experiments particles are accel-

erated to high energies and collided head on, preferentially with a high frequency for the

observation or discovery of rare processes. The largest accelerator to date is the Large

Hadron Collider [41] (LHC) at the European Organization for Nuclear Research (CERN),

a circular accelerator with 27 km in circumference, on average 100 m beneath the France-

Switzerland border near Geneva. It accelerates bunches of protons to 13 TeV center-of-mass

energy and let them collide head-on in four interaction points (IP) along the ring. Around

each IP, detectors are installed to study and reconstruct the particle collisions: A Toroidal

LHC ApparatuS (ATLAS) and the Compact Muon Solenoid (CMS) are multi-purpose dec-

tectors; the Large Hadron Collider beauty experiment (LHCb) focuses on b-physics and A

Large Ion Collider Experiment (ALICE), specialized heavy-ion (Pb-Pb nuclei) interactions.

The original idea of the LHC and experiments goes back to the late eigthies and the main

purpose is to give answers to the SM electroweak sector, in particular to the existence of the

Higgs boson.

To operate the LHC with such high energy and intensity, it relies on a series of injectors,

which originally served other experiments in the past, but upgraded for LHC purposes.

To start, the protons are obtained by stripping electrons of hydrogen atoms. The protons

are injected in LINAC2, a linear accelerator that boosts the energy up to 50 MeV before

injection in the (circular) Proton Synchrotron Booster (PSB). The PSB plays a crucial role in

the formation of the proton bunches, each containing ≈ 1011 protons, accelerates the protons

further to 1.4 GeV. Proton bunches are then injected to the Proton Synchrotron (PS) to

accelerate the proton bunches to 25 GeV and followed by Super Proton Synchrotron (SPS) to

increase the energy to 450 GeV. The proton bunches from the SPS are injected clockwise and

anti-clockwise to the LHC ring with a 25 ns spacing, yielding a total Nb ≈ 2500 bunches per

beam. When the LHC is occupied with the 2500 bunches at 450 GeV, the energy is further

ramped up to the design energy of 6500 GeV. To achieve the acceleration in the LHC and

injectors, pulsed electrical fields are used (radiofrequency (RF) cavities). They are steered

along the ring(s) using dipole magnets, which can go op to 8.3 Tesla for the LHC dipoles. The

necessary current to deliver such magnetic fields is in the order of 10 kA, therefore the dipole

magnets are made of superconducting materials and cooled to a few degree Kelvin. Apart

from the RF cavities and dipole magnets, also quadrupole magnets are installed along the

ring for beam focusing purposes. Once the beams are ramped to 6.5 Tev, steering magnets

on both sides of the IP further squeeze the beam and are eventually brought to head-on

collision. With a bunch spacing of 25 ns, a collision frequency of f = 40 MHz correspond,

which means 40 million collisions per second.
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From the physics point of view, it is desired to have high energy and intensity beams which

can deliver a large amount of collisions in order to study processes with low cross section or

to study the SM with high precision. The collision energy (center-of-mass energy) is directly

related to the beam energy through
√
s = 2E, which is valid when two beams collide head

on. The beam intensity and collision frequency is captured in a single parameter called

luminosity. When the beam transverse beam profiles are Gaussian in shape with widths σx

and σy (for the LHC, σx,y ≈ 17 mm), the luminosity L can be calculated as [42]:

L =
N1N2fNb

4πσxσy
, (3-1)

with N1(N2) the amount of protons per bunch in beam 1(2), f the revolution frequency

and Nb the amount of bunches. For the nomimnal LHC parameters, a design luminosity of

1034 cm−2s−2 is expected. Although all parameters in Eq. 3-1 depend solely the accelera-

tor capabilities (see discussion above), it has a direct relationship between the number of

reactions per unit time R of a certain process and the corresponding cross section σ:

R = L · σ. (3-2)

During the time of collisions, the amount of protons in the bunch is reduced as they take

part in the collisions (proton burnup). Hence, the luminosity L decreases in time and can

be described by an exponential decay. When the luminosity dropped below a certain value

(typically after 12-20 hours after the first collision), the beams are dumped and the LHC is

refilled with a fresh amount of proton bunches.

3.1.1 LHC Run I and II

The LHC became operational in 2009 with a reduced center-of-mass energy of 7 TeV in

2010-2011 and 8 TeV in 2012 due to magnet constraints. For this Run I, LHC delivered a

total of
∫
Ldt = 29.4 fb−1 of integrated luminosity to the CMS experiment. In 2013-2014,

a long shutdown was planned for accelerator and experiment upgrades, which allowed the

accelerator to increase the beam energy to 6500 GeV. In 2015, the LHC was recommissioned

and the first pp collisions at 13 TeV were delivered and recorded by the experiments. In the

three successive years, 2016, 2017 and 2018, thanks to the high LHC availiblity and excellent

performance, a total integrated luminosity of
∫
Ldt = 163.2 fb−1 was delivered to CMS with

a peak luminosity up to 2× 1034 cm−2s−2, twice its design value.



3.2 Detectors and the CMS Experiment 31

3.2 Detectors and the CMS Experiment

The Compact Muon Solenoid (CMS) detector is one of the four experiments at the LHC [43].

With its cylindrical shape coaxial to the beam axis, the entire space is almost instrumented

with detectors. Being a general purpose detector able to run at the highest LHC luminosities,

a wide physics program can be conducted, including physics at the TeV scale, Higgs physics,

BSM physics and heavy ion collisions.

A sketch of the CMS detector is shown in figure 3-1. The heart of CMS is composed of a

superconducting magnet with radius of 3.15 m and length of 12.5 m [44]. A uniform field of

3.8 Tesla is generated coaxial to the beam axis generated by a current of ≈ 18 kA. Massive

iron return yokes are installed around the coil to precisely confine the magnetic field lines

yielding a concentrated field just outside the cylinder. Charged particles produced in the IP

are bend in the magnetic field from where the momentum and charge can be calculated.

Several detectors are installed in- and outside the magnet to detect different kind of

particles. Mainly they are classified as follows:

• Tracker detectors measure the position and timing of charged particles and are com-

bined to tracks. They are located close to the beam axis and interaction point in order

to capture all charged particles.

• Calorimeters absorbs hadrons, electrons and photons. Energy deposits in the calorime-

ters are measured and clustered for particle reconstruction. An electromagnetic calorime-

ter (ECAL) which is surrounded by the hadronic calorimeter (HCAL).

• Muon spectrometer registers the muon hits in the outer layers of the detector,

embedded in the return yokes. Muons do not interact with the inner material but

leave hits in the tracker. embedded in the return yokes

The CMS coordinate system is defined as follows: the origin is chosen to be the IP, the

x-axis points to the center of the LHC ring, the y-axis points vertically upwards and the

z-axis along with the beam line to obtain a right-handed coordinate system. A point is

described by the radius r, the azimuthal angle φ and the pseudorapidity, defined as:

η = − ln

(
tan

θ

2

)
(3-3)

Due to collision symmetry around the beam axis, the φ-direction is invariant.



32 3 The Tools for the Search

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

PRESHOWER
Silicon strips ~16m2 ~137,000 channels

SILICON TRACKERS
Pixel (100x150 μm) ~124M channels
Microstrips (80x180 μm) ~200m2 ~9.6M channels

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Figure 3-1: Sketch of the Compact Muon Solenoid (CMS) detector [4].

3.2.1 Tracker

The CMS tracking system is composed out of two systems: a high granular pixel detector

and silicon strip tracker [45]. They both are made of np-type silicium as active material and

is operated at a temperature of -10 degC to suppress leakage currents induced by radiation.

The pixel detector is located near the beampipe and is comprised out of three barrel

layers (with distances of 4.4 cm, 7.3 cm, and 10.2 cm respectively to the beamline), and two

endcap disks (with distances of 34.5 cm and 46.5 cm from the IP) which covers an active area

up to |η| = 2.5. In total, 66 million pixels of size 100 µm by 150 µm are installed resulting

in an excellent position resolution. This is crucial for the tracking performance, secondary

vertexing jet reconstruction. During the winter shutdown of 2016-2017, the pixel detector

was replaced within the pixel Phase-I upgrade to accommodate with the higher luminosity

and pileup conditions [46]. This new pixel detector consists of an additional barrel layer and

three endcap disks to provide for hits for the track seeding algorithms. The readout system

has been upgraded to reduce dead time and mimimize radiation degradation.
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Surrounded by the pixel detector is the silicon strip tracker, whose barrel consists of 10

detection layers up to an outer radius of 1.1 m. The endcaps consist of 3+9 disks on each

side of the barrel, extending the pseudorapidity to |η| = 2.5. It is divided in inner/outer

barrel (4/6 layers) and inner disks (3 layers), supplied by the tracker endcap disks (9 layers).

The silicon strips vary in size from 80 to 180 µm for each of the layers, yielding in total 9.3

million of strips providing at least 9 hits in the range of |η| = 2.4

3.2.2 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) identifies and measures the energy of electrons and

photons, which are completely absorbed in the active material [47]. The active material is

composed of lead tungstate crystals with a high degree of transparency. When an electron

or photon hits the crystal, an electromagnetic shower is developed inside the crystal which

produces scintillation light, proportional to the energy of the particle. Photodetectors at

the back of the crystals converts the scintillation light to a measurable current, propor-

tional to the incident scintillation light. Hence, the amplitude of the current pulse in the

photodetectors is directly proportional to the energy of the incident particle.

The barrel ECAL consists of 61200 crystals with average face size of 2.4 cm by 2.4 cm with

length of 23 cm, and covers up to η = 1.479. The endcap ECAL extends the pseudorapidity

coverage up to η = 3.0 and contains in total around 7200 crystals with similar dimensions as

the barrel crystals. In the region 1.653 < |η| < 2.6, the preshower detector is installed mainly

to detect neutral pions. It is a sampling calorimeter with lead layers as active material to

initiate the shower and silicon layers for shower detection.

Both scintillation light production and the gain of the photodetectors are strongly de-

pendent on the temperature. A stable operation temperature of 18 degC is maintainted with

precision less than 0.05 degC to preserve an excellent energy resolution.

Continuous calibration of the ECAL is necessary to preserve a good energy resolution.

Several effects contribute to the degradation of the ECAL response to incident particles, but

radiation damage is a dominant contribution. Radiation dislocates atoms in the crystal that

affects the transparency, hence the scintillation light. A dedicated laser monitoring system

is in place to provide an in-time calibration for each crystal.

3.2.3 Hadronic Calorimeter

The hadronic calorimeter (HCAL) aims to detect hadrons and is crucial for jet reconstruction

and the estimation of missing transverse energy [48]. It is a sampling calorimeter (cfg.

electromagnetic preshower), where layers of active material of brass (alloy of copper and
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zinc) or steel are alternated with plastic scintillation material to absorb and guide the light.

The blue-violet scintillation light is finally collected through optical fibers and guided to

photodetectors which transforms it to a measurable current. As is the case for ECAL, the

amplitude and shape of the current pulses are directly proportional to the energy deposit of

the particle in the active material.

Four regions are distinguished in the HCAL, which are in general designed to minimize

the detection dead zone such that no particles are left unseen (except for the very forward

region):

• Inner barrel (HB): located within the magnetic coil and the ECAL. It consists of 36

wedges in azumithal direction up to |η| < 3.0. Each wedge has different dimensions

along or η and is composed alternating layers of brass and scintilalating material.

• Outer barrel (HO): a thin single layer of brass-scintillator material outside just outside

the magnet coil are placed to measure any hadronic energy leaks from the HB. 5

rings are installed along the η-direction (following the geometry of the muon barrel

chambers); the central ring 0 consists of two single layers.

• Endcap (HE): the hadronic calorimeter is extended on both endcaps to 1.3 < |η| < 3.0,

and the geometry has been optimized to reduce the dead zones between the HB and

HE.

• Forward hadronic calorimeter (HF): the HF measures the hadronic activity in the high

pseudorapidity region 3.0 < |η| < 5.0. Due to the strong radiation environment in the

forward region, steel is used as active material instead of brass.

3.2.4 Muon Spectrometer

Muons are registered in gaseous detectors embedded in the return yokes. Three different

technologies provide the detection of muons to span the large volumes surrounding the

magnetic coil in the barrel and endcaps up to η = 2.4 [49]. A muon, as minimum ionizing

particle (MIP), ionizes the gas and by applying a strong electric field the electrons will cause

an avalanche, inducing a signal on the readout materials. Custom electronics amplifies the

signals and a digitization is performed before sending the data to the trigger and DAQ.
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In the barrel, drift tubes (DTs) are installed, rectangular cells typically 4 cm wide

and 1.3 cm in height and contains a wire under potential difference w.r.t. the cell edges.

During ionization, electrons are accelerated and multiplied towards the wire and the signal

is induced. Spatial resolution in both transverse plane and coaxial to the wire is provided by

measuring the drift velocity of the electrons in the gas and the signal propagation velocity

along the wire and respectively.

In the endcaps, cathode strip chambers (CSCs) are installed and are composed of

a grid of dense positively charged wires and negatively charged copper strips. Ionization

causes an avalanche in the direction of the strips, where a signal is induced on both wires

(by the electrons) and strips (by the ions). Therefore it provides spatial resolution in two

directions and are relatively fast due to the closely spaced wires.

A redundant system covering both barrel and endcaps is provided by the resistive plate

chambers (RPCs), who mainly contribute in the muon trigger. RPCs are parallel plate

gaseous detectors made of two gas gaps, with a strip readout plane in between, providing an

extra coordinate along the φ direction. RPCs have an excellent time resolution in the order

of 2− 3 ns, making them suitable for muon triggering.

3.2.5 Trigger and Data Acquisition

The total pp inelastic cross section at 13 TeV is roughly 70 mb. Operating with a luminosity

of 1034 cm−2s−2, the event rate is equal to 7× 108 Hz (see eq. 3-2). As a result, the average

number of pp collisions per bunch crossing (i.e. each 25 ns) is then calculated to be 17.5.

During the LHC Run II data taking, this number is measured to be ≈ 30, because not

all bunches are occupied and the instantaneous luminosity can reach higher levels. The

readout of the channels of each subdetector and the storage typically requires 1-2 mb per

event. With such high interaction rates, a data transfer rate beyond TByte/s is needed

to store each event, which is currently (and in the nearby future), not achievable. Clearly,

both high transfer rates and the amount of interactions per bunch crossing are practically

difficult to deal with. Fortunately, the absolute majority of events are not of interest as for

a hadron collider, the SM governed QCD cross sections are typically very high and such

events have soft jets in their final states. It is the hard interaction, where two quarks in the

protons contain sufficient energy to create heavy resonances or particles which is interesting

to study. For example, at 13 TeV, the process W → `ν occurs at a rate of 100 Hz and tt̄ is

produced at 10 Hz.

An online trigger system is implemented using coarse detector information to quickly

analyze each event and decides whether the event is interesting or not [50, 51]. It consists

of a two-level system, to systematically reduce the rates for event storage:
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• Level-1 trigger: algorithms are encoded in hardware for fast reconstruction of jets (in-

cluding τ -jets), jet counters, electrons photons, muons and missing transverse energy.

It consists of a global muon trigger (DT+CSC+RPC) and global calorimeter trigger

(ECAL+HCAL+HF) to reduce the event rates from 40 MHz to 100 kHz.

• High-level trigger (HLT): events selected by the level-1 trigger are further validated

by the HLT, processed in computer farms. Its main purpose is to further reduce the

event rates from 100 kHz to 100 Hz which is possible to store. It includes the tracker

information and the reconstruction algoritms and techniques are similar to the offline

reconstruction. Therefore the HLT provides accurate information of the event and

efficient event selection is possible. The reconstruction outcome is also used for an

online data-quality monitoring (DQM).

The trigger rules to decide whether an event is kept or not are encoded in trigger menus,

which can be changed online during data taking. Trigger menus basically contains thresholds

of the object momenta and are accurately studied in simulation to not and are driven by the

physics. Several trigger menus are deployed online. Once an event passes the HLT criteria,

the detector information is concentrated and stored to disc by the data acquisition system

(DAQ). During online data-taking, a prompt reconstruction is performed for further data

quality monitoring (DQM), used by online and offline shifters. The central service of data

storage and computing power makes use of the Worldwide LHC Computing Grid (WLCG).

3.3 Event Reconstruction and Simulation

The HLT and offline reconstruction is done by a common framework called cmssw. It has

as main purpose to interpret the detector data to reconstruct the visible particles by using

sophisticated algorithms. A detailed prescription of each subdetector and the magnetic field

mapping is stored, and is continuously updated to be consistent with the detector or for

improvements of reconstruction algorthms and DQM purposes. Furthermore, it contains the

necessary tools for calibration and alignment of detectors, which is necessary to finally pro-

vide accurate information about charge, energy and momenta of the reconstructed particles.

Besides the recorded data, physics analysis heavily relies on Monte Carlo generated events,

necessary to evaluate the signature of known SM and unknown physics processes in the CMS

detector.
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3.3.1 Event Reconstruction

Depending on the particle type, the hits in spacetime are reconstructed and connected with

each layer of detector. For fast processing, the L1 and HLT use coarse information of the

detector which are formed by clustering hits). The full offline event reconstruction is based on

the Particle Flow (PF) algorithm [52], which as as objectibe to reconstruct all visible objects

such as photons, electrons, muons, jets and missing transverse momentum muons, electrons,

photons, and charged and neutral hadrons.. Crucial information is delivered by the bending

of charged particles due to the magnetic field. A visualisation of the The PF relies on local

detector calibrations which are propagated as corrections to the objects. Associated with

such corrections are their uncertainties, which should be propagated to the final statistical

treatment of the analysis (see section 3.4). The success of the PF algorithm is devoted due

to the fact that all layers in the detector are correlated.

For the relevant objects used in this thesis/analysis, the reconstruction and corrections

are described in detail.

Tracking and Primary Vertex

Tracks based on tracker hits are clustered and fitted using a Kalman-Filter [53] (KF) to obtain

the track origin, momentum and direction. A list of primary vertices is then reconstructed

from these tracks using the Deterministic Annealing (DA) clustering algorithm [54]. The

vertex distance to the nominal interaction point is required to be originate from the beam

interaction point (typically few mm within the transverse plane and 20 cm in the z-direction)

and the number of degrees of freedom of the vertex fit is required to be larger than 4. Out

of the selected vertices, the one with the largest summed squared pT of the tracks associated

to that vertex is chosen as the corresponding to the hard scattering process for the event.

Tracks which do not originate from the primary vertex are referred as pile-up.

Muons

Muons are identified using tracks in the silicon tracker which should be compatible with

hits in the muon chambers, and in addition compatibility with calorimeter deposits [55]

is required. A global fit of the tracks and muon path curvature is performed to estimate

the charge and momentum. The momentum resolution for low and intermediate transverse

momenta (pT < 200 GeV) is measured to be 1% in the barrel and 3% in the endcaps with an

average uncertainty of 5%, and is mainly driven by the performance of the inner tracker [55].

As the muon system covers up to |η| < 2.4, the muon reconstruction is restricted to this

range of pseudorapidity.
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Two working points for muon identification are defined: a medium working point with

97% identification efficiency and a loose working point with>99% identification efficiency [55].

Correction factors and uncertainties for muon identification, trigger, isolation and reconstruc-

tion are factorized and briefly given in section 4.3.2.

In addition, isolation criteria are required using the mini-isolation Imini-iso in order to

suppress nonprompt and misidentified muons. It is defined as the pT sum of the the PF

candidates in a cone around the lepton, divided by the transverse momentum of the lepton.

The cone size ∆R is varied with the lepton pT as

∆R =
√

(∆η)2 + (∆φ)2 = 10 GeV/min(max(pT(`), 50 GeV), 200 GeV), (3-4)

leading to cone radii from 0.05 to 0.20. Indeed, at higher lepton energies the objects are

more boosted (resulting in more ) and the accidental overlap of jet activity around a lepton

is lowered when reducing the cone size. A tight (loose) isolation criterion with discriminant

Imini-iso < 0.1 (< 0.4) is defined.

Electrons

Electrons are reconstructed starting from the clusterization of ECAL single-cell hits and

building superclusters (SC) around a seed cluster. SCs are narrow in η but extended in φ in

order to collect possible bremsstrahlung photons which are radiated by the electron in the

tracker material. The SCs are then matched to track seeds, which are built from pairs or

triplet hits in the tracking system. Based on these track seeds, electron tracks are built by

re-fitting the tracks with a Gaussian-sum filter (GSF) algorithm to estimate properly the

electron track parameters. The GSF algorithm is preferred over the KF algorithm in case

the electron energy losses partly its energy through bremsstrahlung. From Z decays, the

momentum resolution for electrons with pT ≈ 45 GeV ranges from 1.7% for nonshowering

electrons in the barrel region to 4.5% for showering electrons in the endcaps [56]. The ECAL

fiducial region is defined by |ηSC | < 1.4442 (barrel) or 1.566 < |ηSC | < 2.5 (endcap), where

|ηSC | is the pseudo-rapidity of the supercluster.

The selection of electrons used in the analyses presented in this thesis is based on a mul-

tivariate (MVA) identification algorithm. It combines several variables describing the shape

of the energy deposits in the ECAL, as well as the direction and quality of the associated

tracks [57]. Custom MVA working points are defined based on the resulting identification

efficiency: the tight(loose) identification efficiencies are measured to be 88(95)% in in tt̄

events. Identical isolation working points based on mini-isolation are defined.
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Jets

Hadronic jets are clustered from the reconstructed PF candidates. The anti-kT algorithm [58,

59] with a distance parameter of 0.4 is being used. The basic idea of this algorithm is to loop

over the PF candidates and cluster them if they are within a certain distance defined by a

custom distance-function. Since all the PF candidates are used as input to the clustering

algorithm, loose identification criteria are applied to the jets, in order to distinguish them

from leptons. After the clusterization, the jet momentum is defined as the vectorial sum of

the clustered PF candidates. From simulation, it is found that the jet momentum is within

5 to 10% of the true momentum over the whole pT spectrum and detector acceptance. The

highest jet performance is obtained within the tracker acceptance (|η| < 2.4, central jets)

which can provide charged PF candidates.

To mitigate the effect of pileup, charged hadrons that do not arise from the primary vertex

are removed; a procedure known as charged hadron subtraction [60]. Jet energy corrections,

derived from simulation, aim to correct the detector response A residual offset correction for

pileup is applied to the jet momentum.

Jet energy corrections are derived from simulation to bring the measured response of

jets to that of particle level jets on average. Such corrections include a offset correction for

pileup, simulated response corrections and flavor corrections. In situ measurements of the

momentum balance in dijet, photon + jets, Z + jets, and multijet events are used to account

for any residual differences in jet energy scale between data and simulation [61]. The jet

energy resolution amounts typically to 15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV [62].

Hadronic Tau Decays

In about 65% of the cases, tau leptons decay hadronically to neutral and charged pions which

give signatures in tracker and calorimeters. Hadronic taus (hereafter referred as τh) are

reconstructed using the Hadron-Plus-Strips (HPS) algorithm [63, 64] which uses clustered

anti-kT jets as seeds. PF charged hadron candidates and PF photons (originating from

π0 → γγ) located in η-strips in the vicinity of the charged hadrons are combined to form

categories: single charged hadron (one-prong τh), charged hadron plus one or two strips (to

reconstruct the one prong τh decays in association with π0) and three charged hadrons (to

reconstruct the three-prong τh decays). The τh reconstruction is typically performed in the

following kinematic regime: pT > 20 GeV and |η| < 2.3.

The jets originating from the hadronization of quarks or gluons misidentified as τh are

suppressed using a multivariate discriminant [64]. Typical input variables to the MVA

discriminant are τh isolation parameters (based on the surrounding hadronic activity) and

the τh lifetime, estimated from tracks of the τh decay products. A loose working point
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is used for this discriminant, corresponding to ≈50% identification efficiency, determined

from Z/γ∗ → τ+τ− events, and a probability of 3 × 10−3 for misidentifying a jet as a τh,

determined from QCD multijet events. τh candidates are rejected if they are consistent with

the hypothesis of being muons or electrons misidentified as τh.

b-Jets

Jets are identified as originating from the fragmentation of b quarks by using the Com-

bined Secondary Vertex (CSV) algorithm [65, 66]. A b-quark hadronizes to b-hadrons which

have relatively large lifetime before decaying into other particles and therefore they can be

regarded as a jet with secondary (displaced) vertex. The CSV algorithm combines the in-

formation about the track impact parameters and identified secondary vertices within jets,

even when full vertex information is not available. Additional categories for jets where a

pseudo vertex is found, or no vertex at all is identified, can be defined and combined in a

neural network discriminant to provide maximal separation of b jets from the much larger

background of jets arising from the fragmentation of charm quarks, light quarks and gluons.

The algorithm provides a continuous discriminator output, that is used to select optimal

working points. The medium working point corresponds to a 65% selection efficiency of

genuine b jets, and the probability to misidentify jets originating from light-flavor quarks

or gluons as b jets is around 1% [67]. As the tracking information is crucial to the CSV

algorithm, the b jet identification is only possible up to a pseudorapidity of |η| < 2.4.

Since the b tagging efficiencies measured in data are somewhat different than those

predicted by the simulation, scale factors are applied to simulated events. Such scale factors

depend in general on the jet flavour (b, c, light jets), jet pT, and jet η.

Missing Transverse Energy

The Missing Transverse Energy (Emiss
T ) is a measure of the imbalance of the transverse mo-

mentum in the event and is computed as the negative vector sum of the pT of all reconstructed

PF candidates [68]. The jet energy corrections (and eventual τh energy scale corrections) de-

scribed above are propagated to the Emiss
T calculation to correct for the imperfect knowledge

of the scale of the jet energy and the unclustered energy.

Additional event cleaning to account for instrumental noise in the detector and to reduce

the impact of the non collisional background, Emiss
T filters are applied as summarized below:
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3.3.2 Event and Detector Simulation

Physics analyses heavily rely on event simulation, which for a given process (e.g. pp→ W →
`ν) estimates the detector response. It is crucial for the understanding of the SM processes

in data, but also to estimate the expected outcome of new physics processes (e.g. H+→ τν)

in data. Monte Carlo techniques are deployed for massive event generation campaigns such

that sufficient statistics is available to perform a solid statistical analysis.

The full chain of event simulation is based on three steps:

1. Event generation. Several tools are available for event generation, but CMS mainly

adopts the MadGraph5 amc@nlo [69] and powheg [70, 71, 72, 73, 74] event gen-

erators. Both generators can calculate SM and non-SM processes up to NLO accuracy

but use different techniques to handle the hard scattering and the matrix element

partons. Due to their different implementations, powheg fully takes into account

spin correlations of the outgoing particles and generates events solely with a positive

weight. On the other hand, MadGraph5 amc@nlo the spin correlations are not

fully taken into account and a substantial amount of generated events is negative. A

third event generator pythia [75] is also deployed is mainly interfaced with the other

event generators to model the parton showering, fragmentation and decay of the tau

leptons.

2. Detector response simulation. A full simulation of the CMS detector is provided

by Geant4 v9.4 software [76], which processes the generated events. Pileup events

are modeled by generating minimum bias collision events with pythia and added to

the simulated hard scattering events. Both multiple inelastic pp collisions per bunch

crossing (in-time pileup) and interference collisions from preceding and subsequent

bunch crossings (out-of-time pileup) are taken into account.

3. Event reconstruction. The outcome of the simulated detector response is very

similar to what is obtained in data. The reconstruction is therefore quasi identical

between data and simulated events.

3.3.3 Overview of Monte Carlo Samples

The simulated SM processes for the charged Higgs analyses are listed below. The event gen-

erators used are MadGraph5 amc@nlo v2.2.2 [69] or powheg v2.0 [70, 71, 72, 73, 74],

and interfaced with pythia 8.212 for hadronization. The pythia parameters affecting the

description of the underlying event are set to the CUETP8M1 tune [77] for all processes

except tt̄, for which a customized CUETP8M2T4 tune [78] is used. The NNPDF3.0 parton
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distribution functions (PDFs) [79] are used for the generation. To match the pileup distri-

bution with the one observed in data, the simulated events are weighted per event. For the

LHC Run II in 2016, the average interactions per bunch crossings was measured to be 23.

• top-pair production (tt̄): two event generators are used: MadGraph5 amc@nlo and

powheg. The MadGraph5 amc@nlo is used for a more accurate jet modeling as it

takes up to 3 partons in the matrix element. the powheg campaign has substantially

more statistics and is generated with FxFx jet matching and merging [80].

• W±+jets, Z/γ∗+jets, QCD: events are generated at LO using MadGraph5 amc@nlo v2.2.2

with up to four noncollinear partons in the final state [81].

• single top: the powheg generator is used to model single top quark production via

t-channel and the associated tW production [82, 83]. For the s-channel production,

the MadGraph5 amc@nlo v2.2.2 generator is used.

• diboson (WW, ZZ, WZ): the diboson processes are simulated using pythia 8.212.

• top-pair+W±/Z (tt̄+ X): the MadGraph5 amc@nlo v2.2.2 generator is used.

Each process is normalized to the amount of generated events (with a weighthed pro-

cedure to correctly taken into account any negative events) and their theoretical cross sec-

tions. For the tt̄ background and the single top quark background in the s and tW channels,

the cross sections are calculated at next-to-next-to-leading-order precision [84, 85], yield-

ing a tt̄ cross section of σtt̄ = 831.76 pb. NLO precision calculations are used for single

top quark production in the t-channel, and for the W±+jets, Z/γ∗+jets, and diboson pro-

cesses [86, 85, 87, 88].

As explained in section 2.2, three mass ranges are distinguished for the search of a

charged Higgs boson. Their cross sections are normalized to 1 pb (unless stated otherwise),

and similar event normalizations are applied as for the processes described above. Separated

samples were produced up to 3 TeV for tb and τντ decays, and the amount of generated

events as function of the charged Higgs mass sample is shown figure 3-2 (left). A substantial

amount of events is negative due to the generator used, which can go up to 33%, as shown

in figure 3-2 (right)

• Light regime (80 to 160 GeV): the light mass samples are generated at NLO with the

MadGraph5 amc@nlo v2.3.3 [69] generator, assuming the H± production occurs

through top decays. Only τντ decays are simulated.
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Figure 3-2: Left: amount of generated events for each mass sample and for both tb and τντ
campaigns. Right: fraction in % of negative events per mass point.

• Intermediate regime (165-180 GeV): the samples are generated at LO using the Mad-

Graph5 amc@nlo v2.3.3 with the model described in Ref. [89] (no NLO prescription

is available to date). A more dedicated approach to treat this LO-NLO ambiguity is

given in section 4.11. Only τντ decays are simulated.

• Heavy regime (180 GeV to 3 TeV): samples are generated at NLO with the Mad-

Graph5 amc@nlo v2.3.3 [69] generator, for both tb and τντ decays.
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3.4 Analysis Strategy and Statistical Methods

Due to the high integrated luminosity delivered by the LHC, the physics datasets are very

large and overwhelmed by SM processes, especially tt̄ production the production of vector

bosons (W±, Z) in association with jets. New physics phenomena (e.g. a charged Higgs

boson) manifest themselves as an excess of data in an isolated phase space which is sensitive

to the signal. The signal is defined as the detector response of the hypothetical particle

under certain assumptions (e.g. mass and width of the particle, cross section, etc.), and is

expressed as number of events or as a (kinematic) distribution. The signal strengths are

typically very low compared to the SM production rate and statistical methods are used to

fit the signal and the known SM backgrounds to the data. With backgrounds it is meant

the sum of all the known SM processes, either estimated from Monte Carlo simulation or

data-driven techniques.

Several sources of systematic uncertainties must be taken into account in the statistical

analysis. The simulation, used to model the signal (charged Higgs) and backgrounds (SM

processes), is affected by two different sources of systematic uncertainty. The first source

is related to the uncertainty on the correction factors applied to the simulation in order to

better reproduce the detector conditions and performance in data. The second source copes

for assumptions made in the theoretical models that were used to produce the simulation.

Moreover, when data-driven techniques are deployed, specific systematic uncertainties must

be derived to cope for any mis-modeling of the underlying prescription. Each event phase

space has their own set of experimental uncertainties. Upon combination several event phase

spaces (e.g. several final states), the correlation of such uncertainties must be carefully

studied.

To optimize the sensitivity of the search, typically one tries to optimize the event phase

space by maximizing S/B, where S represents the signal yield and B the total SM back-

ground yields. The traditional way of maximizing S/B is by cutting the event phase space

based on variables which are sensitive to the signal. Experimental deficiencies must be taken

into account (e.g. b tagging mis-identification, τh mis-identification) as well as acceptance

effects. Nowadays, with large datasets and increased computer resources, more sophisticated

techniques can be used rather than cutting on single variables. Most common are the mul-

tivariate analysis classifiers (MVA). Based on a set of input variables which have a higher

discrimination power between signal and background, an MVA is trained against signal and

backgrounds (binary classifier), based on a subset of signal and background events. When

applying on the the remaining events and the data, the MVA returns a value per event

(typically between 0 and 1) based on the per-event input variables, whose value is higher for

more signal-like events. One can then use this output discriminator directly for fitting or to
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provide an additional cut.

Once the event phase space, or signal region, is defined, the remaining events are fitted

to the data, taking into account the necessary systematic uncertainties (commonly denoted

as nuisance parameters). This can be done either by just fitting the absolute event yields

(counting experiment), or by fitting a shape distribution which has an optimal discrimina-

tion between signal and background. The advantage of fitting such distributions, usually

represented by histograms, is that the shape has more information than a simple counting

experiment as more bins are involved in the fit, each bin with their respective S/B ratio.

Moreover, regions with low S/B (background abundant) can be used to constrain the nui-

sances which can be dominant for the sensitivity of the analysis. Sometimes entire control

regions, regions with negligible signal yields, are used in a simultaneous fit in order to pre-

cisely constrain the backgrounds.

The techniques described above are extensively used and evaluated in the search of a

charged Higgs boson. Several additional techniques are deployed and elaborated in detail

in the dedicated chapters. Because the fitting part takes a crucial role in the analysis, the

basic concepts are introduced below. Especially, when no charged Higgs signal is observed

in the data, one usually quotes an upper limit on the production cross section, which can

also serve as a benchmark of the analysis.

3.4.1 Likelihood and Nuisance Parameters

A set of histogram representing the signal, backgrounds and data are the outcome of the

analysis optimization and used to perform a statistical analysis (a continuous representation

rather than histograms can also be used). The expected event content in bin i can be

written as E[ni] = µsi + bi, where i ∈ [0, N ] where N is the amount of bins. The total

background events bi can be composed of several sources, each representing a SM process

(e.g. tt̄, W+jets, DY+jets, etc.):

bi =
sources∑

j

Lσjεij, (3-5)

with L the integrated luminosity (representing the size of the dataset), σj the cross

section of process j (in pb) and εij the efficiency in bin i of process j after all the event

selections. si is the expected signal yield, obtained with the same formula as above but with

a normalized cross section (usually one normalizes the signal to 1 pb). The parameter µ is

the signal strength and must be obtained from the fit (µ = 0 is no signal, µ = 1 equals a

given normalized amount of signal events).
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Poisson Likelihood

Auxiliary measurements in control regions represented by M bins have an expectation value

E[mi] = ui, with ui the total predicted background events. The Poisson likelihood is then

defined as the product of Poisson probabilities in each bin:

L(µ) =
N∏

i=1

(µsi + bi)
ni

ni!
exp(−(µsi + bi))

M∏

j=1

u
mj
j

mj!
exp(−uj). (3-6)

The free parameters in the Poisson likelihood are obtained by maximizing the likeli-

hood w.r.t. these parameters (in this case µ), or equivalently minimizing the negative log

likelihood, defined as

− lnL(µ) =
∑

i

(−ni ln(µsi + bi) + (µsi + bi)) +
∑

j

(−mj lnuj + uj), (3-7)

where the constant terms have been dropped (except for the term in uj). The minimiza-

tion is usually performed with numerical methods such as implemented in MINUIT [90].

Nuisance Parameters

The experimental and theoretical uncertainties described above can be represented by two

types of nuisance parameters: rate and shape uncertainties [91]. In general, for each nuisance

a free parameter is introduced in the likelihood. Therefore, one often writes the likelihood

as L = L(µ,θ) with θ = (θ1, θ2, ..., θn) representing the n nuisances; the minimization is

performed simultaneously over all the parameters.

Rate uncertainties or multiplicative uncertainties directly change the event rate of a

process j by adding a factor κj in eq. 3-5. κj follows a certain probability density R(κj|1, σj)
with mean 1 and a prior standard deviation σj. It enters the likelihood as a multiplication

factor:

L(µ) =
N∏

i=1

(µsi + bi)
ni

ni!
exp(−(µsi + bi))

M∏

j=1

u
mj
j

mj!
exp(−uj)R(κj|1, σj), (3-8)

and can be regarded as a penalty term in the negative log likelihood. The floating

parameters κj are simultaneously minimized, and can be constrained in the control regions.

The physical bound on κj is that the parameter remains positive, which is not strictly the

case when using Gaussian priors. Therefore, often one uses log normal priors which cannot

result in negative values of κj.

Shape uncertainties alter the shape of the underlying distribution and directly change the
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bin efficiencies εij. For a given uncertainty, one typically provides the up and down efficiencies

ε±ij which are compared to the nominal efficiency ε0ij. Estimations of the uncertainty are

obtained by changing event or object scale factors (e.g. pileup, energy scale, etc.). In order

to implement them in the likelihood, a continuous parameterization of the uncertainty as

function of ε0ij, ε
±
ij is needed, that can be achieved by writing the efficiency as εij function

of a vertical morphing parameter f , whose nominal value is zero. The uncertainty is then

usually expanded quadratically for |f | < 1, and linearly beyond. The morphing parameter

is then minimized with the other set of parameters in the likelihood.

Statistical Uncertainties

Statistical uncertainties are inherent on the limited size of the Monte Carlo samples. For

each process in each bin, a statistical uncertainty is estimated. The Barlow-Beeston pre-

scription [92] defines for each bin and process a Gaussian multiplicative uncertainty, which

is minimized together with the other parameters. Considering the large amount of bins and

processes in the analyses, this method becomes very computationally expensive and is prac-

tically not suitable. A Barlow-Beeston lite procedure is adopted [91], where one Gaussian

multiplicative uncertainty is introduced, and assigned to the process with the largest back-

ground yield. The σ of the Gaussian constraint term should represent the total statistical

uncertainty for all processes. Besides the drastic reduction of the free parameters in the

likelihood, the uncertainty constraint terms can be solved analytically and no computational

minimization is necessary.

3.4.2 The CLs Method for Upper Limits

Statistical methods are used to test whether the data is compatible with a given signal

hypothesis. In high energy physics, one usually refers to the background-only and sig-

nal+background hypotheses, and both are tested against each other. For discovery, one

usually rejects the background-only hypothesis w.r.t. the signal+background one, whereas

for setting upper limits, the signal+background hypothesis is rejected w.r.t. the background-

only. The level of agreement of a given hypothesis is quantified by the p-value, where the

hypothesis is excluded if the p-value is below a certain threshold. Usually this is translated

in an equivalent significance Z, by computing the Gaussian distributed standard deviation

corresponding to the same p-value, i.e. Z = Φ−1(1 − p), with Φ−1 the inverse cumulative

distribution. To express the sensitivity of an experiment, one usually quotes the median

(expected) significance

To test and eventually reject the hypotheses, a test statistic has to be defined. It is based
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on the profile likelihood ratio, defined as:

λ(µ) =
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
. (3-9)

It is bounded as function of µ with 0 ≤ λ(µ) ≤ 1 and higher values imply good com-

patibility between data and the signal with strength µ. In the numerator, the likelihood is

evaluated for a given signal strength µ with
ˆ̂
θ the nuisance parameters that maximizes L

for that specified µ. The denominator is the unconditional likelihood, maximized for both µ

and
ˆ̂
θ. The test-statistic qµ for upper limits is then defined as:

qµ = −2 lnλ(µ) for µ̂ ≤ µ; qµ = 0 otherwise. (3-10)

Higher values of the test statistic represents less compatibility with between the data and

the signal with strength µ. Following modified frequentist CLs criterion [93, 94], a p-value

for the signal+background and background-only are computed according to:

pµ =

∫ +∞

qµ,obs

f(qµ|µ)dqµ, (3-11)

1− pb =

∫ +∞

qµ,obs

f(qµ|0)dqµ, (3-12)

where qµ,obs is the value of the test statistic observed from data (for a given µ) and f(qµ|µ)

the probability distribution of the test statistic for a given value of µ. Both p-values are

then combined in a single variable:

CLs(µ) =
pµ

1− pb
. (3-13)

The value of µ is then searched such that CLs(µα) = 1 − α, and is denoted as the

confidence level for the upper limit. Usually one takes α = 0.05 and limits are quoted with

95% confidence level.

Crucial in the above formulas is the pdf of the test statistic, that can be obtained by

Monte Carlo toys but is usually computationally expensive. Wald [95] showed that the profile

likelihood can be estimated as follows, assuming a single parameter of interest:

−2λ(µ) =
(µ− µ̂)2

σ2
+O(1/

√
N), (3-14)

with µ̂ following a Gaussian distribution centered around µ′ and standard deviation σ. N
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represents the sample size, and higher order terms can be neglected in case the sample size is

large. The standard deviation can be obtained by the Fisher information matrix constructed

using Asimov dataset [96], defined as the dataset where the observed datapoints are replaced

by the expectation values obtained from Monte Carlo.



4 Searches in the τντ Leptonic Final

States

Andrea Carlo Marini 24 Jun 2015

• Search for the presence of a H+

• Main production is in association with a tb

• Different decays have different sensibility to different models

• Physics program intend to cover different Charged Higgs decays

!
We are interested in studying different decays for the summer conferences:

• H± ➙ hW±  

• H± ➙ 𝛘±𝛘0 

• H± ➙ 𝝉±𝛎

• H± ➙ tb (evaluating man power)
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On the right figure the Feynman diagram

of the 4FS production and decay process

in the H± → τ±ντ final state is shown.

From this intermediate final state, several fi-

nal states are possible: fully hadronic, semi-

leptonic and the di-lepton final state. The

fully hadronic final state requires the isola-

tion of an hadronic tau with an additional

lepton veto. In the semi-leptonic final state,

either the tau lepton or the associated top

quark decays leptonically, in the latter case

also an isolated hadronic tau needs to be resolved. At last, in the di-lepton final state both

tau and top decay leptonically.

In this chapter the H± → τ±ντ final state is described, evaluated in the leptonic final

states. Three mass regimes are considered in this analysis (see section 3.3.3 for details on

the Monte Carlo sample production and event generators):

• light regime: charged Higgs hypotheses ranging from 80 to 160 GeV. NLO Monte Carlo

samples are used;

• intermediate regime: charged Higgs hypotheses around the top mass ranging from 160

to 180 GeV. LO Monte Carlo samples are used taking into account interference with

neutral hadrons. A dedicated study on the intermediate mass regime and the LO to

NLO transformation is given in section 4.11;

• heavy regime: charged Higgs hypotheses ranging from 180 GeV to 3 TeV. NLO Monte

Carlo samples are used.
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ū

g

t

H

t

b

W+

e+

νe

b̄

t̄ W−
ν̄µ

µ−

(d)

u

ū
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Figure 1: Representative tree-level Feynman diagrams with (a)–(c) two (top), (d)–(f) one

(middle) and (g)–(i) no top-quark resonances (bottom).

2 Details of the calculation

We compute the QCD corrections to the full hadronic process

pp → e+νeµ
−ν̄µbb̄H. (2.1)

We consider the tree-level amplitude at O
(
αsα

5/2
)

including all resonant, non-resonant,

and off-shell effects of the top quarks and all interferences. Neglecting flavour mixing as

well as contributions from the suppressed bottom-quark parton densities and counting u, d,

c and s quarks separately, we distinguish 5 partonic channels for the LO hadronic process:

the gluon-induced process gg → e+νeµ
−ν̄µbb̄H and four processes from qq̄ → e+νeµ

−ν̄µbb̄H

by substituting different quark flavours (q = u,d, c, s). Throughout this paper we consider

the bottom quark massless, implying no contribution from tree diagrams involving the

Higgs–bottom-quark coupling. The gg process involves 236 and the qq̄ processes 98 tree

diagrams each under these prerequisites. In Figure 1 we show sample diagrams grouped by

the number of top-quark resonances.
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2 Details of the calculation

We compute the QCD corrections to the full hadronic process

pp → e+νeµ
−ν̄µbb̄H. (2.1)

We consider the tree-level amplitude at O
(
αsα

5/2
)

including all resonant, non-resonant,

and off-shell effects of the top quarks and all interferences. Neglecting flavour mixing as

well as contributions from the suppressed bottom-quark parton densities and counting u, d,

c and s quarks separately, we distinguish 5 partonic channels for the LO hadronic process:

the gluon-induced process gg → e+νeµ
−ν̄µbb̄H and four processes from qq̄ → e+νeµ

−ν̄µbb̄H

by substituting different quark flavours (q = u,d, c, s). Throughout this paper we consider

the bottom quark massless, implying no contribution from tree diagrams involving the

Higgs–bottom-quark coupling. The gg process involves 236 and the qq̄ processes 98 tree

diagrams each under these prerequisites. In Figure 1 we show sample diagrams grouped by

the number of top-quark resonances.
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2 Details of the calculation

We compute the QCD corrections to the full hadronic process

pp → e+νeµ
−ν̄µbb̄H. (2.1)

We consider the tree-level amplitude at O
(
αsα

5/2
)

including all resonant, non-resonant,

and off-shell effects of the top quarks and all interferences. Neglecting flavour mixing as

well as contributions from the suppressed bottom-quark parton densities and counting u, d,

c and s quarks separately, we distinguish 5 partonic channels for the LO hadronic process:

the gluon-induced process gg → e+νeµ
−ν̄µbb̄H and four processes from qq̄ → e+νeµ

−ν̄µbb̄H

by substituting different quark flavours (q = u,d, c, s). Throughout this paper we consider

the bottom quark massless, implying no contribution from tree diagrams involving the

Higgs–bottom-quark coupling. The gg process involves 236 and the qq̄ processes 98 tree

diagrams each under these prerequisites. In Figure 1 we show sample diagrams grouped by

the number of top-quark resonances.
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Figure 4-1: Feynman diagrams of the possible leptonic decay modes.

4.1 Overview

The final state considered in this analysis is semi-leptonic and is conducted in two channels:

` + τh where an hadronic tau is resolved and `+ no τh where a veto on the hadronic tau

is applied. This categorization reflects the different signal and background natures and

increases the sensitivity of the analysis. Indeed, in the former category two leptons are

present which has mainly the di-leptonic tt̄ background whereas the latter case consists

mainly of semi-leptonic tt̄ and W±+jets. Other minor backgrounds such as Z/γ∗, single top

and diboson are added to the analysis. In the `+ no τh, QCD multijet backgrounds leading

to mis-identified leptons or taus can contaminate the event phase space and care has to be

taken to suppress such QCD multijet events to a negligible amount (see Section 4.9.2).

The backgrounds are validated with data in dedicated control regions with low signal

sensitivity, opposed to the blinded signal regions with higher signal sensitivity. Afterwards,

a simultaneous fit is performed on all signal and control regions to extract the signal strength,

based on transverse mass templates. Model independent limits as function of the charged

Higgs boson mass are presented, and can be reinterpreted into model specific limits, where

the underlaying free parameters are usually different (e.g. mA, tan β) and model specific.
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4.2 Event Topology

The Feynman diagrams for the signal is shown in figure 4-1. The event topology in the

leptonic final state consists of an isolated lepton, missing transverse energy, jets where at

least one is b-tagged and optionally an hadronic tau required in the `+ τh category. Having

such objects in the final state, the main corresponding background is tt̄ production. The

expected event signatures for the charged Higgs decay and tt̄ decays is schematically shown

in table 4-1. It is clear that the semi-leptonic tt̄ background is dominant in the `+ no τh

category whereas the tt̄ di-lepton background is dominant in the `+ τh category.

category signal H+ tt̄ background

`+ no τh

tH+ →Wb+ τν → qqb+ `ννν

- lepton from τ -lepton decay

- Emiss
T exclusively from H+ decay

- jets from associated top

tt̄→WbWb→ qqb+ `νb

- lepton from W± decay

- Emiss
T from W± decay

- jets from other top decay

`+ τh

tH+ →Wb+ τν → `νb+ τhνν

- lepton from W± decay

- Emiss
T shared between H+W± decay

tt̄→WbWb→ τhνb+ `νb

- lepton from W± decay

- Emiss
T shared between W± decays

Table 4-1: Schematic overview of the categories used in this analysis with their signal and
tt̄ background signatures.

4.3 Object Definitions

4.3.1 Jets, τ -leptons and Emiss
T

Central jets are used with |η| < 2.4, compatible with the tracker coverage necessary for the

secondary vertex b tagging algorithm. A pT of at least 30 GeV is required. For hadronic

τ -leptons, the criteria |η| < 2.3 and pT > 20 GeV have been used. The value of Emiss
T is

investigated in terms of QCD multijet production (see section 4.4).
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4.3.2 Muons and Electrons

Events are selected with the single lepton triggers for muons and electrons. Several (non-

isolated) high threshold paths are included to recover efficiency for high pT muons and

electrons, which is important for the charged Higgs at high mass:

• Muon triggers: HLT IsoMu24 v, HLT IsoTkMu24 v*, HLT Mu50 v*;

• Electron triggers: HLT Ele27 eta2p1 WPTight Gsf v*, Ele35 WPLoose Gsf v*,

Ele105 CaloIdVT GsfTrkIdT, Photon165 HE10.

The efficiency recovered by adding such triggers in or combination is shown in figure 4-2.

The recovery of the single high energy egamma triggers is significant in the electron channel

and motivates the use of them.
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Figure 4-2: The impact of the higher threshold triggers is shown for the single electron (left)
and single muon (right) final state.

The muon (electron) is required to pass a medium (tight) working point and to have pT >

30 GeV (for muon) and pT > 35 GeV (for electron) in order to satisfy the trigger requirement.

The electron is required to have also the |η| < 2.1 to satisfy the trigger requirement whereas

the requirement on the muon is relaxed to have |η| < 2.4. The trailing lepton used for

vetoing additional leptons is identified as loose muon(electron) and must exceed pT > 10 GeV

and have a coverage up to |η| < 2.4. The tight and loose working points are discussed in

section 3.3.1. The lepton efficiencies are estimated in data and are factorized as follows:

ε` = εRECO × εID × εISO × εtrigger. (4-1)

Those efficiencies are used to determine scale factors between data and simulation as

function of pT and η and are applied to each lepton used in this analysis. The scale factors
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for the muon identification and reconstruction efficiency are available and applied [55, 56];

custom trigger and isolation scale factors shown were measured using the tag-and-probe

technique [64].

4.4 Baseline Selection

Based on the different event signatures in both categories, their baseline selection is slightly

different. This is mainly due to the fact that in the ` + τh category the amount of jets is

lower and the QCD fakes are largely suppressed due to the di-leptonic background. For the

`+ τh category, the baseline selection is as follows:

• one triggered electron or muon and veto on any additional leptons;

• one, two or three jets;

• at least one of the selected jets must be b-tagged;

• missing transverse energy larger than 70 GeV;

• angular cuts: ∆φ(`,Emiss
T ) > 0.5.

For the `+ no τh category, the baseline selection is summarized as follows:

• one triggered electron or muon and veto on any additional lepton;

• two or three jets;

• at least one of the selected jets must be b-tagged;

• missing transverse energy larger than 100 GeV;

• angular cuts: ∆φ(`,Emiss
T ) > 0.5, ∆φmin(`, jet) > 0.5 and ∆φ(jet1,Emiss

T ) > 0.5.

The relative high thresholds on the missing transverse energy and the additional angular

cuts are applied to suppress QCD such that it becomes quasi negligible (see Section 4.9.2).

The constraints on the number of jets is motivated in the next section.

The cut flow for both channels and signal acceptance yields for each cut are shown in

figure 4-3. It is clear that the τh requirement in the `+ τh category causes a drastic decrease

of the event yields whereas this it not noticed in the `+ no τh category, which points to a

possible inefficiency of the hadronic tau identification ( a similar inefficiency is observed in

the hadronic final state). Furthermore, the Emiss
T requirement in both categories drastically

reduces the signal acceptance as well as the njet constraint in the `+ no τh category. The

high Emiss
T cut can be removed when having a proper estimation of the QCD and fakes.
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Figure 4-3: Cut flow for the `+ τh category (left) and `+ no τh category (right) and for the
light mass regime (top) and heavy mass regime (bottom).
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4.5 Orthogonality with H± → tb̄ Leptonic Final State

The final state of the charged H± → τ±ντ leptonic channel overlaps in large amounts with the

charged Higgs to H± → tb̄ leptonic channel. In order to perform a solid combination of these

(and other) channels, one has to ensure there is no event overlap in the event phase space,

i.e. both phase spaces need to be orthogonal. As the H± → tb̄ leptonic channel is dominant

over the H± → τ±ντ leptonic channel in terms of charged Higgs production branching ratio,

priority has been given to the former analysis to fully exploit and optimize the event phase

space. Remaining orthogonal regions, characterized with a lower jet multiplicity, are devoted

to the phase space of the H± → τ±ντ leptonic final state.

Because the H± → tb̄ single leptonic analysis applies a veto on hadronic taus using the

same loose working point, any overlap is only possible in the `+ no τh category. The event

phase space of both analyses is shown in figure 4-4 (left) for the single leptonic final states.

Shown in gray are the regions used in the H± → tb̄ final state having at least 4 jets in the

selection. In orange are the orthogonal regions used in this analysis which are limited to the

use of maximum three jets. This constraint on the number of jets affects the heavy mass

acceptance (especially above charged Higgs masses above 500 GeV) as the number of extra

jets increases with the mass of the charged Higgs due to extra radiation effects. However,

any re-interpretation of the charged Higgs to H± → τ±ντ in the H± → tb̄ phase space is

considered in the final combination of all the channels.
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Figure 4-4: Cartoon of the regions used in this analysis: single lepton final state (left) and
di-lepton final state (right). The gray boxes are used by the H± → tb̄ leptonic
analysis and are therefore not accessible. The regions in orange in the single
lepton final state are used in this analysis.
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For the light and intermediate mass regime as well as for the ` + τh category, no such

constraints are necessary as there cannot be any event overlap. However, these regimes are

characterized by a lower jet multiplicity and therefore the number of jets is still kept to a

maximum of three to avoid the large bulk of tt̄ (characterized with number of jets around

4).

Besides the single lepton final state, the di-lepton state can be considered as well where

the associated top decays leptonically as well as the tau from the charged Higgs. W.r.t. the

single lepton final state, this event topology has two jets less and an additional neutrino from

the top decay. The orthogonality constraint for the di-lepton final state results in a phase

space with exactly one jet which is required to be b-tagged (i.e. mono b), as depicted in

figure 4-4 (right). Taken into account the b-tagging efficiency, the low branching ratio of the

decay of the associated top to leptons and the suppression of any additional jet activity (e.g.

gluon radiation especially for high mass charged Higgs), this final state is rather insensitive

and therefore not taken into account.

4.6 Signal Extraction and Control Regions

The triggered lepton in the events originate from the tau decay in the `+ no τh category and

from the associated top decay in the ` + τh category. In the former category, the missing

transverse energy is confined as decay products on the charged Higgs and together with the

lepton the invariant mass can be reconstructed:

mT =

√
2pT(`)Emiss

T (1− cos ∆φ(pT(`),pmiss
T )). (4-2)

In this equation, pT(`) is the momentum of the triggered lepton, Emiss
T is the missing trans-

verse energy and ∆φ the azimuthal angle between them. Because the presence of 3 neutrinos

and detector resolution effects, the invariant mass spectrum is broadened a bit rather than

a sharp cut off at the end point.

Concerning the `+τh category, the missing transverse energy is a mixture of the neutrinos

from the charged Higgs plus the W neutrinos from the associated top decay. Nevertheless the

invariant transverse mass can be constructed but it is expected the distribution is broadened.

This transverse mass distribution for several charged Higgs masses is shown in figure 4-5,

after application of all the selection criteria. A typical shape is observed for the background

which peaks around 80 GeV, representing the W± boson which can either come from top

decay or direct W± boson production. On the other hand, the signal does not exhibit this

peak and is more flat. This distinct difference between signal and background makes the

transverse mass a good distribution to extract the signal.
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Figure 4-5: mT distribution for several mass hypotheses and the corresponding backgrounds.
Left: `+ no τh category, right: `+ τh category.

Because the background in the low mT regime is several orders of magnitude larger than a

possible signal (with cross section of order 1 pb or less), the low mT regime is used as control

region for unblinding to check the data/Monte Carlo agreement. A value of mT = 120 GeV

is chosen as cut-off between control and signal region. The final fit uses both control and

signal regions by performing a simultaneous fit.

4.7 Signal Acceptance

The signal acceptance is defined as the absolute event yields as function of the charged Higgs

mass, and is shown after several cuts in figure 4-6 for the `+ τh category (left) and `+ no τh

category (right). The entire mass range is considered from 80 GeV to 3 TeV except for the

intermediate mass range. For low charged Higgs masses up to 500 GeV, a quasi monotonic

increase of acceptance is observed besides a lower acceptance towards 160 GeV. This effect

is due to the fact that for light mass samples close to the top mass, the additional b-quark

is very soft and got out of acceptance.

For higher masses above 500 GeV, a saturation effect is noticed in both `+ τh and `+ no

τh categories which is due to the constraint of the jet multiplicity. For the ` + τh category,

the drop in yields is more pronounced because the tau identification tend to saturate for

charged Higgs masses above 500 GeV (see plots in appendix 4-6). This is explained by the

fact that the τ -lepton identification becomes less efficient for high pT τ -leptons.
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Figure 4-6: Signal acceptance after each cut (according to the cut flow), where the signal
cross section is normalized to 1 pb. It is clear that the constraint in number of
jets and the tau identification are responsible for the drop in yields at higher
charged Higgs masses.
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4.8 Analysis Categorization

The loose event phase space is divided in several disjoint categories. Categories enriched in

signal are sensitive for the statistical component whereas background abundant regions are

used to constrain the systematics.

4.8.1 Categorization in Jet and b-Jet Multiplicity

The event phase space is split in regions based on the number of jets and b-jets (see fig-

ure 4-4). Due to the different event kinematics in these regions and different background

constraints upon performing the fit, the expected upper limit is more sensitive w.r.t. a full

inclusive fit. The effect on the upper limit when applying the categorization is shown in

figure 4-7. Especially for the low mass range where the systematics are dominant, a gain up

to 50% is obtained.

 (GeV)+
Hm

500 1000 1500 2000 2500 3000

E
xp

ec
te

d 
95

%
 C

L 
lim

it 
ra

tio

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

categorized/inclusive (stat only)

categorized/inclusive (stat + syst)

H+ → τlν 35.9 fb-1 (13 TeV)

CMS
Preliminary

single-lepton

Figure 4-7: Comparison of upper limits when splitting the mT templates into the njet/nbjet
categories (see text), for both statistical only and statistical + systematics.

Shown in figure 4-8 is the significance signal/background yields (S/
√
B) for several

charged Higgs masses and for each of the jet and b-jet multiplicities (inclusive over `+τh and

`+ no τh categories). For low mass charged Higgs hypotheses, the significance is confined to

the allowed jet multiplicities whereas for higher mass charged Higgs hypotheses the signif-

icance is pushed towards higher jet multiplicities. This is due to the fact that the objects

in the event have a high energy and therefore the probability of extra radiation increases

leading to more jets in the event.
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Also the 2b and 3b categories are equally significant to the 1b category, mostly due

to the stronger suppression of the backgrounds. Generator level studies shows that in the

1b category indeed the b-tagged jet originates from top decays, the extra b-jet in the 2b

category originates from the associated production (5FS) and the third b-tagged jet in the

3b category is mis-tagged.

For the `+ no τh category, 4 regions have been chosen: 2j, 1b, 2j, 2b, 3j, 1b and 3j,≥ 2b.

For the `+ τh category, which has naturally two jets less, the mono-b region is added (1j1b)

and the 2-3 jet categories are merged due to low signal statistics in the 3jet regions. As a

result, the `+ τh category uses the following three regions: 1j, 1b, 2− 3j, 1b and 2− 3j, 2b.
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Figure 4-8: Significance S/
√
B for each of the jet categories for a charged Higgs mass of

200 GeV (left) and 2 TeV (right). S(B) represents the total signal(background)
yield in that category; the signal is normalized to 1 pb [5].

4.8.2 Categorization in Emiss
T

Based on the categorization in the previous subsection, a further categorization is elabo-

rated in terms of missing transverse energy (Emiss
T ). The events are split in different Emiss

T

categories to further constrain systematics and be sensitive to different event kinematics in

those categories. The effect on the upper limit is shown in figure 4-9, where the ratio of

the upper limits (based on the mT discriminant) is calculated in two MET categories (for

each region R2 to R5) ranging from 100 to 150 GeV and MET > 150 GeV for the `+ no

τh category. From the plots it is clear the sensitivity at charged Higgs mass goes up to 20%

for the statistical only ratio and to 40% when taking into account systematics, as expected

as the systematics are more dominant for lower charged Higgs masses. This clearly shows

the effect of different event kinematics and more power constraint when the categorization

is present.
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The categorization in Emiss
T is chosen based on the statistics of the signal samples:

• `+ τh is split three Emiss
T categories:

1. 70 < Emiss
T < 100 GeV

2. 100 < Emiss
T < 150 GeV

3. Emiss
T > 150 GeV

• `+ no τh is split two Emiss
T categories:

1. 100 < Emiss
T < 150 GeV

2. Emiss
T > 150 GeV
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Figure 4-9: Comparison of upper limits when splitting the mT templates into two MET
categories (see text), for both statistical only and statistical + systematics.

4.8.3 Summary of Event Categorization

Based on the optimizations examined in this section, the following configuration has been

chosen for optimal signal sensitivity:

• ` + τh: simultaneous fit of the mT templates in both electron and muon final states,

categorized in number of jets (1 and ≥ 2), number of b-tagged jets (1 and ≥ 2) and 3

MET categories (70 < Emiss
T < 100, 100 < Emiss

T < 150 and Emiss
T > 150). This results

in 18 templates;
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• `+ no τh: simultaneous fit of the mT templates in both electron and muon final states,

categorized in number of jets (2 and 3), number of b-tagged jets (1 and ≥ 2) and 2

MET categories (100 < Emiss
T < 150 and Emiss

T > 150). This results in 16 templates.

Hence, in total, the search is performed in 34 bins of mT templates.

4.9 Background Estimation

The dominant backgrounds are tt̄ and W±+jets for the `+ no τh category. All the back-

grounds, as well as the minor backgrounds (Z/γ∗+jets, single top, tt̄ + X and diboson) are

directly estimated from simulation. Backgrounds are modeled using simulated samples cor-

rected to account for known theoretical and experimental deficiencies (see section 4.10). For

a complete list of background samples were summarized in section 3.3.3. The QCD samples

are used to estimate the overall QCD/fakes contamination (see section 4.9.2), but are not

propagated as templates to the fit.

In particular, for tt̄ the tt+jets sample is used which uses the MG5 aMC@NLO generator.

It is found that this sample predicts more accurately the jet kinematics for which the `+ no

τh category is sensitive due to the constraint on the jet multiplicity. Due to the limited b

hadron content in the event phase space, the tt̄ is not split in heavy flavor components as

was done for the H± → tb̄ leptonic search.

4.9.1 Control Plots

As already explained in section 4.6, the control and signal regions are distinguished by the

value of mT: for mT < 120 GeV the backgrounds are abundant, henceforth defined as control

regions, whereas for mT > 120 GeV the backgrounds are suppressed and therefore labeled

as signal regions.

Such control regions were used in the blind analysis to validate the data/Monte Carlo

agreement in so called control plots. During unblinding phase, the control plots are extended

to the signal regions as well to validate the entire event phase space with data and to perform

the final fit.

Shown in Figs. 4-11, 4-11, 4-12 and , 4-13, the basic event kinematic variables (mT,

Emiss
T , HT (i.e. sum of the jet pT) and the lepton pT) in the extended control regions, inclusive

in the entire event selection (i.e. the Emiss
T and jet categories are merged). The electroweak

processes (W±+jets, Z/γ∗+jets and diboson) are all merged into one electroweak category.

To validate the event kinematics in the different jet regions, more control plots were checked

emphasized on jet and lepton kinematics.
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Figure 4-10: Inclusive pre-fit control plots for 1Mu (left) and 1El (right) for the `+ no τh
category: Emiss

T (top) and lepton pT (bottom). The error band includes both
statistical and systematic components.
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Figure 4-11: Inclusive pre-fit control plots for 1Mu (left) and 1El (right) for the `+ no τh
category: mT (top) and HT (bottom). The error band includes both statistical
and systematic components.
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Figure 4-12: Inclusive pre-fit control plots for 1Mu (left) and 1El (right) for the ` + τh
category: Emiss

T (top) and lepton pT (bottom). The error band includes both
statistical and systematic components.
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Figure 4-13: Inclusive pre-fit control plots for 1Mu (left) and 1El (right) for the ` + τh
category: mT (top) and HT (bottom). The error band includes both statistical
and systematic components.
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4.9.2 QCD Estimation and Fakes

QCD multi-jet production can contaminate the event phase space through jet faking leptons

and jet mis-measurements. Such events are more abundant in regions with low jet multiplic-

ities and with relatively energetic jets which can lead to fake leptons which enter the event

selection. Specifically for the muon final state, fakes can arise from leptonic b-hadron decays

which are non-prompt, therefore labeled as fakes. Despite the tight mini-isolation require-

ment for the leptons (mini-iso < 0.1), it is found that fakes are sensitive in this analysis,

especially in the high energy tails of the distributions. From the design point of view of the

analysis, there are two ways to deal with QCD multi-jet production:

• estimation from data: by using data-driven methods (fake-rate method) one can esti-

mate the QCD multi-jet production in the event phase space by inverting the isolation

cuts and propagate scale factors in this inverted region to the event phase space;

• suppress QCD multi-jet production to a negligible amount: apply cuts on the event

phase space such that the QCD multi-jet production becomes negligible.

In this analysis the second approach has been chosen, whereas for the hadronic analysis

a data-driven method has been used to estimate the fake-tau rate. In the `+ no τh category,

QCD multi-jets can enter the event selection by a jet faking a lepton or the leptonic b-hadron

decay and especially in this category the QCD multi-jet production and fakes needs to be

investigated. For the `+ τh category, QCD multi-jets can enter the event selection by faking

a lepton and the hadronic tau, which is less probable.

An effective way to kill QCD multi-jet production is to cut on the missing transverse

energy as it is expected for multi-jet events the Emiss
T comes from jet mis-measurements and

is typically low. Therefore a Emiss
T cut of 100 GeV is applied in the `+ no τh category. For

the `+ τh category the Emiss
T cut is lowered to 70 GeV, chosen such that the tau fakes is also

kept to a minimum.

Angular Cuts

Several ∆φ distributions have been checked to look for any pileup of QCD events in the `+

no τh category. Because the fakes can also be present in the high lepton pT spectrum which

makes part of the signal regions, the distributions are fully unblinded but kept inclusively

for the entire selection. To test whether the any pile-up of events is originating from QCD

multi-jet events, QCD samples (see section 3.3.3) have been used for comparison to check

the data/Monte Carlo agreement.
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Several angular distributions among the lepton, Emiss
T and jets have been cross checked in

data and Monte Carlo. From this analysis three angular distributions have been chosen to

apply additional cuts which are listed below. The inclusive angular distributions are shown

in Fig. 4-14 for the `+ no τh category, where on the left column the distributions are shown

without QCD samples and on the right column with QCD samples for comparison.

• ∆φ(lepton,Emiss
T ) (top row): especially in the muon channel a discrepancy is ob-

served at low values of ∆φ, which originates from muonic b-hadron decays. A cut

of ∆φ(lepton,Emiss
T ) > 0.5 is applied (both in electron and muon channels). This cut

is also applied in the `+ τh category.

• ∆φ(leading jet,Emiss
T ) (middle row): in both electron and muon channel fakes pile-up

at low values of ∆φ especially in the signal regions with high values of mT . A cut of

∆φ(leading jet,Emiss
T ) > 0.5 is applied (both in electron and muon channels).

• ∆φmin(lepton, jet) (bottom row): in both electron and muon channel at high values of

∆φ a discrepancy is observed. Because this is in the lepton-jet back-to-back regime,

this accounts for jet mis-measurements. A cut of ∆φmin(lepton, jet) < π−0.5 is applied

(both in electron and muon channels).

Summary

To summarize, the following additional angular cuts have been applied in the `+ no τh

category:

• ∆φ(lepton,Emiss
T ) > 0.5;

• ∆φ(leading jet,Emiss
T ) > 0.5;

• ∆φmin(lepton, jet) < π − 0.5.

For the `+ τh category, the following angular cut has been applied:

• ∆φ(lepton,Emiss
T ) > 0.5.
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Figure 4-14: Angular distributions ∆φ(lepton,Emiss
T ) (top row), ∆φ(leading jet,Emiss

T ) (mid-
dle row) and ∆φmin(lepton, jet) fully inclusive for the `+ no τh category. On
the left the distributions are shown without QCD samples whereas on the right
the QCD samples are added for comparison. Error bars account for statistical
uncertainty only.



4.10 Systematic Uncertainties 71

4.10 Systematic Uncertainties

The primary physics result described in this note is a 95% CL upper limit on the cross

section of the production of a charged Higgs boson as function of its mass. Several sources

of systematic uncertainty must be taken into account when building the test statistic used

to test the background-only hypothesis versus the presence of a charged Higgs boson (see

section 3.4). Such sources are modeled in the test statistic as nuisance parameters, with the

effect of either changing the event rate of the considered signal and background processes

(rate uncertainties) or changing the shape of the transverse mass template distributions

(shape uncertainties). Depending on their type, experimental and theoretical uncertainties

are propagated as shape or normalization uncertainties to the mT and other signal-extraction

distributions.

The simulation, used for the signal and background modeling, is affected by two different

sources of systematic uncertainty. The first source of uncertainty is correction factors applied

to the simulation in order to better reproduce the detector conditions and performance in

data. The second source is assumptions made in the theoretical models that were used to

produce the simulation. We account for uncertainties from both sources.

All the sources of systematic uncertainty applied to the analysis and their correlations

are discussed below. Table 4-2 summarizes the systematic uncertainties assessed on the

signal and backgrounds for this analysis. An estimation of the pre-fit size, together with the

hadronic final state, is summarized in table 5-1.

Luminosity and Pileup An overall uncertainty of 2.5%, due to the measurement of the 2016

data luminosity, is applied [97]. The pileup uncertainty is evaluated by changing the

minimum bias cross section with ±5%, which is propagated to the an event weight [98].

The difference between the nominal and the altered distributions is taken as the un-

certainty. The changes in the weight factor are propagated to the final discriminant

distributions and treated as rate+shape variation in the final fit. Each of these uncer-

tainties is treated as fully correlated among all processes.

Jet A scale factor is applied to each reconstructed jet, to correct its energy scale (JES).

The uncertainties associated to the scale factor are applied to obtain its upwards

and downwards variation that are then applied to the jet transverse momentum and

balanced by the missing transverse energy [61]. The uncertainty factors depend on the

jet pT and η. Upwards and downwards shape uncertainties on the jet energy resolution

(JER) are applied and also propagated to the missing transverse energy. The events

are then re-analyzed, including reapplying the jet-based selection and recalculating all

kinematic quantities in order to extract appropriate variations for the final yields and
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template distributions.

Missing Transverse Energy The uncertainties on the unclustered Emiss
T , defined as the total

missing transverse momentum minus the non-varied jets pT, are propagated to the

different distributions. The JES are used to correct the MET.

b-jet scale factors The b-tag and mistag uncertainties are obtained by varying the corre-

sponding per-jet scale factors up and downwards [66]. Light jet (u,d,s) mistag scale

factors are considered to be uncorrelated with the b tag scale factor, whereas the c

mistag scale factor is correlated and therefore should be varied simultaneously with the

b tag SF. Both the b tag/c mistag and light jet mistag uncertainties are then treated

as uncorrelated. The b tag and mistag uncertainties are doubled whenever they occur

outside the pT,η-range of the scale factors (validity for light jets: 20 < pT < 1000 GeV

and |η| < 2.4, for b/c-jets: 30 < pT < 670 and |η| < 2.4, ). The impact of statistical

uncertainties during the scale factor determination, is propagated to an alternative set

of scale factors.

The b tag uncertainty associated with the JES is evaluated within the overall JES

uncertainty as the b tag scale factor values are also shifted accordingly when the jet

kinematics is shifted up or down.

Lepton selection and trigger Electron/Muon ID + scale factors are applied to the analysis

(see appendix ??). The uncertainties of the trigger efficiency scale factors are varied

up and down as function of the lepton transverse momentum. The overall impact of

is of 4% for the muon and 3% for the electron.

Tau ID efficiency and veto The agreement of the τh identification efficiency between data

and simulated samples is measured using the tag-and-probe technique [64]. A 5% tau

efficiency uncertainty is applied on genuine taus in the selection for the chosen loose

working point. Convoluted with the tau efficiency in the `+ τh category and deficiency

in the `+ no τh category, the uncertainties are estimated as 3.1% and 0.7% respectively.

Both uncertainties are anti-correlated in the fit.

MC normalization Theory uncertainties consisting of parton density function (PDF) and

scale uncertainties are applied as shape and normalization uncertainties to the MC

samples. The QCD scale and PDF normalization uncertainties cover for the uncer-

tainty of the cross section and are applied for each process individually (except signal).

The uncertainty in the choice of renormalization and factorization scale is assessed by

separately varying the renormalization and factorization scales by a factor of 2.0 and
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Source Uncertainty Name in datacard
Luminosity 2.5% lumi 13TeV

Pileup shape CMS pileup

MC statistics shape autoMCStats 0

Electron efficiency 3% CMS eff e

Muon efficiency 4% CMS eff m

Tau efficiency (`+ τh) 3.1% CMS eff t

Tau veto (`+ no τh) -0.7% CMS eff t

MET unclustered shape CMS scale uncluster

Jet Energy Scale (JES) shape CMS scale j

Jet Energy Resolution (JER) shape CMS res j

Parton Shower ISR ∼ +4/ ∼ −8% CMS Hptn ISR

Parton Shower FSR ∼ ±20% CMS Hptn FSR

Parton Shower hDAMP ∼ +8/ ∼ −2% CMS Hptn HDAMP

Parton Shower UE ∼ ±2% CMS Hptn UE

b-tagging - HF shape CMS eff b HF

b-tagging - HFStat1 shape CMS eff b HFstat1

b-tagging - HFStat2 shape CMS eff b HFstat2

b-tagging - LF shape CMS eff b LF

b-tagging - LFStat1 shape CMS eff b LFstat1

b-tagging - LFStat2 shape CMS eff b LFstat2

b-tagging - CFerr1 shape CMS eff b CFerr1

b-tagging - CFerr1 shape CMS eff b CFerr2

QCD scale (acc.) signal ±4.8% or ±1.2% CMS Hptn mu RF Hptn

QCD scale (acc.) tt̄, single top ±2% CMS Hptn mu RF top

QCD scale (acc.) electroweak ±5% CMS Hptn mu RF ewk

QCD scale (xsec) tt̄ +2.4/− 3.5% QCDscale ttbar

QCD scale (xsec) single top ±2.5% QCDscale singletop

QCD scale (xsec) W±+jets +0.8/− 0.4% QCDscale wjets

QCD scale (xsec) diboson ±3.2% QCDscale vv

QCD scale (xsec) Z/γ∗+jets 0.7/− 0.4% QCDscale dy

PDF (acc.) signal +1.7/− 0.4% CMS Hptn pdf Hptn

PDF (acc.) tt̄, single top +0.27/− 2% CMS Hptn pdf top

PDF (acc.) electroweak +4.6/− 3.3% CMS Hptn pdf ewk

PDF (xsec) tt̄ ±4.2% CMS pdf ttbar

PDF (xsec) single top ±4.7% CMS pdf singletop

PDF (xsec) W±+jets ±3.8% CMS pdf wjets

PDF (xsec) diboson ±4.4% CMS pdf vv

PDF (xsec) Z/γ∗+jets ±3.7% CMS pdf dy

Mass top 2.7% (tt̄), 2.5% (single top) CMS mass top

Table 4-2: Summary of systematics.
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0.5 [99]. The unphysical anti-correlated variations are discarded, yielding a total of

7 combinations of the renormalization and factorization scales. The event weight is

determined for each variation and the envelope is taken as the scale uncertainty. These

variations are applied using the event weights provided in the LHE eventInfo. This ex-

ercise was performed in the hadronic channel and a set of conservative normalization

uncertainties were derived for signal, tt̄, single top, W±+jets, Z/γ∗+jets and dibo-

son. Those uncertainties are also used in the hadronic channel to the corresponding

processes.

To model the PDF uncertainty, 100 MC replicas are drawn from the PDF probabil-

ity distribution [99]. The standard deviation of these weights is taken as the PDF

uncertainty. This exercise was performed in the hadronic channel and a set of con-

servative normalization uncertainties were derived for signal, tt̄, single top, W±+jets,

Z/γ∗+jets and diboson. Those uncertainties are also used in the hadronic channel to

the corresponding processes.

For the MC samples involving a top quark, and additional uncertainty from the top

mass is added. Uncertainties assigned to the signal samples are not applied as the

normalization does not affect the upper limit calculation. All these uncertainties are

considered to be correlated.

Uncertainty due to the size of the MC samples The limited size of the background and

signal MC samples results in statistical fluctuations of the nominal prediction. The

content of the bin of each final discriminant distribution is varied by its statistical

uncertainty (except for the signal). A Barlow-Beeston lite approach has been imple-

mented for automatic treatment of the statistical uncertainties (see section 3.4). A

threshold of 0 has been applied to take into account all the statistical uncertainties.

As this configuration introduces a large amount of uncorrelated nuisances, the analytic

minimizer is used to run the asymptotic limits in a rather fast way.

tt̄ parton shower Additional uncertainties based on the jet multiplicity are taken into ac-

count, which arises from the uncertainty at generator level on the additional jet pro-

duction. Four parton showering variations are included by perturbing the initial- and

final-state parameters [100], the matching of jets from matrix element calculations and

from parton shower, and the underlying event tune [78]. This uncertainty is estimated

in each category (jet and b-jet multiplicity, MET), based on Monte-Carlo samples

which are enriched/reduced in initial and final state radiation (ISR/FSR), tuning of

the damping parton showering factor (hDAMP) and underlying event perturbations

(UE).
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Only tt̄ samples are considered as this background is by far the most dominant one in

this analysis. The jet multiplicity is compared to the nominal sample which has the

same tune and generator (powheg).

In order to estimate the uncertainty for this analysis, the event yields for each pertur-

bation in each category of this analysis is evaluated. The deviation w.r.t. the nominal

sample is calculated propagated as a fully correlated normalization uncertainty to the

datacards.

It is found that the FSR uncertainty in the `+ τh category is the dominant one which

goes up to 10% for the 1 jet category and 20% in the 2-3 jet category. For convenience

this uncertainty per final state and in each category is shown in figure 4-15. Clearly

this effect scales with the jet multiplicity and accounts for jet migrations.
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Figure 4-15: tt̄ parton shower uncertainties (final state radiation, FSR) for the `+ τh (left)
and `+ no τh (right) category.
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4.10.1 Template Binning

A dedicated binning strategy has been developed to cope with limited Monte Carlo statis-

tics. Especially in the mT tails and less abundant background regions (e.g. signal regions),

enough statistics needs to be ensured to obtain a reliable fit. Furthermore, due to the

MG5 aMC@NLO signal event generator and tt̄, about 33% of the events have a negative

weight and such events can lead to negative yields in the template bins.

The binning of the mT templates starts with a fine 10 GeV grid from 0 to 6000 GeV.

Merging of adjacent bins (looping from the high mT values to low mT values) is then per-

formed using the following criteria:

• statistical uncertainty of the total expected background must be less than 20%;

• statistical uncertainty of the signal must be less than 20%;

• no negative event bins in signal nor background should be present.

As a result, the binning becomes mass dependent. The statistical thresholds have been

chosen to have a solid estimation of the signal and background in all the templates.

4.10.2 Shape Systematics and Template Smoothing

Nuisances as jet energy scale or resolution directly alter the jet pT and can cause category

migration of events in the n-jet direction. Indeed, by moving up or down jets close to the

30 GeV threshold, jets can enter or leave the event phase space leading to a redistribution

of the events in the categories. Besides category migration, more strongly such nuisances

induce bin migrations in the rather fine binned templates. Especially in the high pT tails

where the uncertainties are larger (they scale with the pT), strong bin migrations have been

observed.

As a result, the uncertainty of the scale or resolution is ill defined and the up/down shape

templates exhibit spiky behavior. In turn, this can cause artificial constraints in the fit which

can leas to wrong or biased results. To overcome these artificial constraints, the nuisance

shape templates which are ill defined are smoothed out in order to remove the spikes while

preserving a conservative estimation of the uncertainty.

The smoothing is performed on the ratio up/nom and down/nom binned templates sepa-

rately before applying the binning procedure (see section 4.10.1). A Gaussian kernel smooth-

ing has been implemented where the parameters are tuned to have a reliable smoothing

without loss of shape variations. The algorithm consists of two steps:
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1. initial re-binning: the up and down templates are initially re-binned such that the bins

in the nominal template has a maximal statistical uncertainty of 20%. In this way it

is ensured the up and down variation are defined in each bin(e.g. avoid empty bins)

and the very spiky behavior due to lack of statistics is removed;

2. smoothing: a Gaussian kernel using a width of 10 bins performs the smoothing by

altering the up/down ratio. The algorithm assigns a value for each bin i based on the

neighboring values, with a Gaussian weight factor defined as:

wi,j = exp

(
−(i− j)2

2σ

)
, (4-3)

with σ the width (taken to be 10 bins), and the index j run over all the neighboring

bins. The event contents in each bin are reweighted and a new smoothed value is

assigned for bin i.

The smoothing procedure has been applied on all nuisances and validated by a visual

cross check of the fitted templates, except for the pile-up which has found to have a highly

ranked impacted on the signal when combining with the hadronic final state (see section

4.12.3) and therefore is not smoothed out in order to not lose sensitive shape information.
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4.11 Treatment of the Intermediate Mass Regime

For charged Higgs masses around the top quark, the interference of the heavy and light

charged Higgs production schemes must be taken into account as well as top-width effects.

Several resonances contribute to the total cross section of the intermediate charged Higgs

masses, where also resonances with neutral scalars (H,A) - if they exist - must be taken into.

Due to the interplay of the neutral scalars, the charged Higgs production mode becomes

model dependent.

Currently, from theory point of view it is difficult to calculate the interference effects up

to NLO accuracy level, therefore only the leading order results are available. Several LO

samples ranging from 145 to 200 GeV are simulated, both with and without neutrals, which

take into account the interference effect (see section 3.3.3 for a list of the processed samples).

Because this analysis aims to quote a model-independent result, the neutral samples have

not been used.

In this analysis, all the light (top decay production mode) and heavy (associated top

production mode) charged Higgs samples are simulated up to NLO accuracy. The transition

from NLO to LO will be non-smooth due to different acceptance effects between LO and

NLO samples. This is shown in figure 4-16 where the expected upper limit is shown for

the NLO light/heavy samples with the intermediate LO samples superimposed. For the

combined result, the expected upper limit for the intermediate LO samples is roughly 30%

higher. The non-smooth behavior in the `+ no τh category is mainly driven by the constraint

in jet multiplicity (maximum 3), for which the NLO/LO is very sensitive to.
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Figure 4-16: Upper limit of the light/heavy NLO samples with the intermediate LO samples
superimposed. The left plot shows the combined results of the middle (`+ τh)
and right (`+ no τh) result.
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Derivation of LO to NLO Scale Factors

In order to have a smooth transition between the light and heavy mass regime, scale factors

have been derived to rescale the intermediate signal from LO to NLO accuracy. The scale

factors are defined as the ratio of NLO to LO event yields based on the signal samples. An

identical approach is used in the hadronic analysis.

Differences between LO and NLO are studied based on LO samples in overlap with the

light NLO (140–160 GeV) and heavy NLO (180–220 GeV) samples. It has been found their

mT shapes are similar, though deviations in acceptance from jet multiplicity and production

mode (light vs. heavy) have been observed. This is shown in Fig. 4-17 where the normalized

generator jet multiplicity distributions are shown for both LO and NLO, for charged Higgs

masses of 150 GeV (light production mode) and 180 GeV (heavy production mode). To cope

with these acceptance differences, NLO/LO scale factors are derived using the overlapping

samples:

- derived for both light (140–160 GeV) and heavy mass (180–220 GeV) regime;

- derived in each category of the final states.

The scale factors are applied to the intermediate mass samples for 165 GeV (light scale

factors) and 170/175 GeV (heavy scale factors). Statistical uncertainties in the scale factors

are taken into account as normalization uncertainties.
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Figure 4-17: Normalized generator jet multiplicity distributions for both LO (red) and NLO
(blue), for charged Higgs masses of 150 GeV (light production mode, left) and
180 GeV (heavy production mode, right) [5].
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The NLO/LO ratio is computed for each category in this analysis, and are averaged over

the light and heavy mass regime in order to obtain a light and heavy LO to NLO scale factor

per category. All scale factors and uncertainties are summarized in Table 4-3, the detailed

ratios per mass point and average are shown in Figures 4-18 and 4-19.

Category Light scale factors Heavy scale factors

`+ no τh, muon+electron

2j,1b, Emiss
T 150 GeV 1.28 ± 0.03 1.45 ± 0.04

2j,1b, Emiss
T > 150 GeV 0.95 ± 0.03 1.19 ± 0.04

2j,2b, Emiss
T 150 GeV 1.78 ± 0.10 3.30 ± 0.21

2j,2b, Emiss
T > 150 GeV 1.34 ± 0.10 2.79 ± 0.20

3j,1b, Emiss
T 150 GeV 0.40 ± 0.01 0.85 ± 0.03

3j,1b, Emiss
T > 150 GeV 0.34 ± 0.02 0.66 ± 0.03

3j,2b, Emiss
T 150 GeV 0.73 ± 0.04 2.22 ± 0.11

3j,2b, Emiss
T > 150 GeV 0.58 ± 0.05 1.64 ± 0.10

`+ τh, muon+electron

1j,1b, Emiss
T 100 GeV 2.04 ± 0.06 1.78 ± 0.07

1j,1b, 100 < Emiss
T 150 GeV 1.76 ± 0.06 1.80 ± 0.07

1j,1b, Emiss
T > 150 GeV 1.72 ± 0.11 1.58 ± 0.09

2-3j,1b, Emiss
T 100 GeV 0.17 ± 0.02 0.68 ± 0.05

2-3j,1b, 100 < Emiss
T 150 GeV 0.18 ± 0.02 0.67 ± 0.04

2-3j,1b, Emiss
T > 150 GeV 0.14 ± 0.02 0.46 ± 0.04

2-3j,2b, Emiss
T 100 GeV 0.78 ± 0.07 2.08 ± 0.18

2-3j,2b, 100 < Emiss
T 150 GeV 0.71 ± 0.06 2.24 ± 0.17

2-3j,2b, Emiss
T > 150 GeV 0.61 ± 0.08 1.46 ± 0.13

Table 4-3: Derived scale factors as average for light and heavy mass regime, per category.
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Figure 4-18: NLO/LO scale factors per mass point with the fitted average and uncertainty
for the `+ no τh category.
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Figure 4-19: NLO/LO scale factors per mass point with the fitted average and uncertainty
for the `+ τh category.
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Closure of LO Samples

It is expected the interference effect becomes negligible for masses far from the top mass.

This has been verified with the LO samples only. In Fig. 4-20, the intermediate LO samples

(without scale factors) and the LO light/heavy mass samples are shown. The closure is only

present for the heavy mass regime, whereas for the light mass regime the intermediate mass

samples are 20% lower w.r.t. the non-intermediate light LO samples.
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Figure 4-20: Closure test for the intermediate LO and light/heavy LO samples. The left
plot shows the combined results of the middle (` + τh) and right (`+ no τh)
result.
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Results Upon Application of LO to NLO Scale Factors

The obtained scale factors are applied to the intermediate samples: the light scale factors

for the charged Higgs samples below 173 GeV and the heavy scale factors for charged Higgs

samples above 173 GeV. The uncertainties on the scale factors are propagated as normal-

ization uncertainties in the fit. The expected limits are shown in Fig. 4-21. On average the

intermediate and NLO samples in both mass regimes converge to each other. As already

stated before, the NLO/LO scale factor in the `+ no τh is very sensitive.
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Figure 4-21: Upper limit of the light/heavy NLO samples with the intermediate samples
rescaled to NLO. The left plot shows the combined results of the middle (`+τh)
and right (`+ no τh) result.
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4.12 Results

The Standard Model is assumed to contribute exclusively to the yields in each signal and

control region. This hypothesis is tested against the additional presence of a charged Higgs

boson production and subsequent decay, that would result in increased yields (mostly) in

the signal regions. 95% CL expected upper limits are derived on a charged Higgs boson

production cross section, for different charged Higgs boson mass hypotheses. The statistical

method used to report the results is the modified frequentist approach, also known as CLs

(see section 3.4).

A simultaneous fit is performed on both ` + τh and `+ no τh categories. As explained

in section 4.8.3, the fits are based on mT(`,Emiss
T ) shape templates which both consist of

sub-categories to enhance the signal sensitivity:

• ` + τh: simultaneous fit of the mT templates in both electron and muon final states,

categorized in number of jets (1 and ≥ 2), number of b-tagged jets (1 and ≥ 2) and 3

MET categories (70 < Emiss
T < 100, 100 < Emiss

T < 150 and Emiss
T > 150). This results

in 16 templates;

• `+ no τh: simultaneous fit of the mT templates in both electron and muon final states,

categorized in number of jets (2 and 3), number of b-tagged jets (1 and ≥ 2) and 2

MET categories (100 < Emiss
T < 150 and Emiss

T > 150). This results in 18 templates.

The mT templates are binned such that sufficient Monte Carlo statistics is present in each

bin and to avoid any negative bin contributions due to the MadGraph5 amc@nlo event

generators for signal and tt̄ (see section 4.10.1), resulting in a mass dependent binning. All

systematics as explained in section 4.10 are included in the fit and fully correlated among

both categories.

Results are computed for the entire charged Higgs mass range from 80 GeV to 3 TeV

with the luminosity of the full 2016 dataset being 35.9 fb−1. For charged Higgs masses below

the top quark mass, the dominant decay mode is through top decays which is incorporated

in the fit using a modified physics model which uses as POI is the branching ratio of the tt̄

decay to a charged Higgs. The fitted branching BR ratio is transformed to an upper limit

cross section σ using the following formula (cfr. equation 2-12):

σ = 2.0×BR× (1−BR)× 831.76 (pb). (4-4)
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4.12.1 Post-fit Templates and Yields

To extract the post-fit distributions and yields, the background-only fit has been performed

using the charged Higgs 200 GeV templates. During the fit the following processes are

taken into account: tt̄, top (single top and tt̄+ X), W±+jets, Z/γ∗+jets and diboson (WW,

ZZ, WZ). Two signal-sensitive post-fit mT templates are shown in figure 4-22. The other

categories are summarized in the bar plot in figure 4-23, where the post-fit background only

event yields are shown for each category in this analysis (inclusive in the lepton flavor). From

these results, the fit is compatible with the SM hypotheses. A summary of the post-fit event

yields is discussed together with the hadronic final state, summarized in table 5-2.
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Figure 4-22: The transverse mass distributions for two categories with high signal sensitivity
after a background-only fit to the data. Left: category with one electron, `+
no τh, two jets where one identified as a b jet, and Emiss

T > 150 GeV. Right:
category with one muon, ` + τh, one jet identified as a b jet and Emiss

T > 150
GeV. In both categories, the last bin shown extends to 5 TeV [5].
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Figure 4-23: Post-fit event yields in all the categories after a background-only fit to the
data. Top: ` + τh category, bottom: `+ no τh category. The yields are shown
inclusive in lepton flavor [5].
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4.12.2 Expected Limits

The expected and observed limits obtained with the mT templates using the asymptotic

approach are shown in figure 4-24 (left). No excess is observed across the entire mass range

meaning that the fit is compatible with the SM expectations.

The relative contributions of the individual categories to the fit is shown in figure 4-24

(right), as the ratio of the upper limit over the combined expected upper limit. This ratio is

obtained from the expected upper limit for the individual `+ τh and `+ no τh categories, as

shown in figure 4-25. At high mass clearly the `+ no τh is dominant whereas towards lower

masses the `+ τh becomes dominant. This is in agreement with the signal acceptance yields

as shown in figure 4-6.
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tion for charged Higgs production to H± → τ±ντ for the combined ` + τh and
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4.12.3 Fit Tests

Several fit tests have been performed throughout the analysis in order to check the consis-

tency of the fit and the nuisances. During the design of the analysis, the validity of the

nuisances (and expected limits) have been tested thoroughly on the Asimov dataset. In

particular, for each nuisance the constraint, pulls and impact on the signal sensitivity is

validated, both on the Asimov and later on the observed dataset. Especially the validation

of the Gaussian kernel smoothing algorithm was partially based on the constraints on the

Asimov dataset, where to constraint ∆θ is defined as the uncertainty of the nuisance θ after

the fit w.r.t. its pre-fit value. To check the impact of a nuisance on the signal sensitivity,

the shift ∆µ is computed, defined as follows

∆µ(±) = µ̂(θ̂ ±∆θ)− µ̂(θ̂), (4-5)

where θ̂ is the best-fit value with all nuisances floating and θ̂±∆θ the fit where the nuisance

is brought to its ±σ value. It is obtained by performing two separate fits per nuisance in

addition to the initial global fit. It contains the direction where the signal strength µ is going

when a nuisance is altered in a certain direction.

The impacts are tested on the Asimov dataset and verified with the observed dataset,
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Figure 4-26: 30 highest nuisance impacts and pull distributions for mass point mH± =
200 GeV based on the observed dataset.

where no large differences among them are expected. The observed impacts for the combined

fit are shown in the right column of figure 4-26, for the fit of mH± 200 GeV. Only the 30

highest impacting nuisances are shown, including both statistical and systematic nuisances.

The highest impacting nuisances are the τh identification uncertainty, which migrates events

between the `+τh and `+ no τh category, hence it is sensitive to the signal: if it is brought to

−1σ, events from the `+τh category are migrated to the `+ no τh category, yielding a higher

sensitivity to the signal strength, which is confirmed from figure 4-24 where the ` + τh has

the highest sensitivity at 200 GeV. The third impacting nuisance is the FSR parton shower

uncertainty, which can be understood in a similar reasoning. Other high impacting nuisances

are related to sensitive bin statistics.
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The pull ξθ of each nuisance is also carefully studied, which is defined as

ξθ =
θ̂ − θ0

∆θ
, (4-6)

with θ0 the pre-fit position of the nuisance (usually taken as 0). It has been calculated both

on the Asimov dataset and using the observed dataset. For the Asimov dataset (taken with

signal strength zero), per definition, no nuisance should be pulled after the fit as the Asimov

dataset respresents the total Monte Carlo sample itself. Also the signal strength, which is

left floating during the fit, should be zero. Both necessities were confirmed on the Asimov

dataset.

The pull distributions based on the observed dataset are also shown in figure 4-26 (middle

column), but in figure 4-27 the pull distributions for the non-statistical nuisances are shown.

A signal strength of zero was injected in the fit, and the signal is free to float during the fit.

As can be seen from this figure, some nuisances are constrained which can be explained as

follows:

• CMS scale j/CMS res j/CMS uncluster: after smoothing the distributions the artifi-

cial constraint has been removed, but still it got constrained by the fit. This is an

artifact due to the high categorization in number of jets and b-jets, which is sensitive

to the jet energy scale, especially for the dominant tt̄ background;

• CMS btag LF/HF: the same rationale as the CMS scale j is applicable to explain the

constraints. Furthermore, the b-tagging uncertainties are split in 8 components where

each component is sensitive to a region with particular b-hadrons (light, charm, b).

• ISR/FSR: these uncertainties are sensitive to category migrations in the number of jets.

Also the pre-fit uncertainty is taken from additional samples and is an overestimation

of the true uncertainty. Hence, constraints can be expected.
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Figure 4-27: Non-statistical pull distributions for mass point mH± = 200 GeV based on the
observed dataset.



5 Searches in the τντ Hadronic Final

State and Combination

The final result of the charged Higgs to τντ search involves both the leptonic and hadronic

final state. Before describing the combination of both final states, the hadronic final state is

briefly introduced. Both final states were developed in parallel in order to avoid any event

overlap in their event phase spaces, such that the model independent combination can be

performed smooth. At last, the model independent results are interpreted in several MSSM

benchmark models, excluding tan β as function of the charged Higgs mass.

5.1 Hadronic Final State

The hadronic final state requires the presence of a hadronically decaying τ -lepton (τh) in

association with large Emiss
T from the neutrinos (see figure 5-1 for a descriptive Feynman

diagram of the process). Additional jets are present from the hadronic top quark decays.

The presence of any lepton (electron, muon) is vetoed. Because all neutrinos originate from

the charged Higgs decay, the transverse mass reconstruction is possible using τh + Emiss
T

system:

mT =

√
2pT(τh)E

miss
T (1− cos ∆φ(pT(τh),pmiss

T )). (5-1)
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Figure 5-1: Feynman diagram of the hadronic final state.
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5.1.1 Event Selection and Categorization

Events are selected using an online trigger composed of a τh and Emiss
T leg with respective

pT thresholds of 50 and 90 GeV, with an additional selection on the τh leading track pT of

30 GeV. Further offline selection criteria are applied which are optimized to enhance signal

sensitivity:

- hadronically decaying τ -lepton (τh), 1-prong only;

- Emiss
T > 90 GeV;

- at least 3 jets, one b-tagged jet;

- veto on electrons or muons.

An additional angular cut to suppress the jet → fake τh background (mainly from QCD

multijets) is applied, defined as follows:

Rmin
bb = min

{√
(180◦ −∆φ(τh,pmiss

T ))
2

+ (∆φ(jetn,p
miss
T ))

2

}
> 40◦. (5-2)

This formula is justified by considering that the majority of QCD multijet events have a

back-to-back di-jet pair, where one of the jets is mis-identified as a τ jet. Hence the Emiss
T is

overestimated in the mis-identified τ direction which simultaneously minimizes ∆φ(τh,p
miss
T )

and maximizes ∆φ(jetn,p
miss
T ), where n runs over the reconstructed jets. An optimal working

point of 40◦ has been chosen across entire mass range (see Fig. 5-2 (left)).

In order to further enhance the signal sensitivity, the event phase space is divided in

two categories by exploiting the difference in polarization states of the τh originating either

from H± decays (scalar, left-handed τh) or from W± decays [101]. (vector, right-handed τh).

Because longitudinal polarization states tend to have a higher leading track pT, the variable

Rτ defined as

Rτ =
pT(leading track)

pT(τh)
, (5-3)

is sensitive to the τh polarization state, as can be seen from Fig. 5-2 (right). Indeed, for low

values of Rτ the backgrounds are dominant whereas at high values of Rτ the distribution is

more pure in signal. Events are categorized based on Rτ > 0.75 and Rτ < 0.75 which is also

optimized across entire mass range.
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Figure 5-2: Left: distribution of the Rmin
bb variable where it can be seen that the jet →

fake τh background piles up at low values of Rmin
bb . Right: Rτ distribution

which separates the signal (high Rτ ) and background (low Rτ ) τh polarization
states [5].

5.1.2 Background Estimation

The major backgrounds are jet → fake τh , tt̄ and W±+jets. Minor backgrounds such as

single top, Z/γ∗+jets and diboson are also considered in the analysis. All backgrounds are

estimated from simulation, except the jet → fake τh which is estimated using a data-driven

technique (fake rate).

The data-driven method in the hadronic final state consists of deriving transfer factors

in a loose region (pure in fake τh) between the nominal and inverted τh isolation (see figure

5-3). The transfer factors are derived in bins of τh pT and η to minimize correlations and

mitigation of detector inefficiencies. Small contaminations of tt̄ and W±+jets are estimated

from simulation and subtracted. To estimate the jet→ fake τh in signal region, the transfer

factors are applied in the application region. Systematic uncertainties related to the transfer

factors are propagated to the final fit.
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Figure 5-3: Schematic representation of the fake rate method, a data-driven technique to
estimate the jet → fake τh .

5.1.3 Systematics

Similar experimental and theoretical uncertainties (where relevant) as described in section

4.10 are taken into account. Most of them have similar implementations between hadronic

and leptonic analyses such that a possible correlation among them is valid. Additional,

dominant uncertainties in the hadronic final state are listed below. For an estimation of the

pre-fit size, see table 5-1.

• jet → fake τh : uncertainties related to the fake rate method are threefold: 1) sta-

tistical uncertainties in data an simulated samples are propagated as a normalization

uncertainty; 2) differences in mT shapes between the signal and control regions due to

limited statistics is incorporated as a shape uncertainty; 3) experimental and theoret-

ical uncertainties assigned to the subtracted simulated events are propagated to the

fake τh background, and correspond to the contribution from simulated events in the

control region after all selections (anticorrelated between the fake τh background and

the other background processes).

• τh identification: a 5% tau efficiency uncertainty is applied on genuine taus in the selec-

tion for the chosen loose working point (same as in the leptonic final state, see section

4.10). An additional uncertainty of +5
−35%pT TeV is applied on τh with large trans-

verse momentum to account for possible differences arising in the extrapolation of the

measured efficiencies to the high-pT range, and is propagated as a shape uncertainty.

• τh energy scale: ±1.2% for pT < 400 GeV and ±3% otherwise [64]. The variations of

the τh energy scales are propagated to Emiss
T .
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5.2 Combination Hadronic and Leptonic Final States

Both hadronic and leptonic channels are combined in a single fit to improve the upper limit

cross section exclusion. In practice, the input histograms are combined where several nui-

sances are renamed for correlation purposes, followed by a simultaneous fit of both channels

on the signal strength.

By design of the analysis, it is expected that the leptonic becomes more important at

low mass. Indeed, due to the jet multiplicity constraints in the leptonic channel, significance

at high mass is lost and the hadronic channel becomes fully dominant. However, even if the

combination impact is negligible in this regime, the combination is still performed to have a

uniform approach and the benefit of a possible combination at later stage with other charged

Higgs searches (e.g. H± → tb̄ in the leptonic final state).

5.2.1 Event Overlap

During the design of both analysis, care has been taken to remove any event overlap. Exact

phase space orthogonality is achieved by using the mini-isolation property of the leptons:

• the hadronic final state vetoes electrons and muons with a mini-isolation < 0.15;

• the leptonic final state uses tight electrons and muons having a mini-isolation of < 0.1.

5.2.2 Processes and Correlations

The dominant background in both channels is tt̄ production, followed by jet → fake τh in

the hadronic channel and W±+jets production in both hadronic and leptonic channels. The

tt̄ is treated differently in both channels: in the hadronic channel the powheg sample is

used whereas in the leptonic channel the MadGraph5 amc@nlo is used which has a more

precise estimation of the jet kinematics. Despite this difference the ttbar are considered

as one process in the fit and the theoretical nuisances (pdf, QCD scale, mass uncertainty)

specifically to the tt̄ background are fully correlated among both channels, except for the

acceptance uncertainties on the cross section (pdf and QCD scale). Other backgrounds

minor backgrounds (single top, W±+jets, Z/γ∗+jets and diboson) use the same Monte

Carlo samples and these processes are correlated in the fit as well as the assigned theoretical

uncertainties. The jet → fake τh background is only present in the hadronic final state.
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Source Shape H± (200 GeV) jet → fake τh tt̄ top electroweak

τh + Emiss
T trigger efficiency X 1.4 2.0 0.2 0.2 0.2

τh identification X 1.8 0.6 1.1 1.0 0.9

Lepton selection efficiency 2.3 – 2.7 2.7 2.7

Jet energy scale and resolution X 4.7 0.4 5.1 9.2 13.4

τh energy scale X 0.2 0.6 < 0.1 < 0.1 < 0.1

Unclustered Emiss
T energy scale X 2.6 < 0.1 3.2 5.2 7.2

b jet identification X 3.6 0.8 3.1 3.4 13.8

Integrated luminosity 2.5 0.4 2.5 2.5 2.5

Pileup X 1.1 < 0.1 0.8 1.2 4.0

Jets misid. as τh estimation X – 6.1 – – –

Cross section (scales, PDF) – 0.8 5.5 5.3 3.6

Top quark mass – 0.4 2.7 2.2 –

Acceptance (scales, PDF) 5.1 0.5 2.8 2.8 6.8

tt̄ parton showering – – 6.1 – –

Total 9.4 6.6 12.1 13.5 22.7

Table 5-1: Pre-fit systematic uncertainties in %, summed over all final states and categories.
For the H± signal, the values for mH± = 200 GeV are shown.

All the nuisance parameters in both final states have been studied and compared in

detail, based on Asimov and observed datasets. The pre-fit uncertainties for the combined

fit are summarized in table 5-1. Although both final state cover a different event phase

space, all the experimental uncertainties (CMS scale j, CMS res j, CMS eff t, CMS pileup,

lumi 13TeV are fully correlated in the fit. Such correlations have been studied by examining

the (individual) unblinded pull distributions and validated on the observed dataset. Due to

a different usage of the b tagging scale factors in the hadronic and leptonic channels, the b

tagging related uncertainties are also de-correlated.

5.2.3 Post-fit Templates and Yields

To extract the post-fit distributions and yields, the background-only fit has been performed

using the charged Higgs 200 GeV templates. During the fit the following processes are taken

into account among both hadronic and leptonic final state: tt̄, top (single top and tt̄ + X),

W±+jets, Z/γ∗+jets and diboson (WW, ZZ, WZ). The post-fit event yields are summarized

in table 5-2 and the post-fit mT distributions for the hadronic final state are shown in figure.

5-4. The post-fit mT templates for the leptonic final state are similar to the ones discussed

in section 4.12.1. From these results, the fit is compatible with the SM hypotheses.
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Process τh+jets `+ τh `+ no τh
jet → fake τh 4619± 35 – –

tt̄ 1455± 13 30556± 466 174744± 346

top 801± 13 3006± 49 26128± 261

electroweak 1739± 18 2760± 37 52314± 223

total expected from the SM 8614± 42 36322± 500 253187± 398

observed 8647 36277 253236

H± signal, mH± = 100 GeV 20± 3 160± 20 241± 26

H± signal, mH± = 200 GeV 156± 22 327± 37 682± 61

H± signal, mH± = 2000 GeV 1627± 310 369± 24 1571± 99

Table 5-2: Post-fit background only event yields and corresponding uncertainties, summed
over all categories in each final state. The signal yields are normalized to the H±

production cross section of 1 pb and the total pre-fit uncertainties are shown.
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Figure 5-4: The transverse mass distributions for the τh+jets channel for the two categories
with Rτ < 0.75 (left) and Rτ > 0.75 (right) [5].
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5.2.4 Expected and Observed Limits

The combined expected limits obtained with the are shown in Fig. 5-5 (left) for the full mass

range from 80 GeV to 3 TeV. The masses 165, 170 and 175 GeV are computed with the LO

intermediate samples without LO to NLO correction. On Fig. 5-5 (right), the upper limit

ratios combined/hadronic only and combined/leptonic only are shown. From this plot it is

clear that the leptonic channel is dominant in the light mass regime whereas the hadronic

channel is fully dominant in the heavy mass regime. Indeed, at low mass the hadronic final

state is constrained by the relative high trigger thresholds for τh pT and Emiss
T whereas the

leptonic final state benefits from a large categorization and constraints of backgrounds due

to high statistics. Going to higher masses, the hadronic final state becomes fully dominant

due to its clear mT shape (no smearing as all Emiss
T comes from the charged Higgs) and due

to the fact the leptonic final state is limited in jet multiplicity.
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Figure 5-5: Left: 95% CL expected upper limits on the cross section times branching frac-
tion for charged Higgs production to τντ for the combined hadronic and leptonic
channels. The masses 165, 170 and 175 GeV are computed with the LO inter-
mediate samples with LO to NLO correction. Right: expected upper limit for
the hadronic final state (blue), leptonic final states (red) and combined result
(black) [5].
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Figure 5-6: 30 highest nuisance impacts and pull distributions for mass point mH± =
200 GeV based on the observed dataset for the combined hadronic and leptonic
final states.

5.2.5 Fit ests

The fit tests as explained in section 4.12.3 have been used extensively to study the combina-

tion. The 30 highest impact nuisances for the combined fit are shown in figure 5-6 and the

non-statistical pull distributions are shown in figure 5-7. At a charged Higgs mass of 200

GeV, the hadronic final state is dominant and therefore it is expected the nuisances related

to the jet → fake τh method are highly ranked, as well as the τh identification uncertainty.

The latter is explained within the leptonic context in section 4.12.3. Other high impacting

nuisances are related to sensitive bin statistics.
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Figure 5-7: Non-statistical pull distributions for mass point mH± = 200 GeV based on the
observed dataset for the combined hadronic and leptonic final states.
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5.3 Model Dependent Interpretation

The model independent upper limits are interpreted in a Minimal Supersymmetric Standard

Model (MSSM) benchmark scenario. The framework of the MSSM within the 2HDM is

explained in section 2.3. In such benchmark scenarios, the model independent upper limits

are transformed to an exclusion of tan β as function of mH± . Shown in Fig. 5-8 is the

exclusion of the value of tan β as function of mH± for the MSSM mmod-
h scenario. The

branching ratio of this model for several decay channels is shown in figure 2-4, where it is

clear that the τντ is dominant at low values of charged Higgs mass. Indeed, below mH± ≈ 160

GeV, a charged Higgs is completely excluded for the entire range of tan β. The exclusion

becomes weaker at higher mass as the branching ratio of the τντ channel reduces whereas

the tb final state takes over.
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Figure 5-8: Model dependent exclusion of tan β as function of mH± for the MSSM mmod-
h

scenario [5].



6 Conclusions and Outlook

Summary and conclusions. This thesis comprise the search of a charged Higgs boson in the

τντ final state. Emphasis has been given on the leptonic final state, which had been analyzed

independently based on the 13 TeV dataset with 35.9 fb−1 of integrated luminosity collected

with the CMS experiment in 2016. The analysis is performed in the muon/electron+jets

channel, using triggered isolated leptons, and is performed in two categories whether an

hadronic tau lepton can be resolved or not. The transverse mass distribution of the lepton

and Emiss
T is used as a discriminant between the charged Higgs signal and background, the

latter mainly composed of tt̄ production. The event phase space is extensively categorized

in number of jets, b jets and in bins of Emiss
T , leading to 34 regions which are used in a

combined fit to the observed data, in order to constrain the backgrounds and enhance the

signal sensitivity. This rather complex fit is studied in detail during the development phase of

the analysis, as well as during the unblinding phase where the validation of all the nuisances

was performed. In particular, due to the large amount of categories, an automatic template

binning method has been implemented for a proper estimation of signal and background

events in each bin. Furthermore, artificial constraints due to do ill defined shape nuisances

were removed by implementing a smoothing technique based on a Gaussian kernel density.

Results are presented for charged Higgs boson mass hypotheses ranging from 80 GeV to 3

TeV, where the intermediate mass range around the top quark mass is included. A procedure

to reweight the leading order intermediate samples has been established in order to interpret

them on the same footing as the NLO samples used in the light and heavy mass regime.

The results are compatible with the Standard Model predictions and 95% CL upper limits

are set on the charged Higgs boson production cross section.

A second chapter of this thesis involved the combination with the τντ hadronic final state,

which was developed in parallel with the leptonic final state. The main challenges were the

understanding and correlation of the experimental and theoretical nuisances between both

leptonic and hadronic final states, such that an optimal combined fit could be performed,

maximizing the signal sensitivity. Again, the results are compatible with the Standard Model

and 95% CL upper limits are set on the charged Higgs boson production cross section and

the model independent result is interpreted in the MSSM mmod-
h benchmark scenario.
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Outlook. Several aspects of the analysis can be optimized and are in the pipeline for a

global Run-II result. The first aspect concerns the mT discriminant, which is sub-optimal

as the additional neutrinos present in the leptonic final state smear the mT distribution.

Studies will be performed to switch to multivariate techniques, which can be optimized per

mass regime or for each available mass point. Training against the tt̄ background can be

optimized in the several regions in the analysis. Secondly, the constraint on the number of

jets will be removed which will make the leptonic final state more sensitive at higher masses.

This constraint was necessary for a possible combination with the tb final state, though

preliminary studies on the combination points to a weak overlap between the τντ and tb

final states w.r.t. branching ratio. Therefore, a possible full combination will not gain w.r.t.

the individual limits. However, to keep the option open, the categorization will be defined

such that by removing single categories with high jet multiplicity at combination stage, a

full combination will still be possible. Thirdly, it was shown that the signal acceptance drops

significantly after the Emiss
T cut. This cut was necessary to reduce QCD multijet events to a

negligible amount. Therefore, it will be examined whether one can gain from a data-driven

QCD estimation, in order to be able to relax the Emiss
T cuts. This will benefit for the search

in the light and intermediate regime. However, the penalty is the impact of the associated

systematic uncertainties. A fourth aspect, which also involves the hadronic final state, is to

have a more generic approach for the intermediate mass range LO to NLO correction. At

the moment, the correction is defined on the event phase space, and a more generic approach

based on gen-level quantities will be more appropriate.
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